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The Costs of Overregulating Animal and Plant
Biotechnology: Lessons from COVID-19
David Zilberman, Alison L. Van Eenennaam, Felipe De Figueiredo Silva, and Josephine F. Trott

Modern molecular biology offers
tools for precisely altering traits
of crops and livestock. Similar
tools have been used to develop
vaccines and treatments for
COVID-19. Genetically engineered
(GE) crops have been used to
produce animal feed and fiber,
but rarely approved for human
consumption. We estimate that
hundreds of thousands of children
have died from malnutrition
due to delays in the regulatory
approval of Golden Rice, and tens
of billions of dollars have been
lost due to excessive regulations
of GE livestock. In light of societal
responses to the pandemic, we
suggest a reconsideration of
current GE regulations given their
high cost in lives and treasure.
Societies throughout the world have
taken drastic steps to limit the carnage
of COVID-19. In addition to costly
social distancing and other public
health measures, governments have
accelerated the normal regulatory
procedures to fast-track approval of
both vaccines and medical treatments
for COVID-19. These swift and aggressive responses to COVID-19 stand in

stark contrast to the heavy regulatory
burdens and the limited introduction
of plant and animal biotechnology
solutions to address age-old problems
of malnutrition and food insecurity,
despite the evidence that these technologies are as safe as traditional food
technologies.
The discovery of DNA in the 1950s
opened new avenues for both medical
treatments and crop and animal breeding strategies. Detailed knowledge
of genetic mechanisms and genome
sequences has enabled the development of genetic technologies to more
precisely treat or prevent diseases and
has dramatically increased the rate of
genetic selection for production traits.
While new tools of genetic engineering
have been adopted wholeheartedly in
medicine, they still have only limited
practical applications in commercial
crop breeding and almost no applications in animal breeding.
Humans have selectively bred crops
and livestock for millennia, improving production traits or disease resistance. Traditional breeding relies on
the randomness generated by nature,
limiting its precision. By identifying the
functions of specific genes, scientists

can increase the speed and precision
of selective breeding, enabling them
to obtain traits and address challenges
that have eluded traditional breeding methodology. Research suggests
that genetic engineering technologies
are, in principle, as safe as traditional
breeding, and their use is supported
by multiple scientific bodies. However, regulatory constraints, reflecting
political economic considerations,
have limited the application of genetic
engineering to improve the efficiency
of crop and animal production. In this
paper, we argue that the regulation
of agricultural biotechnology is too
strict and too costly in terms of lives
and treasure lost. Society’s response to
COVID-19 provides further perspective
on these regulations.

Costs of Delaying
the Introduction of
GE Plant Technologies
Several genetically engineered (GE)
plant varieties have been commercialized, mostly for production of fiber,
such as cotton, and animal feed, such as
corn and soybeans. Studies consistently
show that the adoption of GE varieties
tends to increase yield, reduce toxic
chemical use, and reduce agricultural

Figure 1. Effect of a 10-Year Regulatory Delay on the Adoption of a New Technology
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land use and greenhouse gas emissions. Furthermore, the introduction
of GE varieties reduced the price of
cotton and soybeans by an estimated
20% and the price of corn by 10%. The
Americas have seen extensive adoption
of GE technology, while the production
of GE varieties is practically banned
in Europe. African countries likely
stand to gain the most from employing
GE technologies, but their adoption
in Africa has been limited. GE cotton
has been adopted heavily in India and
China, but few other GE varieties are
produced in Asian countries.
The introduction of many crop biotechnologies has been blocked in multiple
countries. In most cases, regulators
decide to delay their decision, and in
some cases, the delays continue to the
present.
Our analysis of the costs of regulatory
delays takes into account that the adoption of new crop varieties is a gradual
process. Every year of delay reduces
the immediate benefit of the new
variety and, by slowing the adoption
process, reduces the benefits in future
years. In assessing the costs of a delay,
a reasonable assumption is that several
years are needed for regulatory evaluation before the process of diffusion
can commence. We also assume that
diffusion takes place over a finite
2

period. A standard regulatory process
typically takes no more than 10 years.
If the regulatory process takes longer,
we call the excess time a regulatory
delay. Groups that oppose the technology, pressure for regulatory delays by
citing concerns about the potential for
environmental harm and other unforeseen consequences that require more
time to be understood.
The cost of a regulatory delay is the
difference in the expected net benefit
(gains from consumption minus production costs) without delays minus
the expected net benefit with delays.
Figure 1 illustrates the diffusion curve
without regulatory delays (D1) starting
10 years after discovery, compared to
diffusion (D2) that begins 20 years after
discovery. The difference between the
curves reflects the lower diffusion rate
every year because of the regulatory
delays, and summing the discounted
extra losses over the planning horizon
will yield delay costs.
There are several cases where adoption of GE crops has been approved
by technical agencies but delayed
for political reasons. One case is the
adoption of Golden Rice, a variety of
rice fortified with vitamin A. Each year,
more than 600,000 children die and
even more lose their eyesight due to
vitamin A deficiency (VAD). Golden
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Rice was developed to address this
problem, but its adoption has been
delayed by regulations. It was first
introduced in 1992. Even when allowing extra time for technical improvements, it could have been approved by
2010. If Golden Rice adoption saved
10% of the lives lost due to VAD in
the last 10 years, it would have saved
600,000 lives. Our studies suggest that
each year of delay costs over $1 billion
in Bangladesh alone. Failing to approve
GE varieties of major food commodities
(wheat and rice throughout the world
and corn in Europe, Asia, and Africa)
has resulted in economic losses of $136
billion to $1.3 trillion, depending on the
length of the planning horizon, interest
rate, and the assumed yield effect of
the GE technology. Much of the cost is
borne by consumers.

Animal Breeding
While GE crops have been adopted to
a limited degree, genetic engineering
in livestock has seen only minimal
use, even though traditional methods
of animal breeding have been used to
improve agricultural productivity and
address food security challenges. About
50% of the calories supplied by crops
are directly consumed by humans,
and about 40% are used as animal
feed. Thus, improvements in livestock’s input-use efficiency of grains
will reduce the amount of land and
other inputs needed to produce animal
products. For example, animal breeders
have tripled the feed efficiency (pound
of meat per pound of feed) of broiler
chickens (chickens raised for meat)
over the last century. These productivity improvements have made chicken
affordable for billions of people around
the world, improving food security and
reducing the environmental footprint
of animal protein production compared
to alternative animal proteins.
Similarly, genetic improvements have
helped increase dairy productivity.
Milk production per cow in the U.S.
has more than quadrupled over the

last 75 years, allowing farmers to meet
growing demand without a proportional increase in farm inputs. In fact,
the U.S. dairy cattle herd has declined
by more than half, from 25 million
cows in 1944 to 9 million today, even as
milk production has increased by 60%.
As a result, the carbon footprint of a
glass of milk today is one-third of what
it was in 1944.
Similar trends can be seen in the swine
sector and other animal food products.
However, animal agriculture remains a
major source of greenhouse gases, both
because of its inputs and as a result of
animal waste products. Furthermore,
overfishing threatens the sustainability
of fisheries, and aquaculture and mariculture are among the fastest growing
agricultural sectors in both developed
and developing countries, though these
sectors are challenged to increase efficiency and reduce pollution.
With population growth and rising
incomes, reducing the environmental
footprint of agriculture will require
continued improvements in the efficiency of animal agriculture. Developments in biotechnology provide tools
to enhance animal productivity and
control animal diseases. The genomes
of numerous animals have been
sequenced, and CRISPR CAS9 (gene
editing) and other technologies have
been used to develop beneficial traits
in animals. However, the utilization of
these technologies has thus far been
heavily constrained by regulations in
the U.S. and globally. As we will show
later, the costs of these regulations are
very high.

Application to
Fish Aquaculture
The major producers of Atlantic salmon
are Canada, Chile, Norway, Scotland,
and the U.S., and annual U.S. exports
exceed $3 billion. Much of the salmon
we eat is farmed Atlantic salmon,
which, if raised in floating sea cages
where the fish may escape, can be
devastated by diseases carried by wild

salmon. As an alternative, studies suggest that land-based salmon farming
is less vulnerable to diseases and less
polluting, emitting just half the greenhouse gases associated with growing
fish in conventional fish farms.
Canadian scientists have developed a
fast-growing Atlantic salmon variety,
AquAdvantage, through genetic engineering. AquAdvantage salmon grow
40% faster than non-transgenic salmon
and require 25% less feed to produce
the same biomass. The first paper
describing AquAdvantage salmon was
published in 1992 and this fish could
have become available in 2002 after a
10-year regulatory process. However,
political objections, stemming from
unproven environmental concerns,
have continued to delay its introduction in the U.S. through 2020.
We computed the costs of delay from
2002 through 2020, in 2020 USD. Various assumptions are needed to calculate these costs, such as a 4% interest
rate and estimates of demand and
supply parameters. Furthermore, we
assume salmon output is 30% higher
for farms using transgenic salmon, so
total production is 15% higher when
50% of farms adopt transgenic varieties. Under these assumptions, the
estimated costs of regulatory delays
ranged from $18 to $37 billion; our preferred estimate was $26 billion. These
extra costs are paid by consumers
(through higher prices) and producers
(through higher production costs).
The social costs of this regulatory delay
extend well beyond the costs to current salmon consumers and farmers.
Fast-growing salmon allows inland
salmon production and, if adopted
globally, could enable salmon production in developing regions far from
coastal areas and with limited access
to fish. Furthermore, adoption of this
technology would provide additional
incentives for the use of genetic engineering to improve the productivity
of salmon and other fish, which could

provide a valuable and affordable
source of protein.

Application to Swine
Porcine reproductive and respiratory
syndrome (PRRS) is a major viral swine
disease with a global annual cost of
about $4.5 billion a year. Scientists have
used gene editing to develop PRRS-resistant pigs by knocking out a single
gene. This technique is not transgenic
(no genes are introduced) and, without extra regulatory requirements, it
is reasonable to assume its adoption
could have commenced in 2020. But
again, regulatory barriers presented
delays. Assuming a 50% final adoption
in the U.S. and EU, a 5-year regulatory delay would cost $4 billion and a
10-year delay $7.5 billion. If the final
rate of adoption is 100%, a 5-year delay
would cost $7.5 billion, and with 10
years of delay it would cost $14 billion
in the U.S. and Europe. China has close
to 50% of the global supply of pigs. So,
adjusting for China-specific considerations, the cost of a 10-year delay due
to regulatory delays when the final
adoption is 100% is estimated to be
around $13.5 billion.
The swine sector is afflicted by another
deadly disease, the African swine fever
(ASF), which decimated 40% of China’s pork production and doubled the
price of pork in 2019. The disease is
now spreading throughout the world.
Higher pork prices will likely increase
the demand for other types of meat,
including game and wildlife, which
may lead to the spread of zoonotic
diseases. Gene editing and other
genetic engineering technologies offer
a promising approach to control ASF
infections in the global pig population.
Hopefully, if a genetic solution to this
problem becomes available, it will be
utilized as soon as possible without
excessive and costly regulatory delays.

Discussions and Lessons
From the Pandemic
New biotechnologies enhance the
capabilities of medical and agricultural
researchers and have the potential to
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improve human health, save human
lives, enhance food security, and
reduce environmental footprints. While
applications of molecular technology,
and in particular genetic engineering,
have been widespread in developing
new medical treatments, its applications in agriculture, both for crops
and especially for livestock, have been
limited. The recent pandemic has
taught us three lessons about the use of
genetic engineering.
First, molecular technologies can
develop more effective and faster
solutions to controlling the spread of
diseases. The pandemic showed the
limitations and costs of relying on
cultural practices like social distancing and protective equipment alone.
Controlling the pandemic requires the
use of modern technologies to quickly
develop vaccines and to keep the vaccines current for whatever mutations
COVID-19 may undergo. Historically,
the development of effective vaccines
has taken multiple years, but modern
molecular technologies have accelerated both the development time and
vaccine effectiveness compared with
traditional vaccine development. Similarly, the desire to avoid modern inputs
and rely on organic methods in agriculture has its limitations. Taking advantage of new advances in molecular
technologies in a responsible manner
can solve major food and environmental challenges.
Second, one of the major barriers to
the introduction of GE products in
agriculture has been precautionary.
Delaying the introduction of technologies like Golden Rice or genetically
engineered bananas was justified by
concerns about uncertain social and
ecological costs, even though genetic
engineering has been used extensively
without any major incidents or significant loss of life. Golden Rice was
introduced in 1992, and even assuming
slow development, its adoption could
have started in 2010. The numbers of
lives that could have been saved by the
adoption of Golden Rice in India, Bangladesh, the Philippines, and African
4

countries is at least as great as the
number of lives lost to COVID-19.
Societies have taken drastic and costly
measures to address the pandemic and
now apply cures that were developed
using methods similar to the ones used
to produce Golden Rice. The response
to the pandemic has shown that society
is willing to incur significant costs to
adjust to a health crisis and save lives,
which suggests that we should also
reconsider some of the rigid regulations that have prevented the use
of biotechnology tools in food and
agriculture.
Third, the pandemic has shown the
importance of resilience, preparation,
and adaptability in the presence of
shocks. Our society is facing shocks
that endanger our lives and pose
risks to our food and health supplies.
Having technologies that are capable of swiftly addressing emerging
challenges can effectively improve
our capacity to deal with a crisis. The
U.S. was not well prepared to face the
pandemic, but our medical researchers
swiftly developed effective vaccines,
highlighting the value of investment in
research.
Similarly, our food system was able to
cope with social distancing and restriction of movement by quickly adopting
e-commerce tools that enabled retailers to provide food to homes, thereby
increasing accessibility to food. Similarly, business activities were able to
continue as people worked from home
and adopted the use of conferencing
software. Continued development of
solutions based on modern biotechnologies is essential in order to enhance
our capacity to address shocks to our
health and food systems. We need to
develop regulatory frameworks that
allow and incentivize the introduction
of new capabilities when they are most
needed.
Our analysis shows that, while modern
biotechnologies have significantly
contributed to improving our quality
of life and economic well-being, they
have been significantly underutilized
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in crop production and drastically
underutilized in animal production.
The pandemic shows that we are
ready to take real risks, adopt new
technologies, and change our practices
in order to save lives. Virtually all
national academies of science suggest
that modern biotechnology tools are as
safe as traditional agricultural technologies, but we overregulate many
of them because of hypothetical risks.
Adopting more reasonable and flexible
regulatory frameworks that would
allow us to utilize the power of modern
biology can improve the food system
and the environment and enhance our
resilience to future shocks to our global
society.
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Can Managed Aquifer Recharge Mitigate Drought
Impacts on California’s Irrigated Agriculture?
The Role for Institutions and Policies
Ami Reznik, Ariel Dinar, Susie Bresney, Laura Forni, Brian Joyce, Steven Wallander, Daniel Bigelow, and Iddo Kan

Managed Aquifer Recharge
(MAR)—storing water of various
qualities in aquifers—is considered
a potential strategy to mitigate
recurring drought effects in
California. We evaluate the
performance of specific policies
and institutions under a set of
climate change scenarios in the
Kings Groundwater Basin in
California’s Central Valley.

water intrusion, protect wetland habitat, provide flood protection, and more.
In this work, we examine the role of
MAR in the Kings Groundwater Basin.
Using several climate-change scenarios,
we evaluate how MAR applicability
is impacted by possible institutional
arrangements and regulatory policy
interventions.

California is characterized by growing
populations in urban centers along the
Pacific coast next to extensive irrigated
agricultural areas. Groundwater is a
major source for both residential and
agricultural uses. It supplies nearly
40% of the water used by these sectors
in an average year and significantly
more during drought periods. Some
agricultural regions are fully supported
by groundwater. With the intensification of drought conditions across the
state, water users increase groundwater
extractions to a level that threatens
aquifer sustainability. After consecutive
droughts in the last decade, several
aquifers in California’s Central Valley
and around the state were depleted to a
critical level. This led to a new regulation on groundwater use—the Sustainable Groundwater Management Act
(SGMA), which is designed to recover
sustainable groundwater levels in the
next 20 years.

We base our methodology on an
iterative process between two models:
a hydrologic model and a dynamic
economic optimization model (EOM).
The hydrologic model was developed using the Water Evaluation and
Planning (WEAP) software with a
detailed representation of the Kings
Groundwater Basin and surrounding
area (WEAP/CVPAM—Central Valley
Planning Area Modified). The EOM
uses an integrative approach, that combines partial-equilibrium-optimization
models of both the water and agricultural sectors, calibrated and applied to
the same region (Figure 1).

The Economic Optimization
Modeling Framework (EOM)
The EOM framework includes variables for both land-use decisions and
farm management practices. The
model also factors in water allocations
from different sources such as surface
water, groundwater, and treated wastewater. Additionally, it accounts for
groundwater dynamics, infrastructural
development, deep percolation, lateral
flows, and, most importantly, in our
context, MAR.
We modeled 20 different land categories, including land fallowing, and
Figure 1. Decision Analysis Units (DAUs)
and Subdistrict Division in the Model for
the Kings Groundwater Basin
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WEAP/CVPAM was used to simulate
the hydrology and water management
decisions in the region, including rainfall-runoff hydrology, water resources
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while applying complex operating
rules and constraints to the water allocation decisions in the region. WEAP/
CVPAM allocates water using a linear
programming (LP) framework, defined
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groundwater volume and height (head)
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matched production functions to main
crops grown in the region. We calibrated the EOM to actual water prices,
land allocations, and local conditions
in the region. The EOM produces an
optimal set of water uses, land uses,
and quantities to be pumped from and
recharged to the aquifer, and derives
net benefits by subdistrict.

Set of Policy Scenarios
We used the analytical framework
described above to evaluate three
alternative policy scenarios regarding
MAR in the region. The first, which sets
the benchmark for the other two, is the
social planner solution (Social), and
corresponds to the solution that maximizes the present value of net gains
of the entire region, ignoring income
distribution implications.
The second, termed Sustainable, is
constructed in the spirit of SGMA. In
this scenario, we require that each subdistrict groundwater head at the end
of the 20-year planning horizon will
be greater or equal to its initial level at
the onset of the planning horizon. We
adopt the criteria from the groundwater sustainability plans (GSP) of the two
largest (in terms of land area) groundwater sustainability agencies (GSA) in
the region—Central Kings GSA and
North Kings GSA.
The third policy scenario, termed
Credit, uses the well known principles of “capacity sharing” of an aquifer system. According to this policy,
each decision analysis unit (DAU)
holds a credit account, based on the
storage capacity of the aquifer, which
limits the annual amount that can be
extracted from the storage/aquifer. An
initial endowment of annual credit is
assigned to each DAU, which increases
with MAR (through infiltration
basins) and decreases with pumping
throughout the planning horizon. The
limitation on groundwater extraction
is unique to the Credit scenario. In
the other two scenarios, groundwater extraction is limited only by
6

hydrogeologic feasibility constraints,
that prevent groundwater levels from
falling below some minimal threshold.
For each of the policy scenarios
described, we simulate three climate
scenarios in terms of regional rainfall
and surface water availability from
the Kings River, the San Joaquin River,
and the Friant-Kern Canal. Under the
first simulation, termed Average, we
assume constant values of climate conditions throughout the entire planning
horizon, set at the long-term annual
averages of rainfall and surface water
availability in the region. The second,
termed Hist1, assumes regional climate
conditions similar to those in the
period 1975–1996. The third, termed
Hist2, refers to the climate conditions in
the region during the period 1983–2004.
Compared to long-term climate indicators in the region, under Hist1, the
annual average rainfall is higher by
2%, the San Joaquin River flow by 10%,
the Kings River flow by 1%, and the
flow of the Friant-Kern Canal is lower
by 3%. Under Hist2, the San Joaquin
River average flow is higher by 7%,
whereas average annual rainfall, Kings
River, and Friant-Kern Canal average flows are lower by 2%, 3%, and
7%, respectively. Annual variation in
rainfall and river flows is higher under
Hist1 relative to long-term values. For
Hist2, annual variation in Kings River
flow is similar to historical values; it
is higher by 10% for the San Joaquin
River flow, and lower by 5% and 7%,
for rainfall and Friant-Kern Canal flow,
respectively.

Results
Results for land allocation to crops
using the Social scenario under Average conditions suggest that in most
subregions, an increase in area of field
crops and vegetables takes place at the
expense of fallowed land, compared to
baseline conditions. Land devoted to
permanent crops is similar to observed
levels. The exception is DAU 235, in
which land fallowing and field crop
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shares increase, and land allocated to
fruit crops and grapes shrinks, compared to observed levels. Interestingly,
these land allocation results remain
robust in most policy scenarios and
climate simulations analyzed.
The total annual agricultural water use
in the region declines from about 1.4
million acre-feet (MAF) to about 1.2
MAF over the planning horizon. Examining crop levels and water use trends
at the subregion indicates that field
crops are excessively irrigated in DAU
237 and Kings County Water District
(WD) at the beginning of the planning
horizon, with a decreasing trend. The
time paths of water application levels
averaged for each DAU suggest that
deficit irrigation is optimal across most
of the region and throughout most
of the planning horizon. These lower
water application levels are attributed
to a decrease in regional groundwater
extractions, compared to observed
values, which according to model
results, is increasing from 150 thousand
acre-feet (TAF) per year to nearly 200
TAF per year throughout the planning
horizon.
Extraction of groundwater is concentrated primarily in DAU 235—a
subregion with very little access to
the regional surface water sources.
On average, groundwater head in the
region increases by 10%. We observed
an increasing trend in groundwater
levels in four DAUs, and a decreasing
trend in two others. This generates a
cone of depression towards DAU 235,
in which groundwater head remains
constant through time. Recharge of
groundwater is achieved through
excess irrigation of field crops and from
percolation of treated wastewater.
Negatively correlated with water
application levels, the value of water in
production presents increasing trends
for DAU 235, DAU 237, and Kings
County WD. Interestingly, water value
in DAU 235 is lower than for the other
DAUs mentioned, due to the considerably higher water salinity level in

this subregion. Overall, the optimal
plan suggested by the model predicts
an annual regional profit of about $2.2
billion, distributed roughly according
to DAU size.

Policy and Climate Scenarios
Comparing land allocation results
across policy scenarios and under
Average climate conditions, we find
that the results of the Sustainable
scenario are similar to the results of the
Social scenario. However, the results of
the Credit scenario suggest a dramatic
decrease in groundwater extraction
and total water use, and consequently
an increase in land fallowing. This is
mostly at the expense of tree crops,
and to a smaller extent on field crops
in DAU 235. For the rest of the region,
land allocation differences compared
to the other policy scenarios are far less
significant.
Under the Sustainable scenario, total
water use in agriculture is higher
than in the Social scenario. Similar to
the Social scenario, some subregions
demonstrate a decreasing trend in
water use. However, towards the end
of the planning horizon, water use
increases again. This translates into
excess irrigation, mainly at the beginning and the end of the planning horizon, which manifests in significantly
higher recharged quantities to groundwater than under the Social scenario.
This recharge strategy results in higher
regional groundwater levels, on average, compared to the Social scenario.
As in the Social scenario, MAR through
infiltration basins is not warranted.
Results of the Credit scenario suggest
substantially lower use of water in
agriculture, compared to the Social scenario. Groundwater pumping is profoundly lower, and reused quantities
of treated wastewater are higher under
this scenario compared to the results of
the Social scenario. Due to lower water
use in agriculture, recharged quantities are also smaller for this scenario
compared to the others. However, as

mentioned, pumping is also considerably less. Therefore, average groundwater levels increase more overtime in
the Credit than the Social scenario. Different from the other scenarios, MAR
through infiltration basins is found to
be optimal under the Credit scenario.
This is because some subdistricts in
DAU 235 and Kings County WD rely
solely on groundwater, which forces
recharge as a means to accumulate
credit to enable groundwater extraction
throughout the planning horizon.
Comparing results between climate
simulations and under the Social
scenario, we find that treated wastewater and groundwater storage are used
as sources for stabilizing supply and
smoothing consumption. This is when
significant reductions in surface water
supply occur under the Hist1 and Hist2
climate simulations. A second interesting result from the analysis of climate
simulations emerges when we compare
land allocation across all scenarios. For
the most part, land allocation to crops
in the region remains similar regardless

of the assumed policy scenario or climate simulation used. The exception to
this rule is the Credit scenario, in which
land allocation results are sensitive to
the assumed climate conditions.
Table 1 presents total regional economic welfare differences compared
to the Social scenario in annual terms,
across scenarios and simulations. The
institutional arrangement under the
Credit scenario inflicts significant
welfare reductions on the region, and
specifically on DAU 235, relative to the
benchmark. The economic cost of the
Sustainable scenario is in the range of
$8 to $10 million USD annually, which
is relatively mild. By comparison, revenues from agricultural commodities in
the Kings Groundwater Basin are estimated at $6 to $8 billion USD annually.
We use the difference in regional
economic welfare divided by total
recharged quantities as an upper limit
of the dollar value for recharged quantities in the region. Table 2 presents the
differences compared to the Average
climate simulation of total recharged

Table 1. Reductions in Economic Welfare Compared to the Social Scenario (1,000 USD)
Average

Hist1

Hist2

Social (benchmark)

—

—

—

Sustainable

7,893

9,921

9,879

1,756,849

2,283,592

1,732,795

Credit

Note: The regional economic welfare achieved under the Social scenario is the highest. Therefore,
values presented in the table are all negative.

Table 2. Differences in Total Recharged Quantity and Economic Welfare per Unit of
Water Recharged Compared to the Average Climate Simulation Across Policy Scenarios

Hist1

Hist2

Differences in Total Quantity
Recharged (TAF*)

Differences in Economic Welfare
per Unit of Water Recharged ($/AF*)

Social

667

1,556

Sustainable

447

421

Credit

713

38

Average

609

671

Social

316

682

Sustainable

323

294

Credit

116

332

Average

251

436

* Note: TAF=thousand acre-feet; AF= acre-feet.
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quantities in the region over the entire
planning horizon, as well as the differences in economic welfare per unit of
water recharged across policy scenarios
for the climate simulation Hist1 and
Hist2.

simulations are substantial, ranging
between 4.88 MAF to 9.54 MAF. In
most cases, the calculated value of a
unit of water recharged is high compared to the direct value of water in
production, supporting MAR.

Total quantities recharged in the region
are lower for both climate simulations
compared to Average conditions. The
value of an acre-foot (AF) recharged
in the region is in the range of $38
to $1,556 per AF. Excluding the
Credit scenario under Hist1 climate
conditions, the value of a unit of water
recharged exceeds the value of water
in production, which is in the range
from $50 to $250 per AF. This suggests
that the indirect benefits associated
with recharged water quantities are
substantial and surpass their direct
benefits in most cases.

Our analysis suggests that institutional
arrangements are meaningful. This is
demonstrated through the changes in
regional land allocation and water-use
decisions under the Credit scenario,
causing detrimental economic impacts
compared to the Social benchmark.

Conclusions and
Policy Implications
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Results from the analysis also suggest
that the impact of future climate uncertainty on the region is highly dependent on the prevailing institutions, and
provides an estimated $500 million
annually as an upper limit for the
regional economic damage associated
with uncertainty in water availability.
The Sustainable scenario presents
a good compromise for the region
between the ideal benchmark (Social)
and the more stringent institutional
arrangement (Credit). In the Sustainable scenario, groundwater levels
increase the most, economic losses are
small, and the simulated climate conditions appear to have a minor impact
on the optimal strategy. This, in turn,
implies that this institution is likely
feasible and relatively easy to implement, monitor, and enforce.

In a first-best scenario, our analysis
suggests that a significant reduction in
groundwater, complemented by deficit
irrigation, is possible without inflicting significant changes to crop-yield
levels and land-use decisions. We find
that excess irrigation of field crops and
some flooding of fallowed land at the
beginning of the planning horizon is
the preferred method for recharging
groundwater stocks, regardless of
the assumed climate conditions. This
strategy is amplified when minimal
threshold levels of groundwater head
at the end of the planning horizon are
imposed, as part of our Sustainable
scenario, suggesting that this institution incentivizes MAR and increases its
value to the region. Diverting water to
infiltration basins and away from the
irrigation of crops is only warranted
under the Credit scenario, and at a high
economic cost, suggesting there are
substantial tradeoffs associated with
this recharge method for the region.
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California Crop Labor Supply and Demand During COVID-19
Alexandra E. Hill

Data indicate that effects from
COVID-19-induced agricultural
labor shortages during 2020
were less pronounced than
demand-side market disruptions
like restaurant closures. Going
into 2021, vaccines and other
preparedness measures look
promising for reducing agricultural
supply disruptions.
The early days of the COVID-19 pandemic sparked widespread concerns
regarding major farm labor shortages.
Academic publications and news articles cited potential labor supply-side
effects from limited healthcare access,
childcare facility and school closures,
outbreaks on farms and in worker
housing units, and international travel
restrictions interfering with the H-2A
visa program.
However, even during peak months
of farm employment, reports of
labor shortages among California
producers were lower than initially
anticipated. Results from a California
Farm Bureau survey found that 16%

of survey respondents reported being
unable to undertake normal seasonal
activities due to COVID-19-related
employee absences. By comparison,
labor demand-side effects appear more
influential. In the same California
Farm Bureau survey, 57% of survey
respondents reported losing customers
or sales, and 24% of survey respondents reported reducing their workforce due to COVID-19. Labor supply
issues might have been more pronounced if these demand-side effects
did not occur.
As we move into the months of peak
California farm employment in 2021,
this article summarizes what we can
learn from the data now available from
2020, and provides a brief overview
of farm labor conditions in 2021.
Given the relative importance of labor
for crop production, the focus is on
employment in crop production and
support activities for crop production.
Support activities include all establishments that perform any activities
associated with crop production but
are not a farm—these are most often
farm labor contractors.

California Agricultural
Employment and Wages
in 2020
Businesses in most industries were
forced to close offices and move to
remote working arrangements due to
COVID-19. However, most workers in
agricultural industries were expected
to continue working. Major changes
in employment and unemployment
in many U.S. industries were due to
these office closures. In agriculture,
observed changes in employment can
instead be attributed to either changes
in labor availability and willingness
to work (labor supply) or changes in
employment needs (labor demand).
Figure 1 overlays trends in monthly
employment and quarterly wages
for California employers engaged in
crop production or support activities
for crop production (including farm
labor contractors) from 2018–2020.
Figure 1a shows that employment in
2020 was lower than employment in
2018 and 2019, both in April (when
California shelter-in-place orders first
went into effect) and during the peak
employment months of June through

1a: Monthly Employment
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Figure 1. California Employment and Wages for Crop Production and Support Activities for Crop Production
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Source: Data from the Quarterly Census of Earnings and Wages, Quarterly Employment by Industry Files. Available at: https://www.bls.gov/cew/.
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Figure 2. California Monthly Unemployment Insurance Claims by Occupation
2b: Food Preparation and Food Service
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Source: Data from the U.S. DOL Employment and Training Administration, Characteristics of the Insured Unemployed.
Available at: https://oui.doleta.gov/unemploy/chariu.asp.

September. Compared with 2019
employment, average employment
in 2020 was 5.5% lower in quarter 2
(April–June) and 7% lower in quarter 3
(July–September).
When decreases in employment are
caused by labor supply shortages, they
are accompanied by wage increases
because employers increase wages
to attract more workers. Figure 1b
shows that wages were higher in
2020 compared with 2019. However,
this is unlikely in response to worker
shortages from COVID-19.
Mean weekly wages in 2020 were
8.5%, 7.4%, and 8.8% higher than
2019 wages in quarters 1, 2, and 3,
respectively. Because these relative
wage increases began in quarter 1,
prior to any changes in employment,
this was most likely an artifact of
the statewide increase in the hourly
minimum wage rate from $12 to $13,
or an 8% increase. It may have also
been driven in part by a 6% increase
in the minimum wage for H-2A
workers from $13.92 to $14.77. The
increased H-2A wage along with an
increased number of H-2A workers
(from roughly 23,000 to 27,500) in 2020
helps to explain the increase in weekly
earnings.
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California Agricultural
Unemployment Insurance
Claims in 2020
Additional evidence on the cause of
changes in employment levels during
2020 comes from unemployment
insurance claims. During COVID19, initial unemployment insurance
claims in California peaked at more
than 3 million claims in July. Claims
were lower in critical infrastructure
industries, where mandatory
layoffs were not a driving force.
Unemployment insurance claims
in those industries largely reflect
changes in demand for workers, but
also potentially reflect differences
in worker eligibility for and use of
unemployment insurance.
Figure 2 shows unemployment
insurance claims by worker
occupation for 2018 through 2020.
Unemployment insurance claims in
farming, fishing, and forestry (Figure
2a) have historically peaked from
December to April, before dropping
off sharply during the main growing
season. However, in 2020 the number
of new unemployment insurance
claims remained well above historical
numbers during these months. Given
the high percentages of undocumented
workers employed in agriculture,
these unemployment insurance claims

Giannini Foundation of Agricultural Economics, University of California

are likely undercounts of the true
number of unemployed workers, but
the comparative trends across years
remain useful indicators of changes in
unemployment.
By comparison, unemployment
insurance claims in food preparation
and food service (Figure 2b) were
well above historical numbers. This
is not surprising in an industry not
deemed essential, where workers are
unable to work from home, and in
light of mandated restaurant closures.
These restaurant closures and high
unemployment rates in food service
were responsible for at least some of
the demand-side market disruptions
in farm production.

California H-2A
Early projections of the effects of
COVID-19 on U.S. agriculture also
pointed to issues with the H-2A visa
program due to international travel
restrictions. However, available data
on the number of H-2A positions
certified, combined with anecdotal
evidence, do not support this claim.
Indeed, the government responded
quickly to address concerns regarding
the H-2A program, streamlining the
application process and removing
barriers like mandatory in-person
interviews. Figure 3 shows the number

The data reflect governmental
efforts to streamline the application
process to prevent potential food
supply disruptions due to shortages
of domestic workers during the
pandemic. The number of days
between application submission and
the decision date was on average 21
days from April through September
in 2020, compared with 27 days in
2019. Similarly, the number of days
between the application submission
and requested worker start date was
47 in peak months in 2020, and 60 in
the same months in 2019.

Looking Forward: What Will
Be Different in 2021?
Due to vaccines and general
preparedness for the virus, 2021 will
likely look much different than 2020.
These measures have already resulted
in national and statewide changes
in COVID-19-related policies. In
California, the prioritization of grocery
workers, restaurant staff, and other
essential workers in the early phases
of the vaccine rollout, combined with
falling caseloads, led to openings
of indoor dining in more than ten
counties by mid-March. As essential
workers, California farmworkers
were included in the early phases of
vaccine eligibility and administration.
Government agencies, healthcare

Figure 3. California Crop and Support Activities for Crop Certified H-2A Positions
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Positions (1,000s)

of certified H-2A positions by the
month employment begins for the
requested workers. This figure shows
that the number of certified positions
for employment in 2020 was higher
than in 2018 or 2019 for all months
except July. Comparing the dates that
H-2A applications were submitted
reveals similar trends and indicates
that the drop in certified positions in
July might have been driven by fewer
applications submitted in June. In
total, there were roughly 27,500 H-2A
positions certified to begin in 2020
for crop and crop support activities,
compared with 23,000 in 2019 and
19,000 in 2018.
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Source: Data from the U.S. DOL Foreign Labor Certification H-2A Program Data.
Available at: https://www.dol.gov/agencies/eta/foreign-labor/performance.

workers, and employers have worked
together to achieve high rates of
vaccination among farmworkers,
largely facilitated by widespread
in-field vaccine administration.
Worker vaccinations, re-openings
of schools and childcare facilities,
the continued viability of the
H-2A program, and an improved
understanding of effective safety
precautions to reduce COVID-19
transmissions are likely to result in
fewer labor supply-side disruptions in
2021 compared with 2020. However,
the same mechanisms are also likely
to result in fewer demand-side
shocks. Without this reduced demand,
employers might be more impacted by
labor shortages in 2021, due to having
too few workers relative to their
higher needs.
Finally, rising minimum wages and the
continued phase in of new overtime
standards for California agricultural
employers will increase payroll costs
and potentially reduce profitability.
California’s state minimum wage in
2021 is $14, an 8% increase over 2020;
the minimum wage for H-2A workers
is $16.05, nearly a 9% increase.
Additionally, employers will be
required to pay workers for overtime
after 8.5 hours a day and 45 hours a
week, compared to overtime after 9

hours a day and 50 hours a week in
2020. In summary, California farm
employers will likely face similar labor
supply challenges in 2021 as they did
in the years leading up to COVID-19,
but these challenges are unlikely to be
exacerbated by the virus.
Suggested Citation:

Hill, Alexandra E. 2020. “California
Crop Labor Supply and Demand
During COVID-19.” ARE Update 24(4):
9–11. University of California Giannini
Foundation of Agricultural Economics.

Author’s Bio
Alexandra Hill received her Ph.D.
in agricultural economics from
UC Davis in 2019. She is an assistant
professor at Colorado State University
and can be contacted by email at
Alexandra.E.Hill@colostate.edu.

For additional information,
the authors recommend:

California Farm Bureau Federation
COVID-19 Survey Results:
https://bit.ly/3xgVEt4
Hill, A.E., and P.L. Martin. 2021.
(Forthcoming) “COVID-19 and Farm
Workers.” Western Economic Forum.

Giannini Foundation of Agricultural Economics, University of California

11

Department of Agricultural and Resource Economics
UC Davis
One Shields Avenue
Davis CA 95616
GPBS

Agricultural and
Resource Economics
UPDATE
Co-Editors

Ellen Bruno
Richard Sexton
David Zilberman

ARE UPDATE is published six times per year by the Giannini Foundation of
Agricultural Economics, University of California.
Domestic subscriptions are available free of charge to interested parties.
To subscribe to ARE UPDATE by mail contact:

Managing Editor

Ria DeBiase
Giannini Foundation of Agricultural Economics
Department of Agricultural and Resource Economics
University of California
One Shields Avenue, Davis, CA 95616
E-mail: rwdebiase@ucdavis.edu
Phone: 530-752-3508

Assistant Editor

To receive notification when new issues of the ARE UPDATE are available online,
submit an e-mail request to join our list to: rwdebiase@ucdavis.edu.

Senior Managing Editor
and Desktop Publisher
Julie McNamara
Ria DeBiase

Tiffany Loveridge

Published by the

Giannini Foundation of
Agricultural Economics

https://giannini.ucop.edu
Follow Us on Twitter
@GianniniFnd

Articles published herein may be reprinted in their entirety with the author’s
or editors’ permission. Please credit the Giannini Foundation of Agricultural
Economics, University of California.
ARE UPDATE is available online at:
https://giannini.ucop.edu/publications/are-update/
The University of California is an Equal Opportunity/Affirmative Action employer.

