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as outflow in the Sacramento-San Joa-
quin Delta (flood water to the ocean), 
and less will be available to agricul-
ture and other uses later in the year. 
Sea-level rise will further complicate 
movement of water through the Delta.

Changes in precipitation patterns 
project increased variability in inter-
decadal precipitation, with both 
droughts and floods becoming more 
frequent and more severe. Groundwa-
ter overdraft may also be an indirect 
consequence of climate change if users 
compensate for surface water short-
ages during droughts with increased 
groundwater pumping. 

Due to climate change, some agricul-
tural regions in California could face 
water shortages. Figure 1 (on page 2) 
illustrates changes in a water supply 
sustainability risk index under differ-
ent future scenarios. The figure on the 
left corresponds to 20th-century con-
ditions, i.e., 1934−2005, and the figure 
on the right corresponds to conditions 
under one projected climate-change 
scenario. It makes clear that a large 
swath of the southwestern U.S. could 
experience large changes to the sus-
tainability of water supplies by 2050. 

Climate Change and California’s Water Supply:  
How Can We Adapt?
Ellen M. Bruno and Katrina Jessoe

Climate change is expected to 
alter water supplies in California 
fundamentally. The state must find 
ways to adapt. This article explores 
potential adaptation strategies 
and the role that water markets 
can play in mitigating some of the 
economic costs of climate change.  

Climate Change Impacts  
to Water Supplies
Water management in California will 
face growing challenges due to climate 
change. Climate change models pre-
dict changes to the timing, variability, 
and form of precipitation in California. 
These shifts in water supplies will 
impact both the quantity and qual-
ity of water, and have far-reaching 
impacts on agriculture, urban users, 
industry, rural communities, and 
ecosystems.  

Climate change will impact water sup-
plies through warming temperatures 
and changes in precipitation patterns. 
Warming temperatures imply that 
less precipitation will fall as snow, 
the snowpack will melt earlier, and 
increased evaporation will reduce soil 
moisture and surface water avail-
ability. A shift in precipitation from 
snow to rain will reduce the state’s 
capacity to manage water stored in the 
Sierra Nevada and southern Cascades 
snowpack.  

Warming temperatures will also 
influence when the snowpack melts, 
and subsequently when water can be 
accessed. More water will be released 

Warming temperatures imply that less 
precipitation will fall as snow, snowpack 
will melt earlier, and increased 
evaporation will reduce soil moisture  
and surface water availability.
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Source:  Roy et al. 2012 “Projecting Water Withdrawal and Supply for Future Decades in the U.S. under Climate Change Scenarios” Environmental Science & 
Technology. Volume 46: 2545–2556. DOI: 10.1021/es2030774. 

Potential Adaptation Strategies 
There are many ways to adapt to 
changing water supplies. The stor-
age of water in aquifers, increased 
investment in new water supplies, 
and improvements in water effi-
ciency present some oft-discussed 
strategies. Increased groundwater 
recharge during wet periods presents 
one avenue to adjust to the storage 
lost from the reduced Sierra Nevada 
snowpack. 

Alternative water supplies including 
desalinization and recycled water 
may buffer against water shortages 
experienced during times of drought. 
Improvements in irrigation, urban 
water, and commercial water effi-
ciency may also lessen the costs 
from disruptions in available water 
supplies. Improved storage and 
alternative water supplies will likely 
play important roles in California’s 
water-management response to cli-
mate change.

An additional and promising adap-
tation strategy to climate change is 
how California chooses to manage 

and allocate existing water supplies. 
Improvements in the allocation mech-
anism of current water supplies could 
enhance total economic surplus, and 
offset some of the losses from reduced 
water supplies during droughts. 
Water trading is an instrument that 
would allow for the reallocation of 
water supplies, improve upon the cur-
rent allocation of water resources, and 
potentially soften the costs of climate 
change to California water users.  

Water Markets
Water markets may substantially mit-
igate the economic costs of drought 
and climate change. Using Riverside 
County in Southern California as a 
case study, we evaluate the economic 
gains of water trading under several 
potential reductions to the water 
supply. Riverside County presents a 
unique setting to study the potential 
of water markets, since it is home to 
both a large urban population and 
an agriculturally productive region; 
also, many urban and agricultural 
users rely on the same primary 
groundwater source for their water 
supply. Focusing on the gains from 

trade within a single political county 
where diverse users share a water 
source overcomes the difficult task 
of accounting for the political, legal, 
and physical impediments commonly 
involved with water trading.

Water trading would enable the 
reallocation of water among users that 
differ in their marginal valuations of 
water. Those with a higher willing-
ness-to-pay for additional acre-feet of 
water would buy from those with a 
lower willingness-to-pay, generating 
an increase in economic welfare for 
both parties. 

Substantial gains from the realloca-
tion of water resources could occur in 
Riverside County because of distor-
tions in water pricing across agricul-
tural and urban users, and because 
of differences in how these users 
respond to changes in water prices. In 
Riverside County, the per-unit price 
of water for a residential household is 
roughly four times greater than that 
paid by the average agricultural user. 
The implication of these price differ-
ences is that significant gains from the 
reallocation of water resources could 

Figure 1. Projected Declines in Water Supplies
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be achieved, even in the absence of 
water-supply curtailments. 

Gains from trade also occur because 
agricultural and urban water users 
differ in their responsiveness to 
changes in the volumetric price of 
water. A typical hurdle in measuring 
the gains from trade is obtaining an 
accurate estimate of agricultural users’ 
response to price changes. We estimate 
the price elasticity of groundwater 
demand in an agricultural setting—the 
Coachella Valley Water District—where 
users face one of three geographically 
determined volumetric prices for 
groundwater. Using rich, monthly data 
on well-level groundwater extraction 
that spans 18 years, we find that a 10% 
increase in prices causes almost a 2% 
decrease in agricultural groundwater 
pumping. 

Our simulation, which estimates 
water demand curves for agricultural 
and urban users, reports substantial 
increases to economic welfare from the 
establishment of water markets that 
allow for trading between the urban 
and agricultural sectors.  Simply open-
ing up existing water supplies to trade 
would lead to a reallocation of water, 
with 16% of water use moving from the 
agricultural to urban sector. The reallo-
cation of water to those with a higher 
willingness-to-pay would increase both 
agricultural and urban welfare. 

To further our understanding of the 
role that water markets could play in 
climate change adaptation, we also 
simulate the gains from trade under 
a range of curtailments to baseline 
water-supplies. In each scenario, we 
impose a percent reduction in total 
baseline water use and apply this 
percentage uniformly across urban and 
agricultural users. We perform this 
simulation for conservation targets that 
range from 5% to 30% of 2016 water 
use in (two water utilities serving) Riv-
erside County. This reduction translates 
into 14,000 to 86,000 acre-feet of water, 
and fits within the climate-related 

water-supply reductions projected 
in California’s fourth climate change 
assessment.  

After introducing this abatement 
policy, we then allow trading to occur 
across the two user groups, and model 
the equilibrium market price, the 
traded quantity of water, and the frac-
tion of total abatement performed by 
the agricultural sector. We also com-
pare the costs of meeting this conser-
vation mandate with trade to the costs 
incurred under a uniform standard 
(i.e., when trading is prohibited). 

Our simulation highlights that for a 
range of water-supply curtailments, 
the agricultural sector performs all 
of the mandated water conservation 
and urban water users comply with 
the conservation target by purchasing 
water from the agricultural sector. The 
market price for a traded acre-foot of 
water rises as water-supply curtail-
ments become more extreme and water 
becomes increasingly scarce. Across 
the range of curtailment scenarios, the 
gains from trade relative to a uniform 
standard for water abatement are 
large, remaining over 70% in all sce-
narios. We conclude that meaningful 
savings can occur if water users can 
respond to water-supply curtailments 
through trade.

Conclusion
Climate change will fundamentally 
alter the quantity, quality, and timing 
of available water supplies in Califor-
nia. As climate change shifts the avail-
ability, storage, and form of water 
supplies in California, water man-
agement practices will need to adapt. 
Water markets will allow for the real-
location of water to the highest-val-
ued uses, and in doing so may reduce 
the economic costs of climate change. 
Our research quantifies the extent 
to which water markets will reduce 
the costs from reductions in existing 
water supplies relative to a uniform 
standard, and highlights significant 

cost savings from the implementation 
of markets. We conclude that water 
markets present a promising adapta-
tion strategy to drought and climate 
change. 

Authors’ Bios
Ellen Bruno is an assistant UC 
Cooperative Extension specialist in 
the Department of Agricultural and 
Resource Economics at UC Berkeley. 
She can be contacted by email at 
ebruno@berkeley.edu. Katrina 
Jessoe is an associate professor in 
the Department of Agricultural and 
Resource Economics at UC Davis. 
She can be contacted by email at 
kkjessoe@ucdavis.edu. 

 
For additional information,  
the authors recommend:
Wang, Jianzhong et al. 2018. “Mean 
and Extreme Climate Change 
Impacts on the State Water Project.” 
A Report for California’s Fourth 
Climate Change Assessment. 

Jessoe, K., P. Mérel, and A. Ortiz-
Bobea. 2018. “Climate Change 
and California Agriculture,” in 
P.L. Martin, R.E. Goodhue, and B. 
Wright, eds. California Agriculture: 
Dimensions and Issues, University of 
California Giannini Foundation of 
Agricultural Economics.

Mount, J. et al. 2018. “Managing 
Drought in a Changing Climate: Four 
Essential Reforms.” Public Policy 
Institute of California report. 

Suggested Citation: 
Bruno, Ellen M., and Katrina Jessoe. 
“Climate Change and Califor-
nia’s Water Supply: How Can We 
Adapt?”ARE Update 22(1) (2018): 1–3. 
University of California Giannini Foun-
dation of Agricultural Economics. 

mailto:ebruno@berkeley.edu
mailto:kkjessoe@ucdavis.edu
http://www.climateassessment.ca.gov/techreports/docs/20180827-Water_CCCA4-EXT-2018-004.pdf
http://www.climateassessment.ca.gov/techreports/docs/20180827-Water_CCCA4-EXT-2018-004.pdf
http://www.climateassessment.ca.gov/techreports/docs/20180827-Water_CCCA4-EXT-2018-004.pdf
https://s.giannini.ucop.edu/uploads/giannini_public/56/a1/56a1a83d-16d2-4f0d-85df-35be6ed1dafc/climatechange.pdf
https://s.giannini.ucop.edu/uploads/giannini_public/56/a1/56a1a83d-16d2-4f0d-85df-35be6ed1dafc/climatechange.pdf
 http://www.ppic.org/wp-content/uploads/managing-drought-in-a-changing-climate-four-essential-reforms-september-2018.pdf
 http://www.ppic.org/wp-content/uploads/managing-drought-in-a-changing-climate-four-essential-reforms-september-2018.pdf
 http://www.ppic.org/wp-content/uploads/managing-drought-in-a-changing-climate-four-essential-reforms-september-2018.pdf


4 Giannini Foundation of Agricultural Economics, University of California

Faculty Profile: Ellen M. Bruno

Ellen Bruno recently joined the fac-
ulty at the University of California, 
Berkeley, as an assistant Cooperative 
Extension specialist in the Department 
of Agricultural and Resource 
Economics. Her research interests 
are at the intersection of agricultural 
and environmental economics, with 
particular emphasis on water resource 
issues. 

Through applied economic research 
and public outreach, Ellen’s goal is to 
improve the management of our water 
resources in a way that maximizes the 
well-being of those that depend on 
them. Her current research evaluates 
the effectiveness of incentive-based 
instruments, e.g., water pricing or 
water trading, for improving the man-
agement of agricultural groundwater. 
She works to understand how farmers 
respond to water prices and policies, 
considering changes in irrigation 
intensity, crop choice, and technology. 
Additionally, she is examining the role 
that water markets, including trade 

between the agricultural and urban 
sectors, can play in adaptation to cli-
mate change. 

Ellen grew up in Los Angeles, CA, 
where her exposure to food produc-
tion was nonexistent.  
However, as the daughter of the 
general manager of a water utility, 
water management issues were part of 
everyday conversation. Ellen attended 
the University of California, San 
Diego, for her undergraduate degree 
in Management Science. In spite of her 
big-city upbringing, she managed to 
write an undergraduate thesis on corn 
prices and agricultural policy, grad-
uated summa cum laude, and was 
chosen for the Joel Dean Award, which 
is awarded to the most outstanding 
student in the major. 

A Californian through-and- through, 
Ellen jumped to the next UC campus, 
pursuing a Ph.D. in Agricultural and 
Resource Economics at UC Davis. 
Inspired by interdisciplinary collabo-
ration with hydrologists and climate 
scientists, her dissertation research 
compared policy instruments for 
managing groundwater for agriculture 
in light of California’s Sustainable 
Groundwater Management Act 
(SGMA). Ellen estimated demand 
curves for groundwater pumpers and 
used them to quantify the potential 
economic benefits from groundwa-
ter trade. A landmark groundwater 
law mandating local groundwater 
management, SGMA was, and will 
continue to be, ripe for research and 
extension opportunities. 

As a Cooperative Extension special-
ist in quantitative policy analysis at 
UC Berkeley, Ellen is currently devel-
oping a research and outreach pro-
gram focused on policy issues relevant 
to California’s agriculture and natural 
resources. In this position, she hopes 

to work with state and local govern-
ment agencies on program evalua-
tion and policy analysis to improve 
management of California’s limited 
water supplies. She also plans to 
collaborate with nonprofits and other 
practitioners, continuing the effort to 
connect the university’s research with 
stakeholders. 

In addition to research and extension, 
Ellen loves playing music, primarily 
jazz and classical flute. She is an avid 
soccer player and runner, and also 
enjoys cycling, hiking, and cooking. 
Her partner, Derek, a lake scientist 
and water resources engineer, is very 
supportive of her academic, musical, 
and culinary pursuits. 

Ellen is excited to start new research 
projects with her colleagues at 
Berkeley as well as UC Extension 
advisors throughout the state. She is 
thankful to be ARE Update’s newest 
co-editor. 

Ellen M . Bruno 
Assistant UC Extension Specialist

Agricultural and Resource Economics 
UC Berkeley

Ellen Bruno can be contacted by email 
at ebruno@berkeley.edu

mailto:ebruno@berkeley.edu


5Giannini Foundation of Agricultural Economics, University of California

Brazil was a world leader in biofuel 
production around the millennium 
and remained a leader until recently. 
However, while sugarcane production 
and yield per acre increased over the 
first decade, around 2010 yield per 
acre and overall production declined 
despite the profitability of biofuels. 
We investigate this phenomenon 
using yield data, and media and aca-
demic reports. 

Our findings provide insight on the 
dynamic impact of aggregate shocks 
to the productivity and economics 
of perennial crops, particularly the 
role of financial and monetary policy 
shocks. This is especially relevant to 
California as much of its agriculture 
consists of fruit trees, vines, and other 
perennials, like alfalfa. The first part of 
our paper is a review of the econom-
ics of perennials and the impact of 
replanting on yields. Then we present 
the case of Brazilian sugarcane, and 
our findings and implications. 

Replanting and Yield
Perennial crops require an initial 
investment in planting. Then the plant 
grows and, after some time, starts 
producing valuable output. In the 
case of trees, outputs are mostly fruits 
and nuts. In the case of sugarcane, 
the stalks are harvested each year for 
conversion to sugar or ethanol. 

The yield-per-acre profile of any 
perennial changes with the age of 
the plant. Figure 1 presents the yield 
profile of sugarcane, which has a 
non-bearing first year, a production 
peak at the first harvest, and then 
decreasing yield. One of the major eco-
nomic challenges is to determine the 
optimal replanting age, which takes 
into account the cost of planting, dis-
counting, yield, price, and operational 
costs over time. 

The optimal replanting age, based on 
maximization of net present value 
of profit over time, occurs after the 
year of peak yield. It occurs at a time 
period where the economic loss due to 
delay of replanting (due to declining 
yields) is equal or greater than the dis-
counted gain from delay of replanting 

(interest gain from delay of planting 
costs and delay of non-productive 
period). Because of differences in 
weather conditions, pricing, and other 
factors, optimal replanting age may 
change across locations. For example, 
introduction of high-yield varieties 
that accelerate maturity and yields 
in the early years can lead to shorter 
rotations. In some cases, such as 
California strawberries, we see annual 
replacement. 

Producers aim to stabilize, as well as 
maximize, their income, so generally 
they don’t replant all their fields at 
the same time, but rather have plants 
of varying age. In the case of sugar-
cane in Brazil, the optimal replanting 
age is around 5 years, and growers 
try to allocate their land equally 
along different vintages. However, 
if for some reason—perhaps lack of 
access to equipment—growers fail 
to rotate, then the age distribution of 
their plants changes. For example, 
if a grower wasn’t able to replace 
5-year-old sugarcane, then the next 
year he will have plants aged 2-6, but 
no 1-year-old plants. At the year of 
the delay, the average yield will go up 

Implications of Disrupting a Perennial Crop  
Replanting Cycle: The Brazilian Sugarcane Example 
Daniel Tregeagle and David Zilberman

Brazilian sugarcane yields declined 
sharply in 2011, ending a decade-
long expansion of the industry. In 
the aftermath of the 2008 financial 
crisis, credit-constrained farmers 
replanted fewer sugarcane fields, 
leading to an increase in the aver-
age age of canes and a decline 
in yield several years later. Had 
average age remained constant 
over this period, industry revenues 
would have been around 10% 
higher in 2011 and 2012. This exam-
ple shows how interruptions to the 
regular replanting schedules of a 
perennial crop can have production 
effects years into the future. 

Figure 1. Yield of Sugarcane in the South-Central Region as a Function of Years Since 
Planting

Source: Margarido and Santos (2012)
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because the yield of the sixth year 
is greater than that of the first year. 
But in the following year, the grower 
may need to replace both the fifth 
and sixth year so that the subsequent 
year’s average harvest goes down. 

Based on our simple argument, we 
will see a period of increased yields 
followed by a strong yield reduction 
when, for whatever reason, harvest-
ing was delayed. In 2011, Brazil-
ian sugarcane exhibited a sudden 
decline in yields per acre (Figure 2). 
We investigated the role of replant-
ing in explaining this decline. 

Growing Sugarcane in Brazil
Sugarcane is a perennial grass, 
usually grown on a replanting cycle 
of 4–8 years, which is harvested and 
sent to local mills for processing 
into sugar and/or ethanol. After it is 
cut, sugarcane is highly perishable 
and needs to be processed as fast 
as possible to avoid losing sugar 
content. Most cane is collected from 
fields close to the mill—the aver-
age distance is 22 kilometers in São 
Paulo—and is delivered less than 24 
hours after harvesting. 

In the 2014–15 harvest year, Brazil 
produced 532 million tons of sugar-
cane, which was processed into 35.5 
million tons of sugar and 28.4 billion 
liters of ethanol. This harvest was 
grown on 10.9 million hectares of 
land, a small fraction of Brazil’s 330 
million hectares of arable land, but 
a more significant fraction of its 60 
million hectares of cultivated agricul-
tural land. Brazil is by far the world’s 
largest producer of sugarcane, 
producing a greater mass of sugar-
cane in 2015 than the next six largest 
producing countries combined.

In 2014, the sugarcane sector pro-
duced over US$70 billion in reve-
nue, accounting for around 3.5% of 
Brazil’s GDP. The sector employs 
approximately 1% of Brazil’s labor 
force. In Brazil, most sugarcane is 

grown in the South-Central region, 
accounting for 91% of production 
in 2015, and 98% of this production 
comes from six states: Goìas, Mato 
Grosso, Mato Grosso do Sul, Minas 
Gerais, Paranà, and São Paulo.

The 2011 Decline in  
Sugarcane Production
After a decade of steady growth, 
sugarcane production declined around 
10% in 2011 relative to 2010 (Figure 
2). There are a number of factors 
that may account for this decline, 
including poor weather, the loss of 
competitiveness of hydrous ethanol 
relative to gasoline, increased costs 
of production, and a reduction in the 
productivity of sugarcane fields. We 
focus on the reduction in productivity 
due to the increase of the average age 
of sugarcane fields because this pro-
vides an interesting case study of the 
lags between cause and effect in the 
production of perennial crops. 

Despite prior predictions that it would 
remain sheltered, Brazil’s economy 
was negatively affected by the 2008 
global financial crisis, including a 
reduction in GDP, a sharp devaluation 

of the Brazilian currency, the Real, an 
increase in the average lending inter-
est rate, and credit rationing. Brazilian 
sugarcane growers use credit to invest 
new capital, cover operating expenses, 
and renew their sugarcane. They 
receive credit from a mix of private 
and public lenders, including agricul-
tural equipment manufacturers such 
as John Deere and Case New Holland, 
commercial banks, and government 
credit agencies, such as the National 
Bank for Economic and Social Devel-
opment (BNDES). 

Before the credit crisis in 2008, the 
sugarcane industry had taken on a 
high level of debt, partly to finance 
the mechanization of harvesting. The 
industry average debt/revenue ratio 
was approximately 0.5 in the 2006–07 
harvest year, composed mostly of 
long-term debt. In the following year, 
however, debt levels rose rapidly to 
125% of revenues with a short-term 
debt rising to around 40% of revenues. 

High levels of debt, combined with 
the reluctance of lenders to provide 
new or refinance existing loans, led to 
a substantial reduction in the credit 
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Figure 2. Production, Planted Area, and Yield of Sugarcane in Brazil from 2000–2014

Source: Instituto Brasileiro de Geografia e Estatística
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available to sugarcane growers. “Poor 
weather, and cash-strapped growers 
delaying their replanting after the 
2008 credit crunch, have recently 
squeezed production.” (The Economist, 
2012) At the time, the vice president 
of the Brazilian National Agriculture 
Confederation, Carlos Sperotto, was 
quoted as saying “The amount of 
financing will determine the size of 
the crop… lower financing means 
smaller crops.” 

Unable to access credit, farmers 
responded by foregoing planned 
replanting operations, choosing 
instead to further harvest their aging 
canes. “Mills cut investment in 
renewing cane plants as they tried 
to get back on their feet financially, 
hitting output as yields from aging 
cane dipped.” For reasons explained 
in the previous section, this did not 

have an immediate effect on sugarcane 
yields, rather the effect was delayed 
by several years. Figure 3 shows the 
average age and the average yields 
in the South-Central growing region. 
From 2008 to 2012, the average age of 
the sugarcane fields increased from 
3.17 years to 3.7 years. 

In addition to reduced yields and 
production, the difficult conditions 
led to the closure of sugarcane mills. 
In 2011 and 2012, 11 more mills closed 
than new mills opened each year, 
standing in contrast to the previous 
four years, which had an average of 18 
net openings. 

Increase in Age  
Explains Much of the Decline
There is a strong, negative correla-
tion between average age and yield, 
as shown in Figure 3. The average 

age can increase if sugarcane is not 
replanted regularly. A simple regres-
sion of yield as a function of average 
age using data from 2000 to 2013 
shows that, on average, a one-year 
increase in the average age is associ-
ated with a 30-ton-per  
hectare reduction in yield.

What if Brazilian sugarcane growers 
had been able to keep the average age 
of their canes relatively constant? We 
perform a simple calculation to esti-
mate the approximate loss of revenue 
to the Brazilian sugarcane sector from 
the reduction in average age. After 
2009, average age is assumed to be 
constant at the 2000–2009 average, and 
the yield in those years is calculated 
using the results from the regression of 
yield on age. 

We then multiplied this counterfac-
tual yield series by the planted area 
to obtain production. We calculated 
the counterfactual revenue by multi-
plying this production series by the 
sugarcane price received by producers 
each year. Subtracting the counter-
factual revenue from the revenue 
calculated using the fitted yields from 
the observed age series gives us an 
estimate of the revenue lost from the 
reduction in age. We compare coun-
terfactual yields to fitted yields rather 
than observed yields to keep the error 
in the model constant. Comparing 
counterfactual yields to observed 
yields would confound the result, with 
part of the difference in revenue due 
to holding age constant, and another 
part due to the error in the regression 
of yield on age.

Figure 4 shows the increase in reve-
nues from holding the average age 
constant in 2010–2013, expressed as 
a percentage of the fitted revenues. 
Holding age constant over the 2010–
2013 period resulted in a 6% revenue 
reduction in 2010, increases of 10% 
and 9% in 2011 and 2012, and a small 
reduction of around 1% in 2013. These 
results represent an upper bound on 

Source: União da Indústria de Cana-de-Açúcar

Figure 3. Yield and Average Age of Sugarcane in the South-Central Region,  
2000–2013 
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the revenue changes because we are 
holding the sugarcane price constant. 
The actual sugarcane price would 
likely have been lower in 2011 and 
2012 in response to the extra sugar-
cane production, and higher in 2010 
and 2013 due to lower production. 
Nevertheless, these results represent 
an estimate of the order of magnitude 
of the effect of holding the average age 
constant.

This simulation suggests that the 
Brazilian sugarcane industry could 
have had around 5 billion additional 
Reals (2.5 billion USD) in revenue in 
each of 2011 and 2012 if the average 
age of the sugarcane crop had been 
kept constant over this period by 
replanting aging canes in the preced-
ing years. During this period, growers 
did not have access to private credit 
due to their pre-existing indebtedness 
and the reluctance of private banks 
and firms to lend during the credit 
crisis. In 2012, the Brazilian govern-
ment, through the BNDES, made a 
R$4 billion line of subsidized credit 
available to growers specifically for 
plantation renewal. However, had 
such loans been available throughout 
and after the credit crisis, yields could 
have remained stable, mills might 
have avoided closing, and the sector 
might have avoided the shock in 2011 
and 2012. 

Conclusions
Perennial crops are, in essence, dura-
ble assets, and growers rely on credit 
when investing in them. A dysfunc-
tional system, which breaks down and 
cannot provide credit at certain times, 
has a short-term and long-term impact 
on perennial agriculture. This needs 
to be addressed by some mechanism 
to allow farmers access to credit 
during these times. Inability to obtain 
credit may alter the replacement of 
crops, resulting in a period of surplus 
followed by shortage. Both growers 
and—especially—consumers, may 
lose from such cycles.

The example of the Brazilian sugar-
cane sector illustrated this instability 
by showing how the productivity and 
success of an industry that relies on 
perennial crop production can depend 
on the crop’s average age. The average 
age depends on the recent history of 
planting and replanting decisions. A 
shock to these investments has per-
sistent effects years after the shock 
itself has passed.

Credit availability is only an example 
of a shock to input availability caus-
ing persistent effects to average age. 
Other inputs to perennial production 
can also have long-lasting impacts. 
California has relatively robust credit 
markets, but irrigation water is a key 
scarce input to agricultural produc-
tion. During droughts, water stress 
can reduce tree yields and even lead 
to tree death. Even after the drought, 
stressed trees may not return to full 
yields. Furthermore, growers may 
delay planting new trees since seed-
lings are particularly vulnerable to 
unreliable water supply (although in 
the recent drought, perennial plant-
ings actually increased due to factors 
unrelated to water scarcity). 

Illustrating the value of reliable input 
supply, growers are willing to pay 
high prices for key inputs to preserve 
the productivity of perennials. In 
California, intra-district water trans-
fers are increasingly common, shifting 
water to perennials from lower-value 
crops such as rice, and the water is 
traded at a high price. In a similar, 
international example, water prices in 
the Murray-Darling Basin in Australia 
rose tenfold during the depths of the 
Millennium Drought in 2007 as citrus 
growers tried to preserve the produc-
tivity of their investments. 

Ensuring steady access to key inputs 
like credit or water during times of 
stress and crisis can aid the future 
stability and profitability of a peren-
nial crop industry. Policymakers can 
assist by identifying key inputs and 
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The H-2A program allows farm 
employers to request certification from 
the U.S. Department of Labor (DOL) to 
have foreign workers admitted “tem-
porarily to the United States to perform 
agricultural labor…of a temporary or 
seasonal nature.” Farmers seek certifi-
cation from DOL to fill particular jobs 
with H-2A guest workers by ensuring 
that two conditions are satisfied: there 
are not sufficient U.S. workers who are 
able, willing, and qualified, and who 
will be available at the time and place 
needed, to perform the labor or services 
involved in the employer petition and, 
the employment of the H-2A worker 
will not adversely affect the wages and 
working conditions of U.S. workers 
who are similarly employed.

Farmers satisfy these conditions by 
passing three tests. First, they must try 
to recruit U.S. workers and provide 
reasons why any U.S. workers who 
applied for jobs were not hired. Farm-
ers must begin the recruitment process 
45 days before they expect work to 
begin. Many farmers are convinced that 
U.S. workers who respond to their help 
wanted ads will not show up when 
needed or remain for the entire season, 
so many allegedly discourage U.S. 
workers who apply. 

Second, farmers must provide free 
housing to H-2A guest workers and 
any out-of-area U.S. workers whom 
they hire. Most labor-intensive agri-
culture is in metro countries with 
relatively high housing prices. For 
example, the 40th percentile fair market 
rent for a two-bedroom apartment in 

the U.S. salad bowl of Monterey County 
in 2018 is $1,433 a month, meaning that 
60 percent of two-bedroom units rent 
for more than $1,433. A farm worker 
employed 160 hours at the state’s 
minimum wage of $11 an hour would 
earn $1,760 a month, which means that 
a one-earner family would, after taxes, 
spend almost all earnings on rent. High 
rents relative to earnings help to explain 
why the employment of H-2A guest 
workers has risen rapidly in Monterey 
county, where guest workers are often 
housed in motels that are converted 
into bunk houses with four workers to 
a room. 

Third, DOL enforces the no-adverse-ef-
fect requirement by setting a super-min-
imum wage that must be paid to 
H-2A workers and any U.S. workers 
employed alongside them called the 
Adverse Effect Wage Rate (AEWR), 
which is $13.18 an hour in CA in 2018, 
almost 20 percent above the state’s 
minimum wage. The AEWR is the 
average hourly earnings of nonsupervi-
sory field and livestock workers for the 
state or region during the previous year, 
as determined by the USDA National 
Agricultural Statistics Service Farm 
Labor survey of employers.

The H-2 program was created in the 
1952 Immigration and Nationality 
Act and used primarily by sugar cane 
growers in Florida and apple growers 
along the east coast until the mid-1990s. 
For example, in 1985, fewer than 21,000 
farm jobs were certified to be filled by 
then H-2 workers, including 10,000 in 
Florida sugarcane. The program was 
revised by the Immigration Reform 
and Control Act (IRCA) of 1986 and 
renamed H-2A, but the number of farm 
employer requests fell after IRCA rather 
than expanding as anticipated because 
of rising unauthorized migration and 
the mechanization of the Florida sugar-
cane harvest. 

The number of jobs certified to be filled 
with H-2A workers began to rise in 
the mid-1990s, after the North Caro-
lina Growers Association (NCGA)was 
formed to recruit and transport Mex-
ican guest workers to its tobacco- and 
vegetable-grower members. Turn-key 
and loyal H-2A guest workers proved 
very attractive to farmers, especially as 
the H-2A workers gained experience by 
returning year after year. The NCGA 
has been the largest single employer of 
H-2A workers for the past two decades, 
certified to fill over 10,000 jobs a year 
with H-2A workers.

The H-2A program expanded during 
the housing boom of 2005–06, as Cali-
fornia vegetable growers who operate 
in Yuma, Arizona, during the winter 
months complained of labor shortages. 
Almost all border-area workers are 
legally authorized to work because the 
U.S. Border Patrol often stops the buses 
used to carry workers to fields and 
checks worker documents, encouraging 
growers to use the H-2A program to 
obtain workers. When Salinas-based 
growers had difficulty finding workers 
in Monterey County after the 2008–09 
recession, they requested certification to 
bring the H-2A workers who harvested 
vegetables during the winter months in 
Arizona to Salinas during the summer 
months. 

The H-2A program expanded in other 
states as well. The U.S. DOL certified 
almost 243,000 jobs to be filled with 
H-2A workers in FY18, up from 165,000 
in FY16. Five states accounted for 52% 
of FY18 H-2A jobs: 13% in Florida, 12% 
in Georgia, 10% in North Carolina, 9% 
in Washington, and 8% in California.

Over 550,000 U.S. farms reported hiring 
labor in the 2012 Census of Agriculture, 
and over 100,000 are enrolled in state 
unemployment insurance systems that 
provide benefits to laid-off workers. 

The H-2A Guest Worker Program Expands in California 
Philip Martin

The H-2A program, which allows 
farm employers anticipating too 
few workers to be certified to 
employ foreign guest workers, 
more than tripled in size over the 
past decade across the U.S., and 
quadrupled in California. 
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Fewer than 10,000 farm employers 
request H-2A workers, but it is hard to 
determine the exact number of partici-
pating farms because some make multi-
ple requests and some request workers 
under different names, as when a farm 
and its associated labor contractor 
make separate requests. 

The top requesters of H-2A workers 
are employer associations and labor 
contractors, including the NCGA 
with 11,600 jobs certified in FY18, the 
Washington Farm Labor Association 
(WAFLA) with 5,200, California labor 
contractor Fresh Harvest with 4,200, 
and Washington’s Zirkle Fruit with 
4,200. Contractors must submit doc-
umentation to DOL of their arrange-
ments to provide workers to farmers, 
but FLC-farmer contracts are not made 
public.

Some jobs that DOL certifies are not 
filled by H-2A workers, and some 
H-2A workers fill more than one job, so 
more jobs are certified than H-2A visas 
issued. In recent years, for every 120 
farm jobs certified, the U.S. Department 
of State issued 100 H-2A visas. H-2A 
admissions data published by the

Farm Employment 
Farm worker employment involves 
several concepts. First is average 
employment, the number of workers 
employed each month, summed, and 
divided by 12 months. Average U.S. 
farm employment as measured by 
employer reports when paying unem-
ployment insurance (UI) taxes was over 

1.2 million in 2015. Some states do not 
require smaller farmers to pay UI taxes 
on farm worker wages, so UI covers an 
estimated 86% of U.S. hired farm work-
ers, making average U.S. farm worker 
employment 1.4 million. 

California requires all employers to 
participate in UI, and its average agri-
cultural employment of 420,000 in 2015 
was 30% of average U.S. agricultural 
employment. Over the past decade, 
average UI-covered farm worker 
employment increased in both the U.S. 
and California.

There are more farm workers than 
average employment jobs because 
of seasonality that generates peaks 
and troughs. UI-covered farm worker 
employment across the U.S. ranged 
from a high of 1.4 million in July 2015 
to a low of 1.1 million in January, for 
a peak-trough ratio of 1.3. California 
had a peak 475,000 workers in August 
and 354,000 in January, for a ratio of 
1.3. The peak-trough ratio increases as 
the geographic unit decreases. At the 
county level, the peak-trough ratio may 
be two, and on an individual farm as 
high as 100 to one, as when 200 workers 
are hired for harvesting but only two 
during the winter.

Average employment and peak-trough 
ratios are measures of jobs, not the 
number of unique workers who fill 
them. The ratio of workers to jobs 
cannot be determined easily. During 
the 1980s, when the Current Popu-
lation Survey included questions in 
December asking whether anyone in 

the household worked for wages on 
a farm during the year, CPS reported 
2.6 million unique farm workers when 
average farm employment was 1.3 
million, suggesting two unique workers 
per job. These workers were grouped at 
the ends of the days-of-farm work spec-
trum. A third did fewer than 25 days 
of farm work during the year, while 20 
percent worked year-round.

There are no national data on the 
number of individuals who work for 
wages on farms sometime during the 
year. California extracted the social 
security numbers (SSNs) of all work-
ers reported by farmers sometime 
during the year, allowing a comparison 
between unique farm workers and 
average employment. In 2014, when 
average agricultural employment was 
411,000, some 829,000 unique SSNs 
were reported by California farm 
employers, suggesting the same two 
workers for each average job as in the 
1980s.

Average employment, peak-trough 
ratios, and unique farm workers are 
three ways to look at who works for 
wages on U.S. farms. There are other 
windows into farm work, including 
which states and commodities have the 
most farm workers. 

Farm worker employment is concen-
trated in a few states. In 2012, California 
had 36 percent of average UI-covered 
farm employment, followed by WA, 
FL, TX, and OR, which each had 3–8% 
of average employment (Figure 2). 
Another 19 states had 1–2% percent 
of average farm employment, which 
means that over half of the states 
had less than 1% of U.S. farm worker 
employment. 

Farm worker employment is con-
centrated by commodity. U.S. crop 
employment averaged 560,000 in 2015, 
including almost 200,000 in fruits and 
nuts, almost 100,000 in vegetables and 
melons, and 150,000 in greenhouse 
and nursery production, so that 80% of 
average crop employment was in fruit, 

Figure 1. H-2 Jobs Certified, Visas Issued, and Jobs per Visa, 2005–17
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vegetable, and horticultural specialty 
crops. 

California 
Imperial Valley-based Fresh Harvest 
is the California’s largest employer of 
H-2A workers, and places most of the 
4,200 H-2A workers it brings into the 
state in Salinas-area berry and vege-
table fields. Fresh Harvest, part of a 
larger logistics and farming enterprise 
with operations in Mexico and the US, 
houses many of its H-2A workers in 
Salinas-area motels and in a King City 
tomato packing shed converted to a 
dormitory. 

Fresh Harvest began as a custom har-
vester for Fresh Express, a bagged salad 
firm, and evolved into the supplier of 
labor to harvest 20 percent of the state’s 
lettuce for bagged salads and 20 per-
cent of the state’s berries. The Salinas 
area has the highest number and share 
of H-2A workers, a peak 10,000 H-2A 
workers among a total of 82,000 farm 
workers. Some settled workers in the 
Salinas area complain that younger 
H-2A workers are able to earn more at 
prevailing piece rates, and have more 
take home pay because the H-2A work-
ers receive free housing and transporta-
tion to work. 

Mexican worker interest in U.S. jobs 
paying $13 an hour and offering trans-
portation and housing is very high, 
but many of the workers who want 
to become H-2As are not productive 
enough to justify U.S. wages that are 10 
times more than prevailing farm wages 
in Mexico. Fresh Harvest has farming 
operations in Mexico, and selects some 
of its best workers in Mexico for H-2A 
visas to work in the US. Like other 
recruiters, Fresh Harvest tests non-em-
ployees by having them climb a ladder 
with a 60-pound weight to see if they 
can pick avocados and wheel a straw-
berry cart to determine if they will be 
productive berry pickers.

Conclusions
Fewer than 10,000 of the 100,000 U.S. 
farms that pay UI taxes, and the 500,000 
farms that report hiring workers to the 
Census of Agriculture, are certified to 
employ H-2A guest workers. For the 
past three decades, farm employers 
have sought three major changes to the 
H-2A program, viz, (1) an end to certi-
fication or DOL-oversight of efforts to 
recruit U.S. workers, (2) elimination of 
the requirement to provide free housing 
to H-2A workers, and (3) a reduction of 
the Adverse Effect Wage Rate. 

Farmers failed to persuade Congress 
to make these changes, and they also 
were unable to win an alternative 
guest worker program for agriculture. 
Instead, as fewer unauthorized Mexi-
cans entered the U.S. and sought farm 
jobs, more farmers began to use the 
H-2A program to recruit legal Mexican 
workers. Farmers complain about the 
bureaucracy and costs of H-2A workers 
but, with few alternatives, more are 
turning to H-2A guest workers despite 
paperwork and costs.

Half of U.S. crop workers are unautho-
rized, and these unauthorized are aging 
and settling in families with US-born 
children, reducing their willingness 
to migrate to farm jobs. H-2A guest 
workers are the fresh blood in the farm 
workforce, younger than most current 
workers and willing to work where 
there are vacant jobs. Many farmers 

considering how to harvest crops over 
the next decade are convinced that their 
medium-term options are labor-saving 
mechanization or H-2A guest workers 
under current regulations. The option 
chosen has very different implications 
for investment, viz, spend on labor-sav-
ing machines in the hope of replacing 
workers or build housing for guest 
workers who are likely to constitute a 
rising share of the  workforce.
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