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Water rights shape crop yield and revenue
volatility tradeoffs for adaptation in snow
dependent systems

Keyvan Malek® "™ Patrick Reed® !, Jennifer Adam?, Tina Karimi' & Michael Brady?

Irrigated agriculture in snow-dependent regions contributes significantly to global food pro-
duction. This study quantifies the impacts of climate change on irrigated agriculture in the
snow-dependent Yakima River Basin (YRB) in the Pacific Northwest United States. Here we
show that increasingly severe droughts and temperature driven reductions in growing season
significantly reduces expected annual agricultural productivity. The overall reduction in mean
annual productivity also dampens interannual yield variability, limiting yield-driven revenue
fluctuations. Our findings show that farmers who adapt to climate change by planting
improved crop varieties may potentially increase their expected mean annaul productivity in
an altered climate, but remain strongly vulnerable to irrigation water shortages that sub-
stantially increase interannual yield variability (i.e., increasing revenue volatility). Our results
underscore the importance for crop adaptation strategies to simultaneously capture the
biophysical effects of warming as well as the institutional controls on water availability.
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demand. Although it uses only 20% of cultivated lands, nearly

50% of agricultural production! relies on irrigation. The
expansion of irrigated agriculture over the last 50 years is a sig-
nificant contributor to increases in global food production that
meet the needs of a growing population?®. This historical trend is
particularly important in light of the projected increases in food
demand due to population growth and meat-intensive diets*.

Surface water resources account for 62% of the total worldwide
water supply for irrigated agriculture. In many parts of the world,
surface water supply depends heavily on snow accumulation and
thawing regimes®~’. Most areas with latitudinal parallels over 40
degrees receive a majority of their precipitation in the form of
snowS. There are also many mountainous regions in other lati-
tudes that provide water for downstream agricultural regions®!0
including the Hindu Kush and Himalayas, the Karakoram, the
Tien Shan massifs, the Andes, the mountains of the Middle East,
and the Atlas Mountains®. Mountainous regions of the western
United States (US), such as the Rockies, Cascades, Sierra Nevada
mountains, are important snow-dependent regions>!112 that
significantly influence national food production. In this study, we
focus on the Yakima River Basin (YRB; Supplementary Fig. 1), an
agriculturally important and heavily irrigated snow-dependent
river basin!>!4 in the Pacific Northwest of the US. Background
on the YRB, including its regional context, and water rights
structure can be found in the method section.

Climate change affects irrigated agriculture through two key
mechanisms. First, the crops respond directly to climate change
through biophysical mechanisms. Crop growth rate, productivity,
and water demand will be affected by changes in atmospheric CO,
concentration, temperature, and precipitation (although for irri-
gated crops, precipitation plays a reduced role in affecting yield).
While increasing CO, concentrations increase yields (especially for
crops with a C3 photosynthetic pathway), warming can deteriorate
the productivity of some major crop types (especially annuals, such
as corn, wheat, and potatoes) because of an acceleration in growth
rate that also reduces the time available for photosynthesis and
biomass accumulation!~17. There are many strategies that can be
used to improve crop performance (average yield)!®!? including
improvement in biotic resistance, abiotic resistance, and change in
physical characteristics of crops. There is also a growing focus on
slow-maturing crop varieties to reduce the impacts of temperature
induced accelerated crop growth!®18:20. Although a broad body of
literature has investigated this issue (readers can also see Supple-
mentary Notes 3), the effectiveness of the yield-improving bio-
physical crop adaptations are not fully understood. The second
mechanism where climate change impacts irrigated agriculture is
the expected increase in the severity and frequency of droughts in
snow-dependent areas!>~14, In these basins, agriculture receives the
majority of its summertime water supply from the melting of
accumulated snowpacks. A warmer climate is expected to reduce
snowfall and increase rainfall, reducing snowpack volume. In
addition, higher temperatures accelerate the melting of snowpacks,
further shifting water availability away from irrigation
months®7-21:22, This can lead to curtailment (or interruption) of
water rights for irrigation, thus producing an indirect water scarcity
effect from climate change on crop yields.

The emerging and potential future changes in the seasonality
and magnitude of streamflow regimes in snow-dependent regions
are unprecedented in their historical observations! 13, Therefore,
characterizing candidate shifts in water availability requires
modeling frameworks that account for regulated flows through
managed storage facilities, institutional water rights, and impor-
tant regulations?3. All of these factors potentially limit the validity
of many of the simulation-based assessments that do not account
for these region-specific details.

I rrigated agriculture plays a crucial role in meeting global food

Our research question is two-fold: first, What are the direct and
indirect impacts of climate on irrigated agriculture in the YRB,
and second, To what extent does farmer adaptation (through
planting different crop varieties) aid adaptation against the
negative effects of climate change? To address the first question,
we investigate how the expected magnitude and interannual
variability of yield in irrigated agriculture respond to the com-
pounding (and sometimes competing) effects of changes in water
availability, temperature, and atmospheric CO, concentrations,
and embedded within the water management and regulatory
context of the YRB, a snowmelt-dependent watershed repre-
sentative of many in the western US. To address the second, we
explore how adaptive actions through crop variety improvements
affect productivity in the YRB. In examining the impacts of both
climate change and on farmer adaptation, we quantify the
impacts to both expected mean yields, but also interannual yield
variability, given the significant implications to crop insurance
programs of the losses of revenue*»?> associated with extreme
drought events. Our results show that climate change can impact
the YRB by deteriorating its snow-driven water availability and
accelerating crop biophysical processes leading to reduced aver-
age annual yields. We also show that in the absence of significant,
simultaneous improvements in crop varieties, water governance
institutions and the infrastructure of the YRB, adaptation efforts
could face a significant tradeoff between improved average yields
and increasingly severe revenue volatility in the region.

Results

Increasing water stress. Irrigation unmet demand (UD, defined
in the method section), an institutionally consistent drought
indicator for the YRB, is strongly sensitive to climate change-
induced changes in precipitation and temperature, showing
transitions towards higher water stress (Fig. 1, panel a). This
increase in UD is mainly controlled by temperature (Fig. 1, panel
b) because the YRB, as a snow-dependent basin, receives 75-80%
of its precipitation in the form of snow, and irrigation water
availability in summer months depends heavily on the timing of
snowmelt. Moreover, the active capacity of five major reservoirs
in the YRB covers about 40% of total irrigation demand?®°.
Therefore, the buffering capacity of this supply is not sufficient to
compensate for this shift in streamflow timing. Moreover, as past
studies'>?7 have shown, in the Pacific Northwest, climate change
does not produce a clear direction of change for precipitation,
there is significant disagreement in the projections attained across
the ensemble of available general circulation models (GCMs)27-28,
Analysis of simulated future drought frequency (Fig. 1, panels ¢
and d) also indicates that the probability of significant drought
(UD >30%) could significantly increase from 23% over the his-
torical (1980-2010) period to ~40% [with a range of 13-63%
across 5 GCMs x2 RCPs] over 2030-2060. During the same
period (2030-2060), the average severity of significant droughts
(UD>30%) is projected to increase from historical UD of
40-46% of 6% relative to the historical average [with a UD
projection range of 34-47% across the GCM model ensemble
considered here]. Additionally, There there is the potential for
unprecedented droughts in the YRB system (droughts stronger
than with UD >65%), which have not been recorded in the
observed past. Our results show that for both time periods
(2030-2060) and (2060-2090) there are even possibilities for
experiencing very extreme droughts approaching the maximum
value of water stress measure (UD = 100%).

Agricultural productivity, yield, and interannual yield varia-
bility. The ten most popular crops in the YRB are categorized
into the following three groups (Fig. 2): first, annual crops (winter
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Fig. 1 Impacts of climate change on water stress for irrigated agriculture. Panel a shows how unmet demand (UD) responds to temperature and

precipitation. Each point corresponds to 1 year of simulation from one of the five GCMs used in this study. The historical period is from 1980-2010 and the
future period is from 2030-2090. Panel b shows how unmet demand responds to temperature. In panels b, the interquartile range in the boxplots is 50%
(lower and upper quartile limits are 25% and 75%, respectively). The middle line in the boxplot represents median, and the whiskers can span to 1.5 times
the upper and lower interquartile ranges. Outliers (points) in this figure are numbers outside the whiskers. Also, in panel b, n =300 simulated annual yield
values for RCP 8.5 and 4.5 boxplots, and n = 30 simulated annual yield values for the historical boxplots. Panels ¢ and d show cumulative density functions
of the unmet demands for 2030-2060 and 2060-2090, respectively. Light shading in panels d and e represents the variation among GCMs and RCPs.

Source data are provided as a Source Data file.

wheat, spring wheat, corn, and potatoes), second multiple-cutting
crops (alfalfa and pasture), and third, tree fruits (grapes, apples,
cherries, and pears). In terms of average agricultural productivity
(Fig. 2, panel a and Supplementary Tables 3), all crop types show
vulnerability to climate change with significant potential reduc-
tions in their average annual yields. For example, during the
2060-2090 period (RCP 8.5), average annual yield of potato,
alfalfa, and apple could undergo a reduction of 46%, 22%, and
48%, respectively. This happens primarily due to the effects of
more frequent and more severe droughts where shortages in
available irrigation water occur. A portion of this reduction in the
annual crop group can be attributed to a further reduction in
maximum vyield, which is defined as yield under fully irrigated
condition (Supplementary Fig. 4, panel a and Supplementary
Notes 5). The reduction in average yield of annual crops can
cause damage to regional agricultural economies and even global
food security because the deterioration of water availability and
agricultural productivity follows the same trend across many
snow-dependent regions of the world>®10,

During the 2030-2060 period (Supplementary Fig. 4), the
maximum vyield of annual crops such as spring wheat, corn, and

potatoes show reductions of 9%, 23%, and 9%, respectively. These
reductions result when higher temperatures accelerate the growth
rates of the crops; in turn, causing earlier maturation and less
opportunity for biomass accumulation!®2°. However, we also
show that the maximum vyield of alfalfa could potentially increase
in the future (26% during the 2030-2060 period). Alfalfa is a
multiple-cutting crop, consequently faster growing cycles can
increase the number of cuttings®? and enhance seasonal biomass
accumulation. The minimum yield (under the no irrigation
condition) increases for all crop types (Supplementary Fig. 4,
panel b). For example over the 2030-2060 period, the minimum
yield for spring wheat, corn, and potatoes increases by 17%, 25%,
and 21%, respectively. Increased precipitation and CO, concen-
tration are the primary drivers of this improvement in non-
irrigated yield!-*? and out-compete the yield-reducing impact of
a shortened growing period. Consequently, the yield gap, which is
defined here as the gap between the actual yield under water-
stress conditions and the fully irrigated attainable yield, could
decrease in the future. The reduction in yield gap has at least two
significant implications: first, implications for Changes in the
Marginal Benefit of Water (MBW): The shortened gap between
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Fig. 2 Future productivity of irrigated agriculture under simulated water shortage, precipitation, CO, concentration, and temperature increases. Panel
a shows average annual future yield and panel b shows standard deviation of annual agricultural yield. Crops have been categorized into three groups of
annual crops (i.e., potatoes, winter wheat, spring wheat, and corn), multiple-cutting crops (i.e., alfalfa and pasture), and tree fruits (i.e., grapes, apples,
cherries, and pears). Each panel has two rows that correspond to two different time periods: 2030-2060 and 2060-2090 (although the historical values
are also included in both rows for comparison). The interquartile range in the boxplots is 50% (lower and upper quartile limits are 25% and 75%,
respectively). The middle line in the boxplot represents the median, and the whiskers can span to 1.5 times the upper and lower interquartile ranges.
Outliers (points) in this figure are numbers outside the whiskers. Also, in this figure, n =10 30-year average and standard deviation of annual yield values
for RCP 8.5 and 4.5 boxplots. Source data are provided as a Source Data file.
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fully irrigated and non-irrigated conditions also leads to lower
absolute crop yield loss during drought years (Supplementary
Fig. 3 and Supplementary Notes 4). The MBW in agriculture is
defined as the magnitude of the improvement in yield in response
to an extra unit of water3!. The MBW has significant implications
for investment decisions about new irrigation systems and other
infrastructure3?. A greater MBW indicates greater benefits for
farmers who increase their water availability, thus making this
investment more viable. Although we do not explicitly simulate
MBWs, our results suggest that MBW will likely be lower in the
future in YRB. When the yield gap is smaller (e.g., status quo
crops under climate change scenarios), the MBW becomes
smaller because an extra unit of water does not affect the
productivity as much as in earlier periods. Therefore, annual
crops undergo a reduction in MBW (e.g., 45% and 16% percent
reductions in yield gap for corn and potatoes, respectively), but
the MBW of multiple-cutting crops increases (e.g., an 11%
increase in the alfalfa yield gap); second, implications for Changes
in the Interannual Variability of Yield: Although often overlooked
in impact assessments of climate change, the interannual
variability of yield is also important to consider; we show that
although droughts are expected to intensify in the future,
interannual variabilities of yield do not necessarily increase
(Fig. 2, Panel b and Supplementary Table 3). Note that in our
analysis, we use standard deviations (SDs) of annual series of
yield to represent interannual variability of agricultural produc-
tivity. For example, throughout the 2030-2060 period, the
reductions of SD for potatoes, corn, spring wheat, and alfalfa
are 15%, 22%, 1%, and 19%, respectively. The primary
explanation for these reductions in interannual variability is that
maximum yield will decrease for many crop types (Supplemen-
tary Fig. 4, Panel a), including wheat, corn, and potatoes. Change
in interannual variability of yield has direct implications for the
parties involved in agricultural insurance programs, including
insurance firms, insurance-buying farmers, and governmental
insurance programs. Lower interannual variability of yield will
result in higher accuracy in prediction of yield loss and, at the
same time, fewer drought-related payouts to farmers?433.

Improved crop varieties. As our future potential yield simula-
tions indicate, the attainable yield of some important food-
security crops could strongly decline (Fig. 2). This trend aligns
with several previous studies’ findings and arguments!©19:29,33,34
that the use of current crop varieties can significantly reduce the
productivity of some important crop types and potentially
threaten global food security. In response to this issue,
improvement in crop seeds has been proposed as a primary
means of adapting to the adverse impacts of climate change on
yields!®20. Improved varieties are expected to have longer
growing periods to allow more time for photosynthesis and
biomass accumulation?3. In this study, we explore an adaptation
scenario that considers seed-modification, and as demonstrated
in Fig. 3 (Panels a and b), we show that during the 2030-2060
period, average yields of potatoes, spring wheat, and corn do
improve with expected increases of 14%, 20%, and 31%, respec-
tively (Supplementary Tables 2). However, for the same period
(Supplementary Tables 3), the SD of yield is also shown to
increase by 52%, 130%, and 123% for potatoes, spring wheat, and
corn, respectively. Although these modified crops can compensate
for the reduction in average annual potential yields, they remain
vulnerable to deficits in irrigation availability during increasingly
frequent and severe drought periods. In other words, average
yield would increase, but at the same time, volatility in agri-
cultural production and farmers’ revenue increases substantially
(Fig. 3, Panel d). We also show that the probability of low-yield

years (defined as years that produce under 60% of fully irrigated
yield) may substantially increase with climate change (Fig. 3,
Panel c). Although this trend is stronger under the RCP 8.5 sce-
nario (Fig. 3, Panel c), the trend remains significant for a more
optimistic RCP 4.5 future as well. Although we illustrate these
trends using potatoes, similarresults occur for other crop types
including multiple-cutting crops, tree fruits, and other annual
crops (Supplementary Fig. 5-13). Higher variability in yield
under improved crop varieties has uneven implications for
insurance-buying farmers and governmental programs that sub-
sidize crop insurance. Although more productive crop varieties
enhance the volatility of the yield production, they will still
increase average productivity, which expands the yield gap and
increases the MBW. The greater MBW will make investment in
agricultural water-supply projects (e.g., dams, water transfer
projects, and irrigation systems) more likely.

Insurance-related implications of changes in interannual
variability. Our results on the relationship between climate
change and yield variability has important implications for crop
insurance programs?4, At least two groups have a large stake in
insurance programs: farmers and insurers. In many drought-
sensitive areas, farmers sign up for insurance programs to reduce
their losses when water scarcity causes low yields. Our results
show that the current seed varieties for some important crops
(e.g., wheat, corn, and potatoes), the potential for experiencing a
very bad year (less than 60% of fully irrigated yield) declines. For
farmers, overall agricultural revenue could be lower, but lower
yield variability should mean reduced insurance premiums. Some
governments, such as the U.S. federal government, subsidize
insurance for certain crops®”. Implications for these governments
and other insurers, however, will likely be positive (in terms of the
cost of such insurance programs), simply because the deviation
from the normal condition and the perception of risk3° is lower.
Therefore, we highlight that, in the absence of adaptation of seed
varieties, the scenarios imply reductions in the cost of these
insurance programs. Crop variety improvement, however, will
reverse this because farmers could inadvertently become more
prone to extreme low-yield years, and higher yield variabilities
will likely enhance the necessity and cost of insurance programs
for farmers?2>37. In the US where the federal government
subsidizes insurance primia for many crop types’®38, higher
variability will likely increase governmental expenditure on
insurance programs. Also, our results in this study imply that the
relationship between yield loss and drought magnitude (e.g.,
Supplementary Fig. 3) will be fundamentally transformed under
different climate change and crop variety improvement scenarios.
These non-stationarities indicate the importance of actively
reconsidering the underlying assumptions of index-based insur-
ance programs>’,

When contemplating the mean-variability tradeoff, and its
winners and losers, it is important to consider who pays for the
potential losses. In the US, there are post-Dustbowl programs that
make the US federal government pay for the insurance of
commodity crops (e.g., wheat, corn);>*3? therefore, the general
public pays for the losses. However, there are many farmers in the
US that purchase their own insurance??. In the case of insurance-
buying farmers, because they pay for their own insurance, more
volatility could increase their insurance premiums and reduce
their annual revenue. It is also expected that the effects of this
volatility would eventually be reflected in what consumers pay for
their food?>.

Strategies to address the yield’s mean-variability tradeoffs. Our
results imply that, in snow-dominated regions, two simultaneous
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Fig. 3 Effects of improved crop varieties on agricultural productivity of irrigated potatoes (see Supplementary Fig. 5-13 for other crops). Panel a shows
status quo productivity of potatoes over the historical period (1980-2010) and the two future periods: 2030-2060 and 2060-2090. Panel b demonstrates
how improved potato varieties affect yield. The plots in panels a and b are called violin plots, which are essentially inverted actual probability distribution
plots. Inside the violin plots, there are boxplots with the interquartile range of 50% (lower and upper quartile limits are 25% and 75%, respectively). The
middle line in the boxplot represents median, whiskers can span to 1.5 times of upper and lower interquartile range, and dots show outliers. Panel € shows
how probability of bad years changes with new crop varieties; a bad year in this study is defined as years with productivity less than 60% of the fully
irrigated yield. Boxplots in panel ¢ have the same characteristics as boxplots inside the violin plots. Panel d shows the relationship between average yield
and standard deviation for both the status quo crop (pink) and improved crop varieties (back). Oval curves in panel 4 show the bivariate Gaussian

distribution for the confidence level of 0.95. Also, in panel ¢, n=10 30-year average values of simulated yield calculated for five GCMs over two future

periods. Source data are provided as a Source Data file.

strategies must be pursued to ensure a sustainable regional agri-
cultural economy and productivity. First, water availability needs
to be enhanced through improvements in water-related infra-
structures and institutions. Examples of such strategies may
include building water storage and transfer facilities, and adap-
tation of water rights and regulations. Second, improvement in
potential productivity of crops. The results of our study empha-
size the need for seed improvement strategies to carefully con-
sider increasing sources of variability related to changes in
temperature and irrigation water availability. To achieve that goal,
it seems necessary to preserve the current diversity of seed vari-
eties that have undergone different climatic conditions during
several thousands of years®). Agrobiodiversity increases our
ability to find and inject climate change-resilient varieties into the
breeding process. In that regard, establishing efficient seed-
sharing programs and banks*!, promoting intellectual property
rights platforms and agreements*?, and embarking on deeper
agriculture-related social and cultural studies** seems to be the

way forward. Also, strategies such as breeding under elevated
temperature conditions hold promise for achieving yield
improvement objectives*®. In addition, faster plant-breeding
processes can provide the research community with a higher
degree of flexibility to create varieties that are resilient to elevated
temperatures!%44-46, Although these production goals might be
achievable, creating them could involve crucial hurdles. For
example, past works!%#4 have argued that, in order to efficiently
create these high temperature-resilient varieties, the breeding
process of these crops must become significantly faster. Currently,
it takes about 30 years to create a new variety through conven-
tional breeding; this will prevent us from making efficient and
immediate adjustments in the breeding process. Moreover, based
on the current trajectories of change, we might experience
shortages of food before a breeding program can find an appro-
priate variety*%. Moreover, recent research®> exploring different
breeding experiments for wheat claim that our current genetic
potential in production of temperature-resilient varieties might be
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limited due to the underlying gene availability. However, there are
promising successes in developing temperature-resilient
varieties! 47, Supplementary Fig. 2 approximately demonstrates
how different water stress and crop variety scenarios may affect
agricultural productivity (also, refer to Supplementary Notes 1 for
more information). This figure underlines that, when crop vari-
eties are improved without an improvement in the water system,
there will be higher volatility in the overall agricultural produc-
tion systems.

Transferability of results to other snow-dominated regions of
the world. The YRB is a heavily irrigated snow-dominated sys-
tem, and our study (in agreement with prior studies!>!321) shows
that the system will undergo higher water stress as higher tem-
peratures reduce snowpack. The other key pathway that nega-
tively affects the YRB’s irrigated agriculture is the temperature-
dependent reduction in potential yield*48. We argue that,
because both of these effects have been induced by higher tem-
peratures, and higher temperatures are the most robust climate
change effect that is expected to affect most of the planet*>>?, our
results could be of interest broadly to snow-dominated agri-
cultural systems globally that must also manage the joint stressors
institutionally constrained water availability and increasing
temperatures.

Discussion

In this study, we do not take into account other factors that might
change in the future. These factors include a change in cropping
pattern, shift in the geographical location of agricultural areas,
and change in irrigation systems. Therefore, for example, 2060
does not realistically represent all of the factors that might be
different in that year. Additionally, we do not take into account
any possibility of change in current water rights and regulations.
More specifically, scenarios that consider any possibility of
imposing relinquishment are not included in our study. For
example, under current western water law doctrine, long-term
reduction in irrigation demand and diversion will be penalized by
loss of water rights. However, relinquishment of unused water
rights has not been historically practiced in the YRB. Finally,
although the biophysical model used in this study to simulate
crop heat stress, it does not capture crop mortality. Future work
that captures a more refined simulation of crop heat stress and its
dependence on the availability of irrigation water>! (used for
cooling in addition to crop water demand) is warranted. More-
over, although beyond the scope of this work, a more realistic
simulation of crop heat stress and its close dependence on the
availability of irrigation water may be relevant to other studies.
Such a simulation tool requires finer temporal resolution (hourly
and shorter), tight coupling of an agro-hydrologic model with a
regional atmospheric model, and a boundary-layer model that
can accurately represent plant-level microclimates. Research
initiatives in these directions can promote our understanding of
crop response to higher temperatures, which is one of the most
contentious aspects of future food production projections!®.
Additionally, in this study, we only consider one scenario of yield
improvement (slower maturing varieties); however, there are
many pathways that can alter the properties of crop production.
For example, crops with shorter growing periods can be used as a
drought escape strategy. They tend to reduce the risk of facing
extreme water and temperature events and promise more reliable
production. However, fast-growing varieties have less opportunity
for yield accumulation and produce a lower amount of biomass
and yield*32. In other words, crops with shorter growing periods
can introduce their own mean-variability tradeoff into the agri-
cultural systems. A more in-depth exploration of possible seed-

related adaptation strategies would be a beneficial extension of
this study. Lastly, In this study, we do not take into account other
factors that might change in the future. These factors include
alterations in cropping pattern, shifts in the geographical location
of agricultural areas, and changes in irrigation systems. Changes
such as these could cause intended and unintended consequences
that could propagate into different sectors and affect several
aspects of the entire system. Therefore, our projections regarding
2060, for example, do not represent all of the candidate factors
that might be shape yield dynamics in that year. However, the
overall conclusions of this study emphasizing the need to
simultaneously consider adaptation of seed varieties and their
dependence on drought-related water institutions are broadly
applicable across adaptation scenarios and different snow-
dependent agricultural systems.

In summary, this study explores the effects of climate change
on irrigated agriculture in the snow-dependent regions of the
YRB. Modeling results show that there could be a significant
increase of water stress on irrigated agriculture. This water stress
and the shortening of growing seasons will reduce the overall
productivity of agriculture. We argue that this overall reduction
in productivity can substantially harm individual farmers, the
regional economy, and, given the importance of irrigated agri-
culture in worldwide food production, even global food security.
We also show that, although the uncertainty of water supply for
irrigated agriculture increases in snow-dependent basins such as
the YRB, the interannual variability of yield significantly
decreases. We found this due to a concomitant reduction of the
gap between fully irrigated crops and non-irrigated crops. Smaller
yield gaps occur because the potential yield of some annual crops
that are important to food security (such as winter wheat, corn,
and potatoes) decreases. Put simply, we conclude that an increase
in drought frequency and severity might not directly translate
into more volatility in annual agricultural revenues. Furthermore,
we explored a seed-modification adaptation, and we show that
although it has the potential to improve overall agricultural
productivity, the adaptation could lead to a significant increase in
the revenue volatility of the food production system. This higher
interannual variability can lead to challenges for insurers, gov-
ernmental insurance subsidy programs, and insurance-buying
farmers. Finally, we conclude that in order to ensure sustainable
food productivity in irrigated regions, adaptation strategies
should address both biophysical crop and water-supply
considerations.

Method

Simulation tools. We used a physically-based coupled agro-hydrologic platform
that establishes connections between crop growth and development, land-surface
hydrology, and river-system processes (Fig. 4). This framework has two main
components: VIC-CropSyst>®, which simulates agricultural and hydrological pro-
cesses, and YAK-RW>* which is a river system (i.e., water management) model that
simulates the operation of dams and prioritizes the allocation of water among
different water-dependent sectors. The process-oriented and distributed nature of
VIC-CropSyst makes our platform a powerful tool for capturing the effects of
spatial variations in climate, soil, crop type, irrigation system, and topography. The
capabilities of YAK-RW, on the other hand, allow us to reasonably simulate
impacts of water rights and the operation of water facilities. A comprehensive
description of all of the components of the simulation tools used in this study can
be found in Malek et al.!%.

Data: Simulation period and spatial resolution: The resolution of our simulation
is 1/16 degrees. The historical period is from 1980 to 2010, and the future period is
from 2030 to 2090. The following describes all of our model inputs.

Climate inputs: In this study, we provided minimum and maximum
temperature, precipitation, and wind speed. The resolution of our meteorological
data was 1/16 degrees. For the future period, we used outputs of five general
circulation models (GCMs) forced by two representative concentration pathways
(RCPs), RCP 4.5 and RCP 8.5, which are related to the radiative forcing of 4.5 and
8.5 4, respectively”. We used the method introduced by Brekke et al.”. to select
these five GCMs from eighteen that were available. The GCMs used in this study
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information between different components of the modeling platform.

include GFDL-ESM2G®’, HadGEM2-ES365, HadGEM2-CC365°¢, INMCM4°°,
and CanESM290.

Soil inputs: We used the same soil file as Malek et al.?. who used the State Soil
Geographic dataset®! to develop soil inputs for the VIC-CropSyst.

Land cover information: We used the vegetation parameters file (VPF) and crop
parameter file (CPF) used by Malek et al.'%. The CPF includes information on crop
acreage, planting date, irrigation system, crop type (perennial or annual), and
proration rate. VPF provides the vegetation class, acreage, root depth, and root
distribution in each soil layer.

Crop inputs: Some key crop-specific parameters of the VIC-CropSyst can be
found in Supplementary Note 2 and Supplementary Table 1. These parameters are
important for the simulation of agricultural processes such as growth,
transpiration, biomass, and yield production. More comprehensive information on
the crop input parameters can be found in the permanent repository of this paper;
readers can also refer to Stockle et al.%2 for more discussion of these parameters.
Supplementary Note 3 also provides a thorough discussion of the assumptions
involved in the development of the improved crop varieties considered in this
study. Finally, Supplementary Note 6 and Supplementary Fig. 14 present a
sensitivity analysis of these yield improvement assumptions.

Yakima river basin. The YRB (Supplementary Fig. 1) is an intensively irrigated
agricultural basin in central Washington State and spans an area of 16,000 square
kilometers®®. The basin-wide annual precipitation is about 680 mm, with the
upstream mountainous regions receiving 2500 mm and the downstream regions
receiving less than 200 mm. The YRB is a snowmelt-dominated basin®%¢, and
snow makes up 60-80% of its total precipitation®®, Accumulated snow melts
during the warm months (March to September) and feeds the Yakima River. There
are five major dams in the YRB (Supplementary Fig. 1), which are capable of
storing around 30% of the annual flow;*’ they regulate streamflow and play a
significant role in meeting irrigation demands. About 10% of employment in the
area directly involves the agricultural sector, and irrigated agriculture generates
more than $1 billion in annual revenue®. Yakima County is the state’s largest
producer of many agricultural commodities (e.g., apples, grapes, and cherries).

Water rights and water stress index in the Yakima river basin. Two types of
water rights are provided by the U.S. Bureau of Reclamation’s Yakima Basin
Project: (1) proratable and (2) non-proratable?. The irrigation water rights of
proratable farmers can be curtailed during drought years when there is not enough
water to meet agricultural demand. Non-proratable farmers, on the other hand, will
always receive their full water rights, even in significant drought years. In YRB, a
specific definition of water availability called proration rate is used to indicate the
severity of a drought. In essence, proration rate is the ratio of water availability over
water demand. More information on calculations of district-level proration rate can
be found in Malek et al.'4%8, In this study we use a more-universal term of unmet
demand to represent drought severity. Fraction of unmet demand (UD) is defined
as:

Water supply

UD=1-—— "Ft7
Water demand

(1)

Where, Higher UD indicate more water stress for farmers. Finally, in calculation of
future basin-wide UD we took the reduction of irrigation of demand into account.

8

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

Although the supplemental materials provide a comprehensive description of the data
and models used in this study, readers can refer to the GitHub repository of this paper to
access the model, data and our post-processing scripts (https://doi.org/10.5281/
zeno0do.3743865). Source data are provided with this paper.

Code availability

Readers can refer to the GitHub repository and Digital Object Identifier (https://doi.org/
10.5281/zenodo.3743865) to access the scripts used to generate the results of this
study. Source data are provided with this paper.

Received: 5 November 2019; Accepted: 11 June 2020;
Published online: 10 July 2020

References

1. FAO, F. The state of the world’s land and water resources for food and
agriculture (SOLAW)-Managing systems at risk. (Rome and Earthscan
London, 2011).

FAO, R. FAOSTAT database. 1 (Food and Agriculture Organization of the
United Nations, Rome, 2013).

Valin, H. et al. The future of food demand: understanding differences in global
economic models. Agric. Econ. 45, 51-67 (2014).

Tilman, D., Balzer, C., Hill, J. & Befort, B. L. Global food demand and

the sustainable intensification of agriculture. PNAS 108, 20260-20264
(2011).

Barnett, T. P., Adam, J. C. & Lettenmaier, D. P. Potential impacts of a
warming climate on water availability in snow-dominated regions. Nature
438, 303-309 (2005).

Adam, J. C,, Hamlet, A. F. & Lettenmaier, D. P. Implications of global climate
change for snowmelt hydrology in the twenty-first century. Hydrol. Process.
23, 962-972 (2009).

Berghuijs, W. R., Woods, R. A. & Hrachowitz, M. A precipitation shift from
snow towards rain leads to a decrease in streamflow. Nat. Clim. Change 4, 583
(2014).

Viviroli, D., Diirr, H. H., Messerli, B., Meybeck, M. & Weingartner, R.
Mountains of the world, water towers for humanity: typology, mapping, and
global significance. Water Resour. Res. 43, https://agupubs.onlinelibrary.wiley.
com/doi/full/10.1029/2006wr005653 (2007).

Viviroli, D. & Weingartner, R. The hydrological significance of mountains:
from regional to global scale. Hydrol. Earth Syst. Sci. Discussion 8, 1017-1030
(2004).

Biemans, H. et al. Importance of snow and glacier meltwater for agriculture on
the Indo-Gangetic Plain. Nat. Sustainability 2, 594 (2019).

10.

NATURE COMMUNICATIONS | (2020)11:3473 | https://doi.org/10.1038/s41467-020-17219-z | www.nature.com/naturecommunications



NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-17219-z

ARTICLE

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Mote, P. W,, Hamlet, A. F.,, Clark, M. P. & Lettenmaier, D. P. Declining
mountain snowpack in western North America. https://doi.org/10.1175/
BAMS-86-1-39 (2005).

Elsner, M. M. et al. Implications of 21st century climate change for the
hydrology of Washington State. Clim. Change 102, 225-260 (2010).

Vano, J. A. et al. Climate change impacts on water management and irrigated
agriculture in the Yakima River Basin, Washington, USA. Clim. Change 102,
287-317 (2010).

Malek, K., Adam, J., Stockle, C., Brady, M. & Rajagopalan, K. When should
irrigators invest in more water-efficient technologies as an adaptation to
climate change? Water Resour. Res. 54, 8999-9032 (2018).

Schauberger, B. et al. Consistent negative response of US crops to high
temperatures in observations and crop models. Nat. Commun. 8, 13931 (2017).
Ding, D. et al. Impact assessment of climate change and later-maturing
cultivars on winter wheat growth and soil water deficit on the Loess Plateau of
China. Clim. Change 138, 157-171 (2016).

Asseng, S. et al. Rising temperatures reduce global wheat production. Nat.
Clim. Change 5, 143-147 (2015).

Lv, Z., Li, F. & Lu, G. Adjusting sowing date and cultivar shift improve maize
adaption to climate change in China. Mitig. Adapt. Strateg. Glob. Change,
1-20 https://link.springer.com/content/pdf/10.1007/s11027-019-09861-w.pdf
(2019).

Atlin, G. N,, Cairns, J. E. & Das, B. Rapid breeding and varietal replacement
are critical to adaptation of cropping systems in the developing world to
climate change. Glob. Food Security 12, 31-37 (2017).

Liu, Z., Hubbard, K. G., Lin, X. & Yang, X. Negative effects of climate warming
on maize yield are reversed by the changing of sowing date and cultivar
selection in Northeast China. Glob. Change Biol. 19, 3481-3492 (2013).
Hamlet, A. F. & Lettenmaier, D. P. Effects of climate change on hydrology and
water resources in the Columbia River Basinl. J. Am. Water Resour. Assoc. 35,
1597-1623 (1999).

Mann, M. E. & Gleick, P. H. Climate change and California drought in the
21st century. PNAS 112, 3858-3859 (2015).

Qiu, J. et al. Implications of water management representations for watershed
hydrologic modeling in the Yakima River basin. Hydrol. Earth Syst. Sci. 23,
35-49 (2019).

Goodwin, B. K. Premium rate determination in the federal crop insurance
program: what do averages have to say about risk? J. Agric. Resour. Econ. 19,
382-395 (1994).

Tack, J., Coble, K. & Barnett, B. Warming temperatures will likely induce
higher premium rates and government outlays for the U.S. crop insurance
program. Agric. Econ. 49, 635-647 (2018).

USBR. Technical Memorandum Yakima River Basin Study—WaterSMART
Program Subtask 2.1. Tech. Memorandum Yakima River Basin Study—
WaterSMART Program Subtask 2, 1 (2010).

Mote, P. W. & Salathé, E. P. Future climate in the Pacific Northwest. Clim.
Change 102, 29-50 (2010).

Abatzoglou, J. T. & Brown, T. J. A comparison of statistical downscaling
methods suited for wildfire applications. Int. J. Climatol. 32, 772-780 (2012).
Meng, Q. et al. Growing sensitivity of maize to water scarcity under climate
change. Sci. Rep. 6, 19605 (2016).

Ruget, F. et al. Possible consequences of climate changes on forage production
in France. I. Estimation based on modelization and critical analysis. Fourrages
210, 87-98 (2012).

Perry, C. J., Seckler, D., Rock, M. T. & Seckler, D. W. Water As An Economic
Good: A Solution, or A Problem? IWMI, 1997).

Ward, F. A. & Michelsen, A. The economic value of water in agriculture:
concepts and policy applications. Water Policy 4, 423-446 (2002).

Chen, X. et al. Modern maize hybrids in Northeast China exhibit increased
yield potential and resource use efficiency despite adverse climate change.
Glob. Change Biol. 19, 923-936 (2013).

Deryng, D., Sacks, W. J., Barford, C. C. & Ramankutty, N. Simulating the
effects of climate and agricultural management practices on global crop yield.
Glob. Biogeoch. Cycles 25, https://agupubs.onlinelibrary.wiley.com/doi/full/
10.1029/2009GB003765 (2011).

Young, C. E., Vandeveer, M. L. & Schnepf, R. D. Production and price impacts
of U.S. Crop insurance programs. Am. J. Agric. Econ. 83, 1196-1203 (2001).
Mase, A. S., Gramig, B. M. & Prokopy, L. S. Climate change beliefs, risk
perceptions, and adaptation behavior among Midwestern U.S. crop farmers.
Clim. Risk Manag. 15, 8-17 (2017).

Valverde-Arias, O., Garrido, A., Saa-Requejo, A., Carreio, F. & Tarquis, A. M.
Agro-ecological variability effects on an index-based insurance design for
extreme events. Geoderma 337, 1341-1350 (2019).

Reyes, J. J. & Elias, E. Spatio-temporal variation of crop loss in the United
States from 2001 to 2016. Environ. Res. Lett. 14, 074017 (2019).

Glauber, J. Crop insurance reconsidered. Am. J. Agric. Econ. 86, 1179-1195
(2004).

Zimmerer, K. S. & de Haan, S. Agrobiodiversity and a sustainable food future.
Nat. Plants 3, 1-3 (2017).

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Pautasso, M. et al. Seed exchange networks for agrobiodiversity conservation.
A review. Agron. Sustain. Dev. 33, 151-175 (2013).

Westengen, O. T., Winge, T. & Winge, T. Farmers and Plant Breeding:
Current Approaches and Perspectives. (Routledge, 2019).

Etten, Jvan et al. Crop variety management for climate adaptation supported
by citizen science. PNAS 116, 4194-4199 (2019).

Challinor, A. J., Koehler, A.-K., Ramirez-Villegas, J., Whitfield, S. & Das, B.
Current warming will reduce yields unless maize breeding and seed systems
adapt immediately. Nat. Clim. Change 6, 954-958 (2016).

Parent, B. & Tardieu, F. Temperature responses of developmental processes
have not been affected by breeding in different ecological areas for 17 crop
species. N. Phytol. 194, 760-774 (2012).

Cairns, J. E. & Prasanna, B. Developing and deploying climate-resilient maize
varieties in the developing world. Curr. Opin. Plant Biol. 45, 226-230 (2018).
Wang, J., Wang, E., Yang, X., Zhang, F. & Yin, H. Increased yield potential of
wheat-maize cropping system in the North China Plain by climate change
adaptation. Clim. Change 113, 825-840 (2012).

Zhao, C. et al. Field warming experiments shed light on the wheat yield
response to temperature in China. Nat. Commun. 7, 1-8 (2016).

Rogelj, J., Meinshausen, M. & Knutti, R. Global warming under old and new
scenarios using IPCC climate sensitivity range estimates. Nat. Clim. Change 2,
248-253 (2012).

Solomon, S. Climate Change 2007—The Physical Science Basis: Working Group
I Contribution to the Fourth Assessment Report of the IPCC (Cambridge
University Press, 2007).

Tavakol, A., Rahmani, V. & Harrington, J. Evaluation of hot temperature extremes
and heat waves in the Mississippi River Basin. Atmos. Res. 239, 104907 (2020).
Shavrukov, Y. et al. Early Flowering as a drought escape mechanism in plants:
how can it aid wheat production? Front. Plant Sci. 8, https://www.frontiersin.
org/articles/10.3389/fpls.2017.01950/full (2017).

Malek, K. et al. VIC-CropSyst-v2: A regional-scale modeling platform to
simulate the nexus of climate, hydrology, cropping systems, and human
decisions. Geosci. Model Dev. 10, 3059-3084 (2017).

Zagona, E. A, Fulp, T. J., Shane, R., Magee, T. & Goranflo, H. M. Riverware: a
generalized tool for complex reservoir system modelingl. J. Am. Water
Resour. Assoc. 37, 913-929 (2001).

Moss, R. H. et al. The next generation of scenarios for climate change research
and assessment. Nature 463, 747-756 (2010).

Brekke, L., Kuepper, B. & Vaddey, S. Climate and hydrology datasets for use in
the RMJOC agencies’ longer-term planning studies: Part I—future climate and
hydrology datasets. Bureau of Reclamation, Boise, Idaho. Reservoir
Management Joint Operating Committee https://www.usbr.gov/pn/climate/
planning/reports/partl.pdf (2010).

Pacanowski, R. C., Dixon, K. & Rosati, A. The GFDL modular ocean model
users guide. GFDL Ocean Group Tech. Rep. 2, 142 (1991).

Collins, W. J. et al. Development and evaluation of an Earth-System model-
HadGEM2. Geosci. Model Dev. 4, 1051 (2011).

Volodin, E. M., Dianskii, N. A. & Gusev, A. V. Simulating present-day climate
with the INMCM4.0 coupled model of the atmospheric and oceanic general
circulations. Izv. Atmos. Ocean. Phys. 46, 414-431 (2010).

Flato, G. M. et al. The Canadian Centre for Climate Modelling and Analysis
global coupled model and its climate. Clim. Dyn. 16, 451-467 (2000).
Schwarz, G. E. & Alexander, R. B. State Soil Geographic (STATSGO) Data Base
for the Conterminous United States. Open-File Report (1995).

Stockle, C. O., Donatelli, M. & Nelson, R. CropSyst, a cropping systems
simulation model. Eur. J. Agron. 18, 289-307 (2003).

USBR. Yakima River Basin Water Storage Feasibility Study Planning Report/
EIS (Storage Study). http://www.usbr.gov/pn/programs/yrbwep/
2011integratedplan/ (2008).

Mastin, M. C. & Vaccaro, J. ]. Watershed Models for Decision Support in the
Yakima River Basin, Washington. Washington. US Geological Survey Open-
File Report 02-404 (Tacoma, 2002).

Opitz-Stapleton, S., Gangopadhyay, S. & Rajagopalan, B. Generating
streamflow forecasts for the Yakima River Basin using large-scale climate
predictors. J. Hydrol. 341, 131-143 (2007).

Rinella, J. F. et al. Surface-water-quality assessment of the Yakima River basin,
Washington; pesticide and other trace-organic-compound data for water, sediment,
soil, and aquatic biota, 1987-91. http://pubs.er.usgs.gov/publication/ofr92644 (1992).
USBR. Interim comprehensive basin operating plan for for the Yakima Project
Washington. U.S. Department of the Interior U.S. Bureu of Reclamation.
(Yakima Field Office, Yakima, 2002).

Malek, K., Adam, J. C,, Stockle, C. O. & Peters, R. T. Climate change reduces
water availability for agriculture by decreasing non-evaporative irrigation
losses. J. Hydrol. 561, 444-460 (2018).

Acknowledgements

The Cornell authors were funded in this work by U.S. National Science Foundation
(NSF)’s Innovations at the Nexus of Food, Energy and Water Systems (INFEWS)

NATURE COMMUNICATIONS | (2020)11:3473 | https://doi.org/10.1038/s41467-020-17219-z | www.nature.com/naturecommunications



ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-17219-z

program (Award No. 1639268). The Washington State University authors were funded
by NSF’s INFEWS (Award No. 1639458) and United States Department of Agriculture
(Award No. 2017-67004-26131). The views expressed in this work represent those of the
authors and do not necessarily reflect the views or policies of the NSF.

Author contributions

K.M. conducted simulations and wrote the first draft of the manuscript. P.R. and J.A.
supervised the project. M.B., T.K., KM, P.R,, and J.A. participated in development of the
paper’s central ideas, its study design, and the final version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/541467-
020-17219-z.

Correspondence and requests for materials should be addressed to K.M.

Peer review information Nature Communications thanks Shashidhar Shashidhar and
Carolina Ureta for their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
B

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

10 NATURE COMMUNICATIONS | (2020)11:3473 | https://doi.org/10.1038/s41467-020-17219-z | www.nature.com/naturecommunications



