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agricultural-to-urban water transfers have caused
significant impacts on the region’s ecology. This special
issue of California Agriculture features review articles
that highlight what recent research can say about the
changing Salton Sea ecosystem and its environmental
and human health–related impacts, and identify areas
in which further scientific research is needed to better
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INTRODUCTION

The Salton Sea: An introduction to an evolving
system and the role of science
In this special issue, California Agriculture presents review articles that highlight what research
to date can say about the changing Salton Sea ecosystem and its environmental and human
health–related impacts, and identify areas in which further scientific research is needed to
better inform policy.
by Kurt Schwabe
Online: https://doi.org/10.3733/ca.2022a0006

T

While the Salton Sea
was a relatively stable
ecosystem for most of
the 20th century, recent
agricultural-to-urban water
transfers have caused
significant impacts on the
region's ecology, including
the expected loss of all fish
and the fish-eating birds
that are reliant on them.
Photo: California DWR.

he Salton Sea, located in Southern California,
is a saline terminal lake that has had many
identities over the past century or so. Since its
reincarnation in 1905 due to lower Colorado River
flooding that partially refilled the Salton Sink, it
has been California’s largest lake by surface area,
covering approximately 350 square miles (Water
Education Foundation 2001). In the second half
of the 20th century, it was referred to as one of the
most productive fisheries in the world, drawing
more than 1.5 million annual visitors in the 1960s
— more than visited Yosemite National Park at the
time — the majority of whom were there for fishing
(Cohn 2000; Harris et al. 1969). Throughout the
20th century, with a habitat that supported over
400 species of migratory and resident birds and
served as an important stopover along the Pacific
Flyway, the Sea warranted recognition as one of
the premier bird watching locations in the United
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States, if not the world (CNRA 2006; Cowan 2014;
Schwabe et al. 2008).
Yet with nearly 90% of its inflow comprised of
agricultural drainage waters from the approximately 500,000 acres of irrigated farmland in the
Imperial Irrigation District (IID), and exposure to
an extremely arid climate that results in excessive
evaporation (~ 1.3 million acre-feet annually), the
Sea’s natural attractions have faded as the lake has
become more polluted and nearly twice as saline
as the ocean (Fogel and Schwabe 2021; Lyons and
Hung 2021). Such an outcome was not unexpected
given that while the Sea has played many roles in
the past, its most well-known if not primary role
from a management and water rights perspective
has been as a “reservoir for irrigation drainage”
(Littleworth and Garner 2017, p. 256).
With the passage of the 2002 Quantification
Settlement Agreement (QSA) — a local-state-federal

agreement that was developed to wean California
from regularly appropriating Colorado River surplus
flows above the state’s authorized 4.4 million acrefeet and that sanctioned the transfer of water from
IID to entities outside of the region beginning in
2003 — the volume and surface area of the Salton
Sea has declined. And while this decline won’t likely
threaten the Sea’s ranking as California’s largest
lake, it has exacerbated the rate of salinization of
the Sea (Ajami 2021) and reduced the prevalence of
fish and fish-eating birds (Nye et al. 2021). In addition, it has created a new issue that the Sea may
become known for — as a contributor to air pollution (Maheshwari et al. 2021). As the Sea recedes,
shoreline that was previously submerged becomes
exposed and dries. This “playa” has been identified
as a source of airborne particles that may worsen regional air quality and exacerbate respiratory illness
and asthma rates that are already far above state
averages (Bahreini et al. 2021; Parajuli and Zender
2018). Furthermore, as it continues to decay and
decline, the Sea itself may become a more significant
source of airborne toxins that negatively impact human health (Biddle et al. 2022 and Freund and Maltz
et al. 2022, this issue).
Another role that has the potential to define the
Salton Sea for years to come is as an important region for renewable energy development, specifically
as a site for geothermal energy production and
lithium extraction for use in batteries. Geothermal
energy has been produced in the Salton Sea region
for over four decades (McKibben et al. 2021), and
the rise in worldwide lithium demand for supplying electric vehicle batteries coupled with the
complementary nature of lithium extraction from
existing geothermal energy production processes
may provide a boon to the expansion of both industries around the Salton Sea. Such expansion is
not surprising given that the Salton Sea region has
the largest undeveloped reserves of geothermal
energy and lithium in the world (McKibben et al.
2021), with possible revenues from the lithium
deposits in the Imperial Valley part of the region
alone of nearly $860 million annually (California
Energy Commission 2020). Recent matched investments by CalEnergy (~$6 million), a local producer
of geothermal energy, and the California Energy
Commission (~$6 million) for a lithium extraction pilot project is likely a hint of the possibilities
ahead. Of course, what is unknown is how the expansion of these industries can, or will, contribute
to the region in terms of development, income and
employment — a region characterized by some of
the highest rates of unemployment and poverty in
the state — and impact environmental quality.
In response to these possibilities, along with
prior commitments to mitigate expected environmental problems arising from the QSA, local, state
and federal governments are investing significant

Agricultural fields near the Salton Sea. Nearly 90% of the Sea's water comes from
irrigation runoff from the agricultural lands in the Imperial Valley. Photo: EcoFlight.

resources into the Salton Sea. Since 2014, California
has set aside nearly $345 million for restoration
and environmental mitigation-related activities
surrounding the Salton Sea, while the federal
government has earmarked another $1.4 million
(Fogel and Schwabe 2021;
SSA 2022). These funds
Without further research into the
include such appropriations as nearly $80 million evolving chemistry and ecology of
from the 2014 passage of
the Sea, and a better understanding
California’s Proposition 1
of the hydrology of the region . . .
bond, $200 million from
passage of Proposition
the effectiveness of any proposed
68 in 2018, $7.5 million
Salton Sea management plan is
in a 2017 grant from
the U.S. Department of
speculative at best with potentially
Agriculture to support
significant negative outcomes.
regional conservation
partnerships, $30 million
in support for the U.S. Army Corp of Engineers
for water resources development passed in 2016,
and a $14 million award in 2016 by the California
Wildlife Conservation Board for sustaining migrating birds and the fish they rely on through wetland habitat restoration.
What the above discussion illustrates is how
complex and dynamic the Salton Sea situation is,
how management (or mismanagement) of the Sea
for one particular role or purpose inevitably has
impacts on its other possible roles and opportunities — with real consequences on human and
http://calag.ucanr.edu
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Previous riverine inputs into the Salton Sea that have since dried out. Without informed
and timely strategies to address the decline in the Salton Sea, environmental and human
health–related catastrophes will grow. Photo: Caroline Hung.

environmental health — and how a significant
amount of money has been appropriated for investing in developing plans to address the environmental and human health concerns surrounding the
Salton Sea. Because of the delayed response in developing and implementing actual mitigation plans
to counter the expected environmental and healthrelated consequences associated with the QSA until
more recently, there has been a common refrain
to cease with the studies and move forward with
shovel-ready mitigation projects (Byrant 2021).
Unfortunately, and as emphasized in Fogel
and Schwabe (2021), the science and data behind
many of the state’s plans are either outdated or
incomplete. As such, the returns on those significant investments are questionable, as are the
outcomes. A more prudent approach than treating
investments in research and investments in shovelready projects as mutually exclusive is to view the
investments in research as a necessary and critical
complement to developing efficient, sustainable
and informed projects that are based on the best
available science and to continue to monitor the
effectiveness of such projects so they do provide
justifiable and real returns to society in the form of
improved human and environmental health.
In an effort to contribute to a better understanding of some of the critical questions surrounding the Salton Sea and the “state of the
science,” this issue includes three papers that span
6
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issues associated with ecology/hydrology, the microbiome, and air quality and health. In the first
paper, titled “Ecological Transitions at the Salton
Sea: Past, Present and Future”, (Bradley et al., page
8), the authors provide a brief history of the formation of the Salton Sea, highlighting the fact that it
is not a temporary fixture in Southern California
but has been an integral part of the region for thousands of years. Yet, while the Sea was a relatively
stable ecosystem for most of the 20th century,
recent agricultural-to-urban water transfers have
caused significant impacts on the ecology of the
Sea, including the expected loss of all fish and the
fish-eating birds that are reliant on them. And
whereas research in the 1990s and early 2000s provided evidence and predictions describing much of
what is being observed, the ecology of the system
has changed significantly since that time, such that
our understanding of the consequences of continued changes in flows into the Sea on the ecology
and chemistry of the Sea is very limited. Without
further research into the evolving chemistry and
ecology of the Sea, and a better understanding
of the hydrology of the region, particularly with
respect to the surface water–groundwater interactions, the effectiveness of any proposed Salton Sea
management plan is speculative at best with potentially significant negative outcomes.
In the second paper, titled “Microbiome
Interactions and Their Ecological Implications at
the Salton Sea”, (Freund and Maltz et al., page 16),
the authors focus on highlighting the understudied, albeit critical, role microbial communities play
(i) in the functioning of the Salton Sea ecosystem,
(ii) in the fate, transport and possible human and
ecological health impacts of fugitive dust particles
from Sea aerosols and playa emissions and (iii) as
a possible canary-in-the-coal-mine leading indicator of ecosystem changes from variations in water
influx. The authors break down the impacts of
changes in the Salton Sea on three microbiomes —
within the water, within the increasingly exposed
playa, and on the dust particles themselves. They
emphasize that to understand how the Sea will
transition, and even to understand and/or prevent
its collapse, a better understanding of these three
microbiomes and how they interact with each other
and the changing water influx is necessary.
In the third and final paper, titled “The Drying
Salton Sea and Asthma: A Perspective on a
‘Natural’ Disaster”, (Biddle et al., page 27), the
authors focus both on how a degrading Salton Sea
can create different sorts of airborne pollutants
and how different types of pollutants that might be
present in and around the Sea may impact respiratory illness. A unique and important element of
this paper is the authors’ illustration of how the
higher-than-average rates of asthma in the communities surrounding the Salton Sea may not be

due to the more traditional allergen-related airway
hyperactivity but to non-allergen-related airway
hyperactivity from a wide variety of bacterial and
microbial components, components which they
argue may be emanating from the processes that
are occurring at the Salton Sea due to its decline
and degradation. Understanding the particular
contribution of the changing Salton Sea ecosystem
and the specific mechanisms by which the region is
experiencing different types of asthma will require
more in-depth studies.
The development of informed and successful policies surrounding the Salton Sea requires not only
understanding what we do know about the Sea, but
also highlighting what we don’t know. The three papers that follow attempt to increase our understanding of specific ecological and human health–related
issues and processes that continue to occur in and
around the Salton Sea, but also acknowledge areas in
which our scientific understanding is lacking. (For

additional discussion of these and other sciencerelated issues, see Salton Sea Task Force 2021). So
while the human health and ecological damages that
are being experienced in real time demand timely if
not immediate value-driven and evidence-based responses by policy makers based on current scientific
understandings, effective, efficient, equitable and
sustainable policy and planning requires continual
investments and acknowledgement in science to give
policy the best chance at maximizing desired outcomes and minimizing unintended consequences. c

K. Schwabe is Professor of Environmental Economics and Policy,
School of Public Policy, UC Riverside.
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REVIEW ARTICLE

Ecological transitions at the Salton Sea:
Past, present and future
Mandated water transfers are rapidly changing the ecology of the Salton Sea and
threatening crops, wildlife and public health.
by Timothy J. Bradley, Hoori Ajami and William C. Porter
Online: https://doi.org/10.3733/ca.2022a0004

Abstract
The condition of the Salton Sea, California’s largest lake, has profound
implications for people and wildlife both near and far. Colorado River
irrigation water has supported agricultural productivity in the basin’s
Coachella and Imperial valleys since the Sea formed over 100 years ago,
bringing billions of dollars per year to the region and helping to feed
households across the United States. The runoff, which drains into the Sea,
has historically maintained water levels and supported critical fish and
migratory bird habitats. However, since 2018, a large portion of the water
previously allocated for agriculture has been diverted to urban regions,
causing the Sea to shrink and become increasingly saline. This poses
major threats to the Sea’s ecology, as well as risks to human health, most
notably in the noxious dust produced by the drying lakebed. To ensure
continued agricultural and ecological productivity and protect public
health, management of the Sea and surrounding wetlands will require
increased research and mitigation efforts.

T

he Salton Sea is an iconic landmark and California’s largest inland body of water. It lies 255
feet (78 meters [m]) below sea level within the
Salton Sea Basin, a rift valley located in the Sonoran
Desert (fig. 1). The Salton Sea region is characterized
by hot, arid conditions, classified under the Köppen–
Geiger climate classification system as a hot desert
climate (Kottek et al. 2006). Annual precipitation is
less than 6 inches (150 millimeters [mm]) per year.
The endorheic sea, lying in a deep basin, has no outlet.
It contains saline water and covers an area roughly
344 square miles (890 square kilometers [km2]) in size
with a maximum depth of around 49 feet (15 m). It
has been a dominant feature of the regional landscape
since its most recent formation event in 1905.
The Salton Sea has also been one of the most significant ecological sites in the Western Hemisphere
since its formation, and it is especially important as a
feeding site for migratory birds. The wildlife that lives
in and around the Sea depends on inflows of irrigation water from the Colorado River, which has kept
the Salton Sea viable and made the Salton Sea Basin
an agricultural powerhouse. Recently, however, the
ecological relationships that have sustained the region
have experienced an abrupt change.

Water transfers to urban areas
and declining water levels
due to a warming climate
have caused the Salton Sea to
become increasingly saline,
which poses threats to the Sea’s
ecology and to public health.
Photo: David Lo.
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Dependence on the Colorado River
The current sea was formed when a flood on the Colorado River caused a breach in an irrigation canal.
Though this event had clear anthropogenic influences,
archaeological, stratigraphical and radiocarbon evidence throughout the basin have confirmed that the
Colorado River has flooded the region multiple times
over the past 1,300 years. This suggests that for much
of the region’s geologic history the presence of the Sea
(referred to in its previous incarnations as Lake Cahuilla) was the norm rather than the exception (Waters
1983; Wilke 1978). During the years prior to European
settlement, this ancient lake was a feature of great
cultural significance to the Native American tribes in
the region, providing fish from its waters and hunting
grounds along its shoreline.
Recent isotopic studies have extended even further
the lake’s known history, revealing evidence of fluctuating lake levels due to large-scale climatic shifts between warm/wet and cool/dry periods over the course
of the past 20,000 years (Li 2003). While the specific
mechanisms responsible for individual inundation and
desiccation events remain unclear (aside from the most
recent), natural patterns of shifting Colorado River
tributary channels appear to have periodically caused a
complete diversion of the river’s waters into the Salton
Sea Basin, resulting at times in a lake surface area of
over 2,200 square miles (5,700 km2) and depths of up
to 312 feet (95 m), significantly greater than current
levels (Waters 1983).
While the path of the Colorado River and its tributaries are now heavily mediated by human influences,
shifts in precipitation and snowmelt will continue to
impact the long-term fate of the present-day Salton
Sea, with consequences for the human and ecological
communities dependent upon it. Water lost to evapotranspiration under warming conditions over the
past century is believed to have dominated increases
resulting from concurrent precipitation changes, resulting in a climate-induced loss of water from the
Upper Colorado River Basin — encompassing parts of
Wyoming, Colorado, Utah, New Mexico and Arizona
— where climate change projections are available. The
amount of water lost is roughly equivalent to a 9.3%
reduction per degrees Celsius of warming (Milly and
Dunne 2020). Though there are significant uncertainties tied to future climate projections, especially with
respect to changes in precipitation patterns, continuing
temperature increases under moderate-to-high emissions projection scenarios are expected to increase the
likelihood and expected duration of drought conditions in the Colorado River Basin and reduce total
Colorado River flows by 35% to 55% over the course of
the 21st century (Udall and Overpeck 2016).
The current iteration of the Salton Sea was formed
between 1905 and 1906 after a flood on the Colorado
River breached an irrigation canal and river water

Colorado River basin

Streams and
major canals
Watershed
boundary

FIG. 1. Salton Sea basin and major tributaries and canals. Sources: Esri, DigitalGlobe,
GeoEye, i-cubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and
the GIS User Community.

began flowing into the Salton Sink. In February 1907,
the break on the Colorado River’s levee was repaired.
Many people expected that water levels would continue to decline and that, within a decade, the lake
would disappear entirely in the hot, dry climate.
However, the necessary irrigation of farms to the
north and south produced agricultural runoff. This
runoff flowed into the Salton Sea, and with the expansion of irrigated agriculture in the 1920s, kept lake
levels high. By 1925, the water level had stabilized at
250 feet (76.2 m) below sea level (Blaney 1955).

Stability through agriculture
Agriculture using Colorado River irrigation remains
vital to the Salton Sea Basin, where the frost-free
climate allows year-round production of food and
forage. As a result, the basin is home to some of the
nation’s most important and productive agricultural regions, including the Imperial Valley and the
Coachella Valley. In winter, families enjoying a salad
anywhere in the United States are almost certainly
eating produce from the Imperial Valley. Agricultural
production in Imperial County alone exceeds $2 billion per year (Kirby 2020).
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The region’s abundant agricultural productivity is dependent on the transfer of Colorado River
water to the Salton Sea Basin via the All-American
Canal. About three-quarters of all the water allocated to California from the Colorado River flows
to the Imperial and Coachella valleys via this canal
and its tributaries. The vast majority of the water
is used for irrigation, with small allocations to
residential and industrial users. Any water left over
from these uses drains off and reaches the Salton
Sea via the New River and Alamo River in the
Imperial Valley Irrigation
District (contributing 95%
In 2018, the QSA [Quantitative
of total annual inflow)
and the Whitewater River
Settlement Agreement] initiated
in the Coachella Valley
the largest agriculture-toIrrigation District (contributing 5%).
urban water transfer — on
Irrigation runoff has
the order of 200,000 acre-feet
been the major source
of inflow into the Salton
of water per year — in the
Sea since its formation in
history of the United States.
1905–1906. This includes
additional runoff from
soil drainage, which is necessary to eliminate excess
salt in the root zone. The soils in the basin are salty
because they lie beneath what were earlier, larger
versions of the ocean. The excess flow carries the
salt away from the crops’ root zones, reducing soil
salinity and maintaining productivity. Ephemeral
flows from dry washes and groundwater also add
water to the Salton Sea, though the exact contribution of these sources is not well known. All of these
together — agricultural irrigation, soil drainage and
flows from dry washes and groundwater — have
countered evaporation and discharge to groundwater for nearly 100 years.

Daily lake water surface elevation (m)
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FIG. 2. Daily lake water level observations at the Salton Sea near Westmorland (USGS
10254005), NGVD 1929.
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Declining water levels
Despite the input of agricultural runoff, lake surface
water elevation measured near Westmorland has
shown a slow decline in the Sea level since 1995 (fig.
2). This decline mirrors modest reductions in agricultural runoff. Total annual mean Colorado River
inflow to the Salton Sea basin via the Alamo, New
and Whitewater rivers, as measured at Pilot Knob
(fig. 1) between 1980 and 2018, was 0.95 cubic miles
per year (mi3/year; 3.95 cubic kilometers [km3]/
year), out of which 0.32 mi3/year (1.35 km3/year)
reached the Sea via the Alamo, New and Whitewater rivers. A significant decline in annual inflows
from 1995 to 2016 coincides with a declining trend
in lake level during the same period, from 226 feet
(69.2 m) below sea level in 1995 to 236 feet (72 m)
above sea level in 2016. These changes in lake water
levels cannot be explained solely by declines in the
inflow rate; other losses, such as those caused by
evaporation and discharge to groundwater, impact
lake water levels as well. Despite various efforts to
project inflow rates to the Salton Sea, no comprehensive assessment of surface water–groundwater
interactions has been performed to quantify surface
water–groundwater exchanges.

Water transfers
Early in the 21st century the Quantification Settlement Agreement (QSA) was established, mandating
annual water transfers from the Imperial Valley
to urban regions in California, including the San
Diego Water Authority, the Metropolitan Water
District and the Coachella Water District (Cohen
2014; Little Hoover Commission 2015). The threat
that these water transfers posed to the Salton Sea
was widely studied and reported, including studies
of the ecology, hydrology and chemistry of the Sea
and its surrounding basin (Gonzalez et al. 2005;
Riedel et al. 2002; Schroeder et al. 2002). These scientific studies later supported a number of reports
sounding alarms about the ecological, public health
and economic consequences of the proposed water
transfers (Cohen 2014; Little Hoover Commission
2015). Responding to the numerous studies predicting negative effects of the water transfer, the
state of California mandated that mitigative flows
of Colorado River water be transferred directly to
the Sea for 15 years. These flows were intended to
provide time to determine and implement a solution to avoid the numerous negative effects of the
water transfers. Unfortunately, despite the analysis
of numerous alternatives, no mitigative plan was
implemented.
In 2018, the QSA initiated the largest agriculture-to-urban water transfer — on the order of
200,000 acre-feet of water per year — in the history
of the United States. Since then, though many of

the changes predicted in the studies mentioned above
have occurred, scientific investigations have become
much less frequent. Instead, the focus has been on
developing the Salton Sea Management Program
(CNRA 2020), apparently under the assumption that
the physical and ecological processes at the Salton Sea
are sufficiently well known.

Salton Sea ecology
For more than a century, the Salton Sea has been perhaps the most important feeding site in the western
United States for dozens of migratory and resident
bird species, especially those feeding on fish. Along
with the Florida Everglades and the Pantanal marshes
of Brazil, the Salton Sea has ranked among the most
significant ecological sites in the Western Hemisphere
in terms of the number of bird species present, feeding
and breeding on its shores (Shuford 2014). However,
changes in the Sea’s water supply, as outlined above,
have initiated drastic changes in the area’s ecosystem,
threatening agricultural production, wildlife habitat
and public health.
Upon its formation early in the 20th century, the
Salton Sea had a salinity near that of seawater (35
parts per thousand [ppt]). Marine organisms, including the valued game fish species sargo (Anisotremus
davidsoni), Gulf croaker (Bairdiella icistia) and
orangemouth corvina (Cynoscion xanthulus), were
introduced into the Sea, and a thriving sport fishery ensued. Tilapia (Oreochromis mossambicus x O.

Floating particulate organic matter and blue-green algae
proliferation. Photo: Caroline Hung.

For more than a century, the Salton Sea has been an important feeding site for dozens of
migratory and resident bird species. Photo: Steve Payer, CDWR.

urolepis hornurum) were introduced later. Desert
pupfish (Cyrinodon macularius) and sailfin molly
(Poecilia latipinna) are highly saline-tolerant species found in streams and canals contiguous with the
Sea (Gonzalez et al. 2005; Lorenzi and Schlenk 2014;
Riedel et al. 2002; Sutton 2002).
The Sea also became a vital feeding site for millions of birds migrating along the Pacific Flyway. In
particular, the Salton Sea was the single most important inland site in North America for millions of
fish-eating birds migrating along the Pacific Flyway,
including species such as egrets, herons, rails, terns,
cranes, cormorants, grebes, seagulls, and white and
brown pelicans (Shuford et al. 2002; Shuford 2014).
Over the past century the Salton Sea ecosystem became all the more important as productive marshes
were gradually eliminated from the Colorado River
delta, the Central Valley and the California coast.
By the latter part of the 20th century, irrigation water imported into the Imperial Valley from
the Colorado River was supporting three valuable
enterprises: agriculture, bird migration and tourism. Tourism was supported by several marinas and
resorts along the Sea’s shores and provided an additional economic boost to a region already popular
with winter visitors.
Over time, a series of calamities sullied the attractiveness of the Sea for tourists (deBuys 1999). In the
late 1970s, a number of large storms dropped so much
rain in the region that the water level in the Sea rose,
damaging marinas and resorts. By this time, other,
longer-term changes were already at play. For decades,
irrigation water from the Colorado River, itself one of
the saltiest rivers in the world, had been carrying additional salt leached from agricultural fields into the
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Sea. Over time, as the water evaporated, the salt carried to the Sea was left behind.
Early in this century, the salinity of the Sea finally
rose to levels that were lethal to sargo, croaker and
corvina, the most valuable sport fishing species in the
Sea. Of the major larger fish species, only Tilapia remained. Many of the smaller fish, including the desert
pupfish and sailfin mollies, were also eliminated from
the main body, presumably as a result of predation by
the Tilapia.
As water continues to flow into the Sea from
agricultural fields, it brings not only salts, but also
nutrients (Holdren and Montano 2002). These constituents accumulate and concentrate in the Sea as the
water evaporates, leaving the nutrients behind. The
Sea therefore supports a thriving, highly productive
aquatic food chain, rooted in algae, with nutrients
and energy passing upward through crustaceans, insects and worms, then to fish and eventually to birds
and humans (fig. 3A). This high level of productivity
is typical of salt lakes throughout the world because
they concentrate nutrients from a wide region in a
rich aqueous environment. This, coupled with the
sunshine typical of the desert regions in which these
lakes occur, provides the ingredients for extraordinary biological productivity.

(A)

birds

fish

worms

barnacles

water boatmen

In the case of the Salton Sea, abundant algae, invertebrates and fish have contributed to the constant
deposition of algae, feces and dead organisms that
settle down and rest on the Sea’s bottom (the benthic
zone). This rich organic ooze supports abundant bacteria and fungi that consume all of the oxygen available. As a result, the waters in the benthic zone are
anoxic, devoid of oxygen and unable to support most
animal life. Nonetheless, in the well-stirred and wellaerated surface waters, plant and animal life abound.
Occasionally, strong winds blowing across the desert
ruffle the surface of the Sea, pushing the surface
waters aside. This displacement of the surface water
causes the anoxic bottom water, rich in hydrogen sulfide and poor in oxygen, to rise to the surface, where it
causes massive fish kills.
It is never the case that all of the fish in the Sea die
in one of these events; the lifting of bottom water is
local. But local fish kills lead to windrows of millions
of fish washing up onto the shores of the Sea. The hydrogen sulfide brought to the surface escapes as a gas,
leading to an acrid smell most accurately described
as that of rotten eggs. Not surprisingly, these periodic
windrows of dead fish and smell of rotten eggs have
done little to enhance the Sea’s reputation as a tourist
destination.
Over the course of its 110-year history, the Salton
Sea has gradually transitioned from a salt lake with
abundant fish populations and a salinity close to that
of the oceans (35 ppt), to what has become a eutrophic, hypersaline lake (61 ppt) supporting only a single saline-tolerant fish species (Tilapia) at the top of
the aquatic food chain. Nonetheless, up until the year
2017, the Sea continued to serve as a feeding and resting site for a large and diverse array of bird species. In
2018, all of this changed.

A future in transition
pelagic bacteria

benthic algae

(B)

brine shrimp

pelagic algae

bacteria

birds

brine flies

benthic algae

water boatmen

bacteria

FIG. 3. Illustrations of food webs at the Salton Sea. (A) The food web at the Salton Sea
at the beginning of this century. Algae and bacteria at the base of the food web feed
fish directly (particularly Tilapia) and indirectly through a variety of invertebrate species.
Both fish and invertebrates served as food sources for abundant bird populations at the
sea. (B) The food web currently at the Salton Sea (shown in black text). The substantial
elimination of fish has caused a decline in fish-eating species. Shorebirds and gulls
continue to feed on invertebrates. Brine shrimp (shown in green) are currently missing
from the food web, although they are important components at other salt lakes such as
Mono Lake and the Great Salt Lake.
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Beginning in January 2018, the mitigation flows that
had been entering the Salton Sea as a requirement of
the QSA were terminated. The massive water transfers
that occurred that year caused the Sea to begin a rapid
decline in volume and a rapid increase in salinity.
As the Sea recedes, thousands of acres of previously
submerged sediments are being exposed. Given the
dry and windy conditions in the area, there is concern
that these dried lakebeds (playa) may become a source
of highly toxic dust (Biddle et al. 2022; Parajuli and
Zender 2018).
The reduced inflows of water will also accelerate
the rate at which salinity increases. Current reports
suggest that the Sea’s Tilapia populations have already
dropped to levels that no longer support the large
populations of fish-eating birds that have fed there
in the past (Jones et al. 2019). Scientists estimate that
all fish species will be excluded from the main body
of the Sea when its salinity reaches 70 ppt, an event
likely to occur within the next few years as a result of

the QSA-mandated water transfers to urban centers
(Little Hoover Commission 2015). Elimination of
most fish from the Salton Sea has opened the habitat
to more saline-tolerant invertebrate species and raised
the possibility that the Sea may transition into a hypersaline salt lake similar in ecology to California’s
Mono Lake and Utah’s Great Salt Lake (fig. 3B). These
highly saline lakes, even saltier than the Salton Sea,
have abundant populations of brine shrimp that feed
on pelagic algae as well as large populations of brine
flies that feed on benthic algae (Dana and Lenz 1986;
Herbst and Bradley 1989; Herbst et al. 1988). The
brine shrimp at Mono Lake are in the species Artemia
mono, while those at the Great Salt Lake are Artemia
franciscana. The brine flies at Mono are principally
Ephydra hians, while those at the Great Salt Lake are a
mixture of E. hians and E. cineria. It is unclear which
species might eventually colonize and predominate
at the Salton Sea, but it should be pointed out that the
salt composition at the Salton Sea is much more similar to that of the Great Salt Lake than it is to that of
Mono Lake, a lake rich in sulfate and with a pH close
to 10.
The current ecological transition at the Sea has not
led to abundant brine shrimp populations. Instead,
bugs called water boatmen (Trichocorixa sp.) have
shown explosive population growth following the
decline of the Tilapia. The water boatmen population

Fish remains on the North Shore shoreline of the Salton
Sea in Riverside County, California. For years the Salton Sea
has been shrinking, leaving dry lakebeds, saltier waters
and a damaged ecosystem. Photo: Steve Payer, DWR.

has become so large that they pose a nuisance to surrounding communities. When they migrate out of the
Sea, they cover cars and other shiny surfaces and clog
swimming pool filters in cities as far away as Palm
Springs (Sadler 2017).
Herbst (2006) has reported that water boatmen suppress brine shrimp in saline habitats in the
Sonoran Desert. Our own
microcosm studies using
Elimination of most fish from the
water boatmen from the
Salton Sea found that waSalton Sea has opened the habitat
ter boatmen completely
to more saline-tolerant invertebrate
eliminated brine shrimp
when the shrimp were
species and raised the possibility
presented in either the
that the Sea may transition into
cyst or larval stages of
their life cycle (T. Bradley,
a hypersaline salt lake similar in
unpublished data). It may
ecology to California’s Mono Lake
be that brine shrimp will
be excluded from the Sea
and Utah’s Great Salt Lake.
until the water boatmen
populations decline. No
one can predict when that will occur, because the saline tolerance of the water boatmen at the Sea has not
been determined.
The huge populations of water boatmen at the
Salton Sea do provide forage for a limited number of
aquatic and shorebird species, but the rapid changes
in water level and salinity at the Sea have reduced
feeding habitat for several other bird species, including brown pelicans and cormorants. To address this
problem, state agencies in California, notably the
California Natural Resources Agency (CNRA), have
proposed constructing mitigation marshes on the
shores of the receding Sea (CNRA 2020). CNRA managers plan to mix low-salinity irrigation runoff water
with Salton Sea water to produce moderately saline
water. The introduction of saline water to the marshes
would inhibit the growth of cattails and rushes, providing open-water feeding habitat for the fish-eating
bird species that have used the Sea in the past. The
mitigation marshes are intended to provide biological
habitat, but they will also serve to reduce dust generation from the playa. It is anticipated that over 40,000
acres of playa will be formed by the year 2040. While
many acres of mitigative marshes have been proposed,
little progress has been made to date, as funding and
permitting issues have delayed construction.
Meanwhile, there are other concerns about the
changing ecosystem of the Salton Sea. Mosquitoes
breed abundantly in the salt marshes adjacent to the
Sea, where salinities can exceed those of the open
ocean (T. Bradley, unpublished data). Mosquito larvae
are rarely found in large, open bodies of water, but
this is normally due to exclusion by fish. Mosquito
production in the mitigation marshes should be low if
fish are present. However, there is a concern that mosquito production in the Salton Sea could occur in the
absence of fish, a very serious outcome as mosquitoes
http://calag.ucanr.edu • JANUARY–MARCH 2022
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in these warm regions can act as vectors of West Nile
virus, Western equine encephalitis and St. Louis
encephalitis.
The elimination of fish species from the Salton Sea
may also impact water quality and clarity. At present, abundant anaerobic metabolic byproducts are
produced in the anoxic benthic regions of the Sea
(Schroeder et al. 2002). These include ill-smelling
organic gases, including hydrogen sulfide. As a result,
the Sea is unattractive for many recreational purposes
due to a rotting egg smell. In the past, the water in the
Salton Sea frequently has had a Secchi depth (which
measures clarity) of less than a meter due to the abundance of pelagic algae (Holdren and Montano 2002).
Mono Lake, which currently has a salinity of 81 ppt,
close to that of the Salton Sea (61 ppt), experiences a
clearer water column during the summer. This allows
benthic algae to proliferate over extensive acreage. The
downward extension of the photic zone through benthic algae produces oxygen at greater depths. If, in the
future, the aerobic zone in the Salton Sea should extend deeper into the water, as it does at Mono Lake, it
would affect the concentration of dissolved selenium.
Selenium accumulates readily in algae and invertebrates, which are in turn fed upon by fish and birds. A
powerful teratogen, selenium can cause fetal and embryonic deformation at very low environmental concentrations in fish, birds and mammals (Spallholz and
Hoffman 2002). Selenium occurs naturally in soils in
the western United States. Irrigation wastewater can
be high in selenium following solution of selenium
in the water and subsequent concentration through
evaporation. The water flowing to the Sea from agricultural runoff contains total selenium concentrations
ranging from 2 to 30 parts per billion (ppb) (Johnson
et al. 2009), a range that can at times exceed the maximum level permitted in open waters by federal regulation of 5 ppb. The water in the Salton Sea itself is low
in dissolved selenium because selenate and selenite
become reduced in the anoxic regions of the Sea and
precipitate into the sediment (Schroeder et al. 2002).
A deeper aerobic zone could instead cause the selenium to be oxidized and thus solubilized (Schroeder
et al. 2002), leading to levels of solubilized selenium
sufficient to cause dangerous bioaccumulation.
There is concern that selenium might also increase in the mitigation marshes being constructed
around the Sea because there are high levels of this
mineral in the runoff used to fill them (Ohlendorf
and Marois 1990; Setmire et al. 1993). While the
marshes are essential as a means of protecting the
health of hundreds of thousands of residents in the
adjacent communities, they also pose grave risks for
bioaccumulation of selenium (Ohlendorf and Marois,
1990; Setmire et al. 1993). It will be essential that the
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selenium levels in both the marshes and the Sea itself
be carefully monitored, and that corrective measures
be taken if selenium levels are found to reach a level
of concern.

Future management plans
Future management plans for the Salton Sea watershed should consider a holistic approach to water
resources management in terms of both quality and
quantity. Regionally, the QSA-mandated transfer of
water from the Colorado River to urban centers must
take into account the full consequences of this action
on agricultural productivity. Agriculture provides a
vital economic stimulus to this region, as well as being the source of fruits and vegetables consumed yearround across the United States.
The transfer of water has caused a rapid decline
in the volume of the Sea, resulting in increased salinity, decreased fish and bird populations, and several
public health concerns, including toxic dust from
thousands of acres of dried lakeshore. As discussed in
a companion paper in this volume, research investigating the possible health effects of the dust deriving
from these emissive shores is urgently needed.
The construction of hundreds of acres of marshes
along the newly emerged shorelines proposed by the
CNRA is designed to reduce dust and provide fish
and bird habitat. A serious challenge to this effort is
the high levels of selenium in the agricultural runoff
used to fill them. Proper construction and management of the marshes will require careful attention to
water access and transfer rates, salinity regulation
and vegetation control. Emphasis to date has been on
dust control, but mitigation for the loss of bird habitat
should also be a valid concern.
Clearly, the decision to transfer water from agriculture to urban uses has created serious economic,
public health and environmental issues for the region.
Mitigating these effects while dealing with the challenges of global warming and reduced Colorado River
flows will be a major challenge, but one that must be
met for the sake of California’s human and ecological
communities. c

T.J. Bradley is Professor Emeritus of Ecology and Evolutionary
Biology, UC Irvine; H. Ajami is Assistant Professor of Environmental
Sciences, UC Riverside; W.C. Porter is Assistant Professor of
Environmental Sciences, UC Riverside.
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Microbiome interactions and their ecological
implications at the Salton Sea
Future studies of the Salton Sea should aim to characterize both the structural similarities and
differences of the playa, sea and aeolian microbiomes.
by Hannah Freund*, Mia R. Maltz*, Mark P. Swenson, Talyssa M. Topacio, Vanessa A. Montellano, William Porter and Emma L. Aronson
Online: https://doi.org/10.3733/ca.2022a0002

Abstract
Although the Salton Sea was once a thriving destination for humans
and wildlife, it has now degraded to the point of ecosystem collapse.
Increases in local dust emissions have introduced aeolian (wind-blown)
microorganisms that travel, along with contaminants and minerals, into
the atmosphere, detrimentally impacting inhabitants of the region.
Proliferation of certain microbial groups in regions of the Sea may have
a disproportionate impact on local ecological systems. Yet, little is
known about how the biogeochemical processes of this drying lakebed
influence microbial community composition and dispersal. To elucidate
how these microorganisms contribute, and adapt, to the Sea’s volatile
conditions, we synthesize research on three niche-specific microbiomes
— exposed lakebed (playa), the Sea, and aeolian — and highlight modern
molecular techniques, such as metagenomics, coupled with physical
science methodologies, including transport modeling, to predict how
the drying lakebed will affect microbial processes. We argue that an
explicit consideration of microbial groups within this system is needed
to provide vital information about the distribution and functional roles
of ecologically pertinent microbial groups. Such knowledge could help
inform regulatory measures aimed at restoring the health of the Sea’s
human and ecological systems.

A

s impacts of climate change and pollution
worsen in the Salton Sea region, there is an urgent need to predict the Sea’s ecosystem health
and stability in response to water influx changes (e.g.,
increased evaporation, reduced inflow, and agricultural
runoff irregularities). Although there is increasing
evidence about the harmful effects of environmental
degradation on wildlife within the Salton Sea, less is
known about how microorganisms respond to mounting degradation throughout the region (California
Natural Resources Agency 2020; Jones and Fleck 2020;
Kjelland and Swannack 2018; Marti-Cardona et al.
2008; Moreau et al. 2007). Microorganisms and their
respective communities (i.e., microbiomes) are ubiquitous, and the foundation of nutrient cycling within
ecosystems (Falkowski et al. 2008). Research indicates
that microorganisms are sensitive to natural and anthropogenic perturbations, and thus may serve as useful indicators of ecosystem productivity (Karimi et al.
2017; Maltz et al. 2017).
Without an explicit consideration of environmental
microorganisms and their stress-response tactics, we
may undermine our ability to respond to changing
environmental and regulatory measures. For instance,
policy decisions, plummeting water quality, and

Wetlands in the Sonny Bono
Salton Sea National Wildlife
Refugue. To better understand
the Salton Sea ecosystem,
more research is needed on the
interaction between the playa,
sea and aeolian microbiomes.
Photo: Jonathan Nye.
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reduced Sea levels may have varying effects on microorganisms within this novel and vulnerable ecosystem.
Moreover, understanding how the degraded environment surrounding the Salton Sea influences microbial
processes, interactions and biogeochemical cycling is
particularly important for assessing microbial contributions to overall ecosystem functionality, as well as for
illuminating connections between policy- and climatedriven environmental changes and the health of nearby
human and ecological systems.

Agricultural runoff, dust emissions
The implementation of the Quantification Settlement
Agreement (QSA) in 2003 diverted water from the
Colorado River to other areas, which massively reduced
inflows to the Salton Sea (California Natural Resources
Agency 2020). The New, Alamo and Whitewater rivers
feed the Salton Sea with agricultural runoff containing
pesticides, metals, salts and other elements (Vogl and
Henry 2002). Specifically, copper, arsenic, manganese
and selenium have been detected at levels above the
U.S. Environmental Protection Agency threshold in
water and sediment samples (Moreau et al. 2007; Xu et
al. 2016). Selenium is of particular concern due to its
consistently high concentrations in local fish (i.e., tilapia), at levels surpassing Aquatic Life Criteria standards
(Xu et al. 2016). Federally banned pesticides including
polychlorinated biphenyls (PCBs), dichlorodiphenyltrichloroethane (DDT) and dichlorodiphenylethane
(DDE) have also been detected in in the muscle tissue
of local fish species (Moreau et al. 2007; Riedel et al.
2002; Sapozhnikova et al. 2004; Xu et al. 2016) and in
water, exposed lakebed (playa), and submerged playa
samples (Sapozhnikova et al. 2004; Wang et al. 2012;
Xu et al. 2016). Selenium, DDT and other pollutants
accumulate in detritus, and are introduced into the
Salton Sea’s trophic network when consumed by algae,
invertebrates and fish (Saiki et al. 2012). While the accumulation of these contaminants are detrimental to
animal biodiversity (Canton and Van Derveer 1997;
Köhler and Triebskorn 2013; Riedel et al. 2002), the extent to which pollution alters the Sea’s trophic structure
warrants further study.
In addition to pollutants, agricultural effluent delivers excess nutrients to the Salton Sea, leading to eutrophication and subsequent die-offs of aerobic organisms
(Beman et al. 2005; Chaffin and Bridgeman 2014;
Heisler et al. 2008). Nutrient enrichment leads to harmful algal blooms as these algae consume a majority of
the Sea’s dissolved oxygen. Eventually, these algae die
off in the absence of sufficient oxygen, as other microorganisms decompose detritus and deplete the remaining dissolved oxygen (Qin et al. 2013). Additionally,
strong winds during spring and summer seasons create
upwellings of anoxic water and sulfide from the lake
bottom to the surface (Marti-Cardona et al. 2008;
Reese et al. 2008).

Agricultural runoff (left) entering the Alamo River. Photo: Caroline Hung.

Algal blooms and gypsum blooms coupled with
persisting anoxic conditions contribute to ongoing loss
of wildlife, with particularly high mortality in local
and migratory birds such as eared grebes (Podiceps nigricollis), fish such as Mozambique tilapia (Oreochromis
mossambicus) and invertebrates such as pileworms
(Neanthes succinea; Anderson et al. 2007; Carmichael
and Li 2006; Marti-Cardona et al. 2008). Microbial
pathogens, including Pasteurella multocida, cyanotoxins and botulinum toxin, have all been associated with
mass die-off events (Carmichael and Li 2006; Meteyer
et al. 2004; Nol et al. 2004); however, not all die-off
events have been linked to heightened concentrations
of these particular pathogens or toxins.
As required by the QSA, the volume of inflow
will be reduced by 40% over the next decade, and the
volume of the Sea itself will be reduced by more than
60% (Cohen 2014). Ongoing shrinkage of the Salton
Sea not only increases salinity in the Sea and the playa
(California Natural Resources Agency 2020), but also
exposes additional lakebed sediment, leading to heightened dust emissions — dust production, wind erosion
of sediment, etc. — in the area (Frie et al. 2017). These
emissions are expected to contribute to already high
levels of background particulate matter (Frie et al.
2017; Frie et al. 2019; US Fish and Wildlife 2014). Wet
playas like the Salton Sea are vulnerable to erosion as
capillary action in the sediment brings groundwater to
the playa surface (Buck et al. 2011), softening sediment
and stimulating groundwater evaporation (Reynolds
et al. 2007). Playa emissions and aerosolized Sea spray
contribute to the composition of the dust, which consists of minerals (e.g., selenium, sodium and sulfate),
metals (e.g., cadmium and chromium; Buck et al. 2011;
Frie et al. 2017; Frie et al. 2019) and dust-associated
microorganisms, along with their respective microbial
metabolites. These contributed materials, particulate

Without
an explicit
consideration of
environmental
microorganisms
and their
stress-response
tactics, we may
undermine our
ability to respond
to changing
environmental
and regulatory
measures.
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matter size, and strong winds collectively influence
dust composition, reduce local air quality and threaten
downwind niches upon deposition.
Dust emissions disperse microbial components
from dust to surrounding locations (Frie et al. 2017;
Griffin 2007), and the harsh, arid climate of the Salton
Sea provides habitat for microorganisms acclimated to
these inhospitable conditions (Paul and Mormile 2017).
Salinity, nutrient availability, pH, oxygen concentration
and temperature collectively affect microbial composition and functional trait diversity. Most microorganisms are able to regenerate rapidly and transfer genes
horizontally, which permits uptake of DNA from the
environment as well as the sharing of DNA with other
microbial species or viruses (Johnston et al. 2014).
Altogether, these abilities allow microorganisms to
easily adapt to the unique selective pressures of their
environment.
Microbial metabolic functions may be more dependent on environmental pressures than on evolutionary
or phylogenetic relationships (Allison and Martiny
2008; Louca et al. 2017; Shade et al. 2012). Likewise,
pollutants, excess nutrients and geophysical processes
may alter the collection of microorganisms found
within the Salton Sea’s sub-ecosystems (fig. 1). The
sub-ecosystem microbiomes include the playa, seawater
and the wind-driven microorganisms that travel along
with dust throughout the atmosphere (i.e., the aeolian
microbiome). Interactions between environmental microbiomes and the ecosystem regulate the availability
and accumulation of certain minerals. For example,

anaerobic microorganisms in extreme environments
akin to the Salton Sea can use selenate (SeO42−) or
selenite (SeO32−) as electron acceptors; this reduces it
to elemental selenium (Nancharaiah and Lens 2015),
which accumulates in sediment. Other anaerobes can
reduce sulfate to hydrogen sulfide, which consumes
dissolved oxygen and yields harmful gypsum blooms,
which are somewhat analogous to algal blooms (Ma et
al. 2020). Clarifying how these microbiomes contribute
to the trophic structures and chemical cycling within
the Salton Sea is crucial to promoting the long-term
sustainability and functionality of this ecosystem.

Playa microbiome
Because of their intimate associations within the Salton
Sea, the biogeochemical interactions of the playa and
the sediment beneath the lake are challenging to differentiate. Similar to microorganisms in Salton Sea
water, anaerobes and extremophiles have a selective
advantage in this niche due to the extremely high concentration of sulfate and salt in the sediments, which
is compounded by the lack of oxygen and phosphorus
resources (Swan et al. 2007).
Sediment depth gradients have been shown to differentially structure microbial communities. Most
Archaea have been observed with equal abundance
across lakebed sediment depths (Swan et al. 2010).
However, Crenarchaeaota (i.e., Archaea phylum)
and bacterial communities consistently exhibit
similar abundances with depth. Likewise, the relative

3

Chemical components
Microorganisms
Physical particulates
Playa dust
Sea spray
Aeolian emissions
Surface winds

1
2

FIG. 1. Interactions among Salton Sea’s dynamic sub-ecosystems. There are three environmental microbiomes: (1)
playa, (2) seawater and (3) aeolian; sea spray and playa dust contribute to the aeolian microbiome. As the Salton Sea
recedes, lakebed sediment is exposed and concurrently transforms into playa. Playa emits loose particulates that entrain
microorganisms, chemicals and sediment into the atmosphere, which travel throughout the region via surface winds.
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abundance of certain bacterial classes, including Betaproteobacteria, Gammaproteobacteria and
Clostridia, correspond with both increased depth and
salinity in the Salton Sea.
Several taxa found in Salton Sea playa have also
been identified in marine sediments (Dillon et al. 2009;
Swan et al. 2010) as well as haloalkaline lake sediments
and salt flats (McGonigle et al. 2019; Rojas et al. 2018;
Yang et al. 2016). Saline concentration has been identified as one of the most important factors in structuring microbial communities across ecosystem types
(Lozupone and Knight 2007). These findings indicate
that salinity and oxygen availability are crucial environmental drivers of microbial assembly in the Salton
Sea playa.
Although the microbial composition beneath playa
crusts has been studied to some extent (Dillon et al.
2009; Swan et al. 2010), the microorganisms of the superficial playa have largely been neglected. Increased
playa exposure directly corresponds to greater dust
fluxes in the region (Buck et al. 2011; Frie et al. 2019;
Parajuli and Zender 2018), entraining both chemical
and microbial components into dispersing dust (fig. 1).
Heightened playa emissions correspond to salt precipitation on the playa surface (Buck et al. 2011), driving
the microbial community structure at this playa–dust
interface. Considering that playa surfaces are global
dust contributors (Abuduwaili et al. 2010; Kandakji et
al. 2020; Reheis et al. 2002; Reynolds et al. 2007; Ziyaee
et al. 2018), characterizing and quantifying the impact
of dispersing playa microorganisms on surrounding
ecosystems and inhabitants of the region may be particularly important. Moreover, integrating these putative impacts into our understanding of wind-driven
playa erosion may greatly advance our assessment
of the vulnerability and toxicity of playa particulate
matter. To understand the influence of both sediment
and playa on dust composition — as well as associated
exposure and deposition risks for downstream niches
— the phylogenetic structure, functional diversity and
seasonal variation of the playa microbiome must be
investigated.

environments) prevail (González et al. 1998; Reese et al.
2008). These extremophiles include halophiles, or saltloving microorganisms, and alkaliphiles, which thrive
in conditions with a pH of 8 or greater (Andrei et al.
2012; Mesbah and Wiegel 2008).
To date, only two studies have examined microbial
phylogenetic diversity in Salton Sea water (Dillon et al.
2009; Hawley et al. 2014; table 1). In contrast to previous work, these studies showed that Cyanobacteria
compose less than 5% of the total taxa found in Sea
water samples (Dillon et al. 2009; Hawley et al. 2014);
instead, they detected high abundances of microorganisms from both Proteobacteria and Bacteroidetes
phyla. Beyond Cyanobacteria, Dillon et al. (2009)
observed seasonal shifts in the relative abundance
of Gammaproteobacteria and Alphaproteobacteria
classes, and the Bacteroidetes phylum.
Proteobacteria are likely the most abundant phylum detected in Salton Sea water (Hawley et al. 2014).
Rhodobacterales, an order within Alphaproteobacteria,
was highly abundant within the summer months
(Dillon et al. 2009). Rhodobacterales is composed
primarily of photoautotrophs, which are capable of
anaerobic photosynthesis, and haloalkaliphiles, which
have been identified globally in saline, alkaline lakes
(Kopejtka et al. 2017). Further determining which taxa
within the Proteobacteria are most common and abundant would be a promising area for future research, as
finer taxonomic resolution from this abundant phylum
has rarely been reported. Given that a majority of these
analyses about Salton Sea water capture microbial diversity only at the Sea surface, and neglect to characterize the microbial diversity of the water column, future
work assessing microbiome structure below the water
surface would be particularly valuable. For example,

Sea microbiome
For decades, studies on the microbial composition of
the Salton Sea have focused heavily on Cyanobacteria.
Cyanotoxins — specifically microcystin — contribute
to the high frequency of avian mortality events occurring at the Sea (Carmichael and Li 2006; Meteyer et al.
2004). Additionally, Cyanobacteria and other phytoplankton taxa form microbial mats that sit above the
water surface (Wood et al. 2002) and thus are easy to
investigate. Nevertheless, these studies have failed to
capture the microbial diversity that persists below the
Sea surface.
The Salton Sea is characterized by hypersaline, alkaline and anoxic conditions where anaerobes and extremophiles (i.e., microorganisms that inhabit extreme

Microbial mat accumulation on the margin of Obsidian Butte during the warm summer
months. Photo: Caroline Hung.
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TABLE 1. Microbial studies within the Salton Sea ecosystem
Study

Sample type

Microbial group

Taxa resolution

Methods

Chase et al. 2019

Leaf-litter

Bacteria

Strain

3

Chase et al. 2018

Leaf-litter

Bacteria

Strain

3, 4

Schilling et al. 2018

Sediment

Bacteria

NA

1, 4, 5

Zhou et al. 2017

Water

Bacteria

Species

1, 4, 5

Fradet et al. 2016

Sediment

Bacteria, Archaea

Species

1, 3

Hawley et al. 2014

Water

Bacteria

Phylum

3

VillaRomero et al. 2013

Water, sediment

Bacteria

NA

1, 4, 5

Saiki et al. 2012

Water, sediment

Eukaryotes

Species

4, 5

Swan et al. 2010

Sediment

Bacteria, Archaea

Class

2, 4

Van Ginkel et al. 2010

Water, sediment

Bacteria

Species

1, 2, 4

Dillon et al. 2009

Water, sediment

Bacteria

Genus

2, 4

Tiffany et al. 2007

Water

Eukaryotes

Species

5

Carmichael and Li 2006

Water, tissue

Bacteria, Eukaryotes

Genus

1, 2, 4, 5

Lange and Tiffany 2002

Water

Eukaryotes

Species

5

Okeke et al. 2002

Sediment

Bacteria, Archaea

Species

1, 2, 4, 5

Reifel et al. 2002

Water

Eukaryotes

Species

5

Wood et al. 2002

Water, sediment

Bacteria, Eukaryotes

Strain

1, 2, 5

Arnal 1961

Water, sediment

Eukaryotes

Species

4, 5

Arnal 1958

Sediment

Eukaryotes

Species

5

Studies that focused on microorganisms within the Salton Sea, including which type of sample was collected in the study, as well as the type and taxonomic resolution of microorganisms identified. Each study has been
assigned numeric codes, depending on methods used; numeric codes in ascending order correspond to: 1 = culture-based methods, 2 = chain termination sequencing (i.e., Sanger sequencing chemistry), 3 = nextgeneration sequencing, 4 = biochemical assays, 5 = biomass and/or microscopic assays.

exploring the taxonomic diversity of microorganisms
within the Sea’s water column, particularly during
seasonal upwellings and eutrophication events, would
identify microorganisms responsible for depleting dissolved oxygen supplies via detritus consumption or
sulfate reduction (Reese et al. 2008); classifying these
microorganisms could improve predictions of anoxic
periods within the Salton Sea and similar ecosystems.

Aeolian microbiome
In addition to minerals and trace metals, microorganisms can become entrained in both playa dust and Sea
spray, along with their microbial toxins, which may
be capable of withstanding turbulent conditions and
long-distance transport (fig. 1; Tang et al. 2017). Microorganisms persisting among and on dust compose
the aeolian microbiome, which includes all bacteria,
archaea, fungi and viruses that circulate in the atmosphere. Some fungal spores and bacteria are capable
of surviving within — or atop — dust as single cells or
filaments, moving freely or attaching to individual particles (Samake et al. 2017).
Dust microorganisms have adapted to a unique
set of environmental stressors including wind stress,
ultraviolet radiation, humidity, temperature and nutrient availability. These microorganisms are equipped
with a particular combination of traits, such as melanin production (Grishkan 2011) or biofilm formation
(Aalismail et al. 2019), which enables their survival
within this inhospitable airborne environment
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(Grishkan 2011). Several studies have reported higher
microbial abundance on large dust particles at higher
temperatures or low relative humidity (Lighthart and
Shaffer 1997; Polymenakou et al. 2008; Yamaguchi et al.
2012), which are common features of the Salton Basin.
Increased microbial burden also often correlates with
enriched organic matter and minerals in dust (Tang et
al. 2017). Collectively, these results suggest that larger
dust particles shelter, sustain and protect microorganisms to ensure their dispersion and survival.
Numerous microorganisms isolated from dust remain viable for long durations of time. Bacterial and
fungal isolates from dust not only can be successfully
grown in the laboratory environment (Maki et al. 2019;
Yamaguchi et al. 2012), but also have been shown to be
metabolically active while in transit (Tang et al. 2017).
Additionally, airborne microorganisms can facilitate
ice nucleation, promoting cloud formation and precipitation (Amato et al. 2015; Bowers et al. 2009; Failor
et al. 2017; Gaston et al. 2017). Therefore, aeolian microorganisms may threaten downwind ecosystems by
altering precipitation and temperature, or disturbing
stable microbiomes upon deposition. Moreover, exposure risks from airborne pathogenic microorganisms
originating in the Salton Sea, and associated playa, may
yield deleterious consequences for plants and animals,
as well as human populations. Construction and farm
workers may be particularly vulnerable to increased
inhalation risks and exposure to dust-associated microorganisms, based on their occupational hazards (Gorris
et al. 2018).

Although the microorganisms inhabiting the
seawater and sediment of the Salton Sea have been
examined, the dust microbiome has yet to be characterized. Given their remarkable ability to withstand
environmental stress in the airborne environment,
the aeolian microbiome could be dominated by either
dormant or stress-resistant microorganisms. This resistant aeolian microbiome within Salton Sea dust could
contribute to the health impacts of air quality in the
region, especially if microbial groups break dormancy
or actively interact with plant, animal or human hosts
upon deposition. Some microbial adaptations likely
permit their survival in dust. For example, bacteria
from the genus Bacillus, which have been identified in
dust samples from across the globe (Tignat-Perrier et
al. 2019), have the ability to form endospores, allowing them to survive harsh environments via dormancy
(Nicholson et al. 2000). Upon deposition, these dormant and resistant microorganisms may perform vital
ecosystem functions, or they may pose formidable
threats to inhabitants of the region. Motile microorganisms exhibiting chemotaxis may also be uniquely
suited to explore porous environments and establish in
favorable niches upon deposition (Scheidweiler et al.
2020). Therefore, exploring the functional attributes
and microbiome structure within dust surrounding the
Salton Sea would clarify the contribution of the aeolian
microbiome to either promoting ecosystem stability or
exacerbating regional public health crises.

Methods for further study
Future examination of the Salton Sea must comprehensively explore the playa, seawater and aeolian microbiomes to characterize their structural similarities,
as well as any differences among these communities.
Temporal and compositional differences may influence
the interactions between these microbiomes and their
surrounding environment, as well as overall nutrient
availability within the Salton Sea ecosystem. Common
methodologies used in human and environmental
microbiome research could be tailored to explore both
the taxonomic and functional diversity of Salton Sea
microbiomes.

Sampling and analysis strategies
Multiple sample types (e.g., dust, water, playa) should
be collected, at a variety of time points, from a replicated set of diverse locations within and around the
Sea. As sample collection procedures will differ between media types (soil cores, dust collection, water
samples), technological advances, such as the use of
drones, water skimmers or seawater samplers (Xing et
al. 2017), could be advantageous. Other valuable approaches may use semi-permanent passive samplers
(Aciego et al. 2017; Frie et al. 2019), portable sampling
platforms (Docherty et al. 2018) or active samplers,
which collect all airborne cells and spores using filters
from a known air volume (Frie et al. 2017).

Sample processing procedures may include filtering
dust suspensions and seawater, using sterile 0.2-μm
filters to capture bacteria and other microorganisms
on the filter, while allowing passage of water and other
aqueous substances. From unfiltered suspensions, microbial biomass can be determined using flow cytometry (Schmidt et al. 2020) or phospholipid fatty acids
(PLFA; Buyer and Sasser 2012).
Amplicon marker genes, such as the 16S rRNA gene
in bacteria or the internal transcribed spacer (ITS)
region of fungal rRNA (Knight et al. 2018; Nilsson et
al. 2019), are selected for amplification or quantitative polymerase chain reactions (qPCR; Manter and
Vivanco 2007) to determine the taxonomic diversity
and the relative abundance of important microbial
groups across samples. Amplicon marker gene sequencing is currently the most cost-effective, highthroughput next-generation sequencing (NGS) method
for studying microbiome composition across ecosystems (Liu et al. 2020).
Microbiome composition may be altered by both
seasonal and agricultural geochemical fluxes within
the Salton Sea, which also may select for metabolic
strategies employed by these microbiomes. Sampling
campaigns across time points at the same locations will
capture temporal and seasonal variation, as upwelling
events in the summer are known to change surface water chemistry by increasing sulfide levels and reducing
dissolved oxygen content (Reese et al. 2008; Watts et al.
2001). Organo-chloride pesticides (OCPs) accumulate
within previously underwater sediments, and may subsequently volatilize or evaporate as polluted sediments
are increasingly exposed. As these pesticide-laden
sediments become entrained in dust, OCPs are likely
transported throughout the region via increased wind
speeds and storms (LeBlanc et al. 2002), exacerbating
dust inhalation risks. Although microorganisms from
the playa or aeolian microbiomes may be capable of
metabolizing recalcitrant or labile components from
polluted dust, ecophysiological assays and metabolic
models would be required to quantify the extent to
which these toxins can be transformed or biodegraded
by extant microorganisms. Future work incorporating
and altering model parameters would facilitate our
ability to predict future fate and transport of toxic dust
based on future water influx and climate change scenarios (D’Amato et al. 2008).
Changes in geochemistry, such as total organic
carbon concentrations, pH and nutrient levels, have
pointed to detectable shifts in playa microbiomes in
similar hypersaline water bodies (Hollister et al. 2010).
Collecting soil core samples from the playa over a
distance transect would help to elaborate how geochemical variation impacts Salton Sea terrestrial microbiomes. Furthermore, as reductions in sea volume
expand the exposed playa, these sampling strategies
and subsequent analyses could clarify how microbiomes transition with their environments from moist to
dry conditions.
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Lake sediment cores sampled from the Salton Sea by the Lyons lab at UC Riverside for
trace metal contamination analysis. Photo: Caroline Hung.

The impact of dust composition and evaporite
minerals (e.g., magnesium, calcium, sulfate) on aeolian
microbial metabolism and assembly could be studied
via deploying dust collectors (Aarons et al. 2019; Frie
et al. 2019). Dust samples can be analyzed using stable
isotope ratios, such as 87Sr/86Sr and 143Nd/144Nd, to
detail the provenance of the dust and its corresponding microbial community (fig. 1; Aciego et al. 2017;
Dastrup et al. 2018; Xie et al. 2020; Yan et al. 2020).
Furthermore, Sr-Nd isotopic analyses of Salton Sea
dust may reveal geochemical features of the dust’s
provenance (i.e., the geography and climate) that may
select for microbial migration from the Sea and the
playa to the aeolian microbiome. Coupled with NGS
technologies, this comprehensive analytical approach
will explicate the dynamics within the playa, seawater
and aeolian microbiomes, as well as their associated
implications for microbial dispersal throughout the
Salton Sea Basin.

Meta-Omics analyses
Exploring diversity in Salton Sea microbiomes could
leverage sophisticated molecular techniques (i.e.,
-omics), such as high-throughput NGS methods, shotgun metagenomics, metatranscriptomics or metaproteomics. Briefly, a shotgun metagenome describes the
collection of genomic material from a particular ecosystem, including both eukaryotic and prokaryotic genomes (Quince et al. 2017). Metagenomics can be used
to characterize taxon-level microbial diversity and categorize putative functions performed by the microbial
community. Although metagenomics can identify the
functional traits within a microbiome, metatranscriptomics confirms which traits are actively expressed by
the microbiome at a given time. A metatranscriptome
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includes the totality of gene (i.e., RNA) transcripts
found within an environment (Shakya et al. 2019). Recently, metaproteomics has been used to complement
NGS methods, via classifying and quantifying proteins produced by microbiomes (Hettich et al. 2013).
Metagenomics has been used to study Salton Sea leaf
litter (Chase et al. 2018; Chase et al. 2019; table 1) and
seawater (Hawley et al. 2014), but these studies did not
detail the functional diversity of their samples. Salton
Sea playa and aeolian metagenomes have not been
thoroughly described, nor have metatranscriptomic
or metaproteomic approaches been employed yet for
characterizing the activity of Salton Sea microbiomes.
Because of the dearth of information on microbiome
structure within the region, the Salton Sea presents
a unique opportunity to utilize -omics techniques to
study both microbial taxonomic and functional diversity across sub-ecosystems, which compose the larger
ecosystem (fig. 1).
Metagenomic, metatranscriptomic and metaproteomic analyses have been performed on a wide variety
of sample types, including the human gut (Long et
al. 2020), soil (Romero-Olivares et al. 2019), deep-sea
sediments (Mason et al. 2014), cloud water (Amato
et al. 2019) and airborne dust particulates (Aalismail
et al. 2019). These techniques allow for the comparative analyses of microbial genomes, transcriptomes
and proteomes from different systems and ultimately
identifies both shared taxa and genes among microbiomes. Functional annotation of metagenomes and
metatranscriptomes, using comprehensive databases
such as the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database (Kanehisa et al. 2016; Kanehisa et
al. 2017; Kanehisa et al. 2019) and analytical tools like
KoFamScan (Aramaki et al. 2020), detail the functional traits that are differentially expressed under
specific environmental conditions (Amato et al. 2019;
Chung et al. 2020; Shakya et al. 2019). For instance,
soil metatranscriptomes may indicate whether microbial communities are actively allocating resources to
stress response or proliferation (Romero-Olivares et
al. 2019). Functional annotations can then guide the
classification of proteins, such as microbial exudates,
identified in metaproteomes (Hettich et al. 2013).
Collectively, these analyses may further reveal metabolic strategies that enable microbial persistence in
harsh conditions (Brewer et al. 2019). Furthermore,
understanding these associated metabolic processes
may reveal mechanisms that drive microbiomeresource interactions throughout this dynamic
ecosystem.

Modeling dust emissions
Mineral dust advection, or dust transference by fluid
flow, has been shown to be an important vector for the
long-range transport of microbial organisms, especially in and around desert environments such as the
Salton Basin. While smaller particulates have longer
atmospheric lifetimes due to their slower deposition

velocities, larger aerosols (> 5 μm) typical of desert
surfaces are especially efficient vectors of microbial
dispersal (Yamaguchi et al. 2012). Dust transport patterns and ranges are thus dependent on both particle
size and meteorology, with strong wind systems capable of relocating larger particles — along with any attached microorganisms — across continental distances
(Perry et al. 1997). The Salton Sea region is one of the
dustiest in the United States, with both the Coachella Valley and Imperial Valley regions consistently
exceeding daily EPA standards for particulate matter
(PM10). Moreover, these regions exhibit strong seasonality and frequent wind storm–driven dust events
(Evan 2019; US Environmental Protection Agency
n.d.). This makes the patterns of dust emissions and
transport, as driven by seasonal meteorology and
sporadic dust storms, important for understanding
regional sources and biogeographic patterns of local
microorganisms.
Available tools for identifying sources of advected
dust include trajectory or dispersion models such
as the Hybrid Single Particle Lagrangian Integrated
Trajectory Model (HYSPLIT; Stein et al. 2015). By
combining local wind fields with physical dust deposition parameters, these models can run forwards (to
estimate patterns of dust transportation and deposition from a given source) or generate backwards trajectories (to assess likely emission sources for particles
collected at a given receptor site). These methods have
been used previously to examine long range transport
patterns of source-specific microbial populations
(Cáliz et al. 2018; Rosselli et al. 2015; Stres et al. 2013;
Yamaguchi et al. 2012) and impacts of dust storms on
downwind microbial communities (Hagh Doust et al.
2017; Mazar et al. 2016).
Our group has generated backward trajectories to
evaluate the wind patterns blowing from the Salton
Sea and estimate relative contributions of particulates
reaching our passive dust collectors over a finite time
period. Furthermore, we have explored the distribution and elemental composition in the Salton Sea region (Frie et al. 2019), which provides valuable context
for explaining how seasonally shifting dust patterns
— along with chemicals, physical particulates and associated microbial transport — may influence local
microbiomes.

Conservation and public health in
the Sea
Characterizing the unique microbial communities of
the Salton Sea will complement ongoing investigations
of the impacts of pollution on local residents and wildlife. Yet, many questions remain. For instance, how
does the aeolian microbiome influence the lung microbiome? The aeolian microbiome may exacerbate respiratory symptoms via incidentally inhaled aeroallergens
and particulate matter, resulting in the disproportionately higher rates of asthma and chronic respiratory

disease detected in nearby communities (California
Department of Public Health n.d.; Farzan et al. 2019).
Can we explain long-term exposure effects of Salton
Sea dust on the health of wildlife and local residents
by comparing the Salton Sea microbial communities
with unpolluted microbial communities, collected in
analogous systems? The microorganisms themselves,
in addition to their extracellular exudates (Chae et al.
2017; Rolph et al. 2018), may serve as bioindicators of
either eutrophication or pollution in soil, water or dust
(Bouchez et al. 2016; Karimi et al. 2017; Schloter et
al. 2018). Furthermore, historical exposure to pollutants may select for microorganisms that are uniquely
suited for tolerating — or even ameliorating — toxicity
within these particular systems.
In the interest of augmenting restoration efforts,
how can we best deploy particular microbial taxa from
the Salton Sea sub-ecosystems to remediate polluted
systems via biodegradation or metal transformation
(i.e., bioremediation; Kumar et al. 2019; Sher and
Rehman 2019; Voica et al. 2016)? Novel opportunities
for restoration may arise as human activities, such as
mining and food production, increase apace with the
shrinking of the Salton Sea. To illustrate one example,
lithium mining of geothermal brines in the Salton
Sea (Vikström et al. 2013), coupled with evaporation, may provide opportunities to leverage endemic
microorganisms for bioremediation. Yet, microbial
bioremediation may not be sufficient to mitigate the
environmental impacts and deleterious human health
outcomes for inhabitants of the region exposed to air
pollution; this pollution may be exacerbated by evaporating novel brines, replete with toxic metals such as
arsenic and manganese, which may cause neurological issues in children (Dion et al. 2018). To promote
community health and ecosystem stability, we must
investigate the dynamic interactions among the playa,
seawater and aeolian microbiomes throughout the region. Furthermore, a thorough characterization of the
functional attributes of dust microbiomes is needed
to inform holistic approaches for addressing regional
public health crises throughout the Salton Sea Basin.

Conclusions
The Salton Sea crisis necessitates immediate action
as conditions rapidly worsen. Reduced precipitation
and increasing temperatures are drivers of drought
throughout California (Luo et al. 2017), advancing the
diminution of the Salton Sea. Playa erosion and resulting dust emissions are predicted to rise (Parajuli and
Zender 2018), which could interfere with incoming
radiation and induce subsequent changes to local climate (Von Schneidemesser et al. 2015). Fluctuations in
nutrient availability as a result of climate shifts will select for specific microbial functions (Louca et al. 2017;
Louca et al. 2018), altering the overall trophic structure
in the Sea. To better understand ecosystem resilience
in this unpredictable landscape, more research is
http://calag.ucanr.edu • JANUARY–MARCH 2022
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needed on the functional potential of these interacting
environmental microbiomes and their contributions to
nutrient cycling.
Any actions taken to increase the stability or conservation of this ecosystem may have public health
implications, and vice versa, and we must anticipate
the consequences of inaction to humans and wildlife.
Careful consideration of the impacts of restoration or
mitigation attempts must be holistically examined, as
approaches addressing one area of concern may inadvertently yield adverse consequences for other areas.
With greater knowledge, resources can be allocated
towards strategic measures that aim to ameliorate the
health of local human populations and promote the
restoration of diverse wildlife and microbial communities that support resilient ecosystems. c
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The drying Salton Sea and asthma: A
perspective on a “natural” disaster
The changing ecology of the Salton Sea generates unique aerosol components that may
contribute to the high rates of asthma in the region.
by Trevor Biddle, Rajrupa Chakraborty, Qi Li, Mia Maltz, Jo Gerrard and David D. Lo
Online: https://doi.org/10.3733/ca.2022a0003

I

n modern times, we tend to think of the urban environment as a place of filth, decay and disease. The
concentration of people, industry and vehicles is
associated with contamination, pollution, stress and
malaise. There is of course considerable history and
epidemiology to support this view, and we accept this
as the price we pay for “civilization.” In the context of
human diseases, we link these environments with pulmonary diseases such as asthma and tuberculosis. By
contrast, we tend to view the rural wild outdoors as a
cleaner, healthier and more “natural” environment. But
it was not always so.
During the 18th and 19th centuries, miasma theory
developed as a way to explain the origin and propagation of diseases such as cholera, yellow fever and malaria. The theory posited that the cause of disease was
miasma, an ill-defined emanation from rotting organic
matter. The theory grew from the observation that the
prevalence of malaria and yellow fever was primarily in
marshy regions. According to the basic miasma theory,
organic matter decays and gives rise to noxious vapor
—miasma — which, when inhaled, leads to sickness.
The details and severity of these diseases depended on

Abstract
The Salton Sea is a drying salt lake in an arid region with high aerosol
particulate-matter concentrations. This region is plagued by a high
incidence of asthma, attributed in part to the aerosols surrounding the
Sea. But the connection between the Sea and asthma may be more
than simple calculations of dust concentrations. While dusts might
contain toxic substances that impact the lungs of residents, the complex
dynamics related to the environmental degradation of the Salton Sea
may be generating additional toxins relevant to public health, such as
microcystins produced by algal blooms. This collection of pollutants
may be driving inflammatory responses in the lungs of residents
through multiple mechanisms. As such, examination of the full range of
potential environmental triggers of lung inflammation promises to yield
a better understanding of key mechanisms driving the high incidence of
asthma in local residents. Our discussion provides a perspective aiming
to re-frame the issue in the context of the historical theory of “miasma”
and the linkages between environmental change and health impacts.

Inner canals in the Desert Shore community
are rapidly drying and now harbor halophilic
bacteria, which makes the brine appear red.
As the Salton Sea continues to shrink due to
climate change and water transfers, more
exposed lakebed will appear, exacerbating
dust production with corresponding effects
on air quality. Photo: Caroline Hung.
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various criteria, some external, like elevation, overcrowding or environmental factors (season, humidity,
barometric pressure, wind, etc.), and others internal,
such as nutrition, personal hygiene or constitution
(Tulodziecki 2016).
We now recognize today that these diseases are
caused by pathogenic microbes, and that the germ
theory of disease explains their origins. But miasma
theory may yet provide a useful framework for studying diseases that arise from environmental hazards
or as a context for understanding non-medical disease factors that we now refer to as social determinants of health.
Consistent with this framework, miasma-generated disease was not explicitly considered a transmissible contagion, that is, the disease could be passed
on without contact with a previously sick individual.
Instead, under the right circumstances, healthy bodies could “generate” their own miasma disease poison.
In this way, miasma theory bore a resemblance to
the theory of spontaneous generation of life. Miasma
poisons were thought to be derived from environmental pollution in the form of decomposing organic
matter (especially sewage and decaying animal flesh),
exacerbated by conducive meteorological conditions
and other factors, such as overcrowding and lack of
ventilation (Tulodziecki 2016). These diseases were
tied closely to certain localities, regions and seasons

and, notably, could be contracted more than once.
While not everyone agreed on the particulars of how
the miasma diseases were generated and transmitted,
most everyone agreed that the atmosphere played a
significant role.
In this respect, miasma theory has striking resonance with the high incidence of asthma among residents living near the Salton Sea. Asthma in this region
has reached a crisis; upwards of 20% of children living
here have asthma, compared to less than 10% of children across the state (Johnston 2019). Accordingly,
what follows is a perspective on the air quality near
the Salton Sea as the drying Sea continues to retreat,
leaving a rapidly changing saline ecology, increased
aerosolized dusts and as yet poorly understood impacts on the health of residents in the region (Biddle
et al. 2021). To be clear, this is not a revival of the old
theory but instead an updating of the framework to
incorporate modern scientific explanations of how environmental decay can lead to negative consequences
for human health.

Local air quality
The Salton Sea region experiences high dust levels in the ambient air, a problem the region shares
with other areas around the world that are proximate to dry lake beds. The Salton Basin is a closed

By 2029, the playa is predicted to occupy an area of approximately 145 square miles, with the PM10 emitted from exposed shorelines accounting for
about 12% of total PM10 mass. Photo: Can Stock Photo / bonandbon
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A dirty dust collector used by researchers to monitor air
quality. Photo: Mark Swenson.

Air quality monitoring field site at Dos Palmas Preserve. Photo: Mark Swenson.

topographic depression. This type of geologic feature
is widespread and may account for 30% of all dust
emissions globally (Engelstaedter et al. 2003; Ginoux
et al. 2012). According to data from the five air-quality
monitoring stations in the Salton Basin, the long-term
mean concentrations of airborne particulate matter
10 microns or smaller (PM10) ranged from 25 to 50
micrograms per cubic meter (ug/m3) between 2015
and 2018, exceeding the California annual average allowable limit of 20 ug/m3 (CARB 2014). Dust storms,
which commonly occur in the Salton Sea region, create extreme dust concentrations. A study of 10 large
dust-storm events in the Salton Basin during 2015–
2018 found hourly averaged PM10 concentrations to
be 582 ug/m3 during storm events (Evan 2019).
As the Salton Sea continues to shrink due to
climate change and water transfers, more exposed
lakebed will appear, exacerbating dust production
with corresponding effects on air quality. At the current time, the exposed lakebed, also known as playa,
is estimated to contribute up to 9% of the PM10 mass
in the Salton Sea area, compared to 45% from the surrounding desert (Frie et al. 2017). By 2029, the playa
is predicted to occupy an area of approximately 145
square miles (equivalent to 38.6% of the lake area as
it was in 2003), with the PM10 emitted from exposed
shorelines accounting for about 12% of total PM10
mass (Parajuli and Zender 2018). While simple extrapolation predicts increasing PM10 concentration
in the Salton Sea area as more lakebed is exposed,
the geographic distribution of the major sources
of playa dust is less clear. One study suggests that
newly exposed playa emissions will emanate more
from the southwest side of the lake than from the
southeast side (Parajuli and Zender 2018), while a
salt mineralogy study suggests that irregular “puffy”
crusts formed on the southeast shoreline will result in
decreased cohesiveness and higher PM10 emissions
(Buck et al. 2011).

Desert dust, geochemical features
The observed health effects in the region may suggest
geochemical features in common with other desert
environments, but also some features unique to the
Salton Sea. In a general sense, exposure to inert components of desert dust alone may be sufficient to have
health effects. In the Salton Sea area, the ambient
PM10 mass released from the desert is composed primarily of silica and can spread widely during natural
events, such as dust storms, or through human action,
such as tilling fields while farming. Silica has been
shown to cause chronic bronchitis when inhaled over
a long period of time, and it can even cause pneumoconiosis (Schenker 2000).
Epidemiologic studies on dust health effects are
a mixed bag. Studies of dust that reaches Europe
from Saharan storms suggest that any association of
dust-like PM2.5 (particulate matter 2.5 microns or
smaller) with daily mortality is not statistically significant (Karanasiou et al. 2012). However, one study
showed that a daily increase of 10 ug/m3 in PM2.5 in
Barcelona during Saharan dust storm days was associated with increased daily mortality of 5.0%, compared
with 3.5% during non-Saharan dust storm days (Perez
et al. 2008). Dusts and acute respiratory symptoms
do show some predictable associations; one study on
short-term effects of PM10 on pediatric asthma emergency admissions in Athens, Greece, found that a 10
ug/m3 increase in PM10 was associated with a 2.54%
increase in the number of pediatric asthma hospital
admissions (Samoli et al. 2011).
The Salton Sea Basin also contains some geochemical features unique to the region, and these features
may produce toxic components with health impacts
beyond those associated with the simple physical
presence of desert and playa dust particles. For example, in addition to dust emissions from the exposed
playa, the geochemistry of the Sea itself contributes
http://calag.ucanr.edu • JANUARY–MARCH 2022
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aerosol components to the atmosphere, notably
ammonia. The decaying anoxic (oxygen depleted)
ecosystem in the Salton Sea has been estimated to
release 5,700 megagrams of ammonia into the atmosphere each year (Amrhein et al. 2005). Additionally,
geothermal vents associated with a hydrothermally
active fault traversing the southeast margin of the
Salton Sea emit substantial amounts of free ammonia
to the atmosphere due to pyrolytic decomposition of
agricultural runoff and plant matter (Tratt et al. 2011).
Ammonia is corrosive and causes coughing; even at
low concentrations it can
cause nose and throat
Beyond the effects of toxic
irritations. Atmospheric
chemicals in the air from the
ammonia is also involved
in atmospheric photooxilocal geochemistry, particulate
dation reactions, which
matter and bioaerosols from the
are highly associated
with secondary aerosols
agricultural activity in the region
(Pinder et al. 2008).
also may deliver components
Sulfate enrichment in
the Salton Sea playa soil
with potential health effects
could potentially exaceron both agricultural workers
bate the effect of pollen
on people with allergic
and nearby residents.
asthma. One recent
study found a high mass fraction of soluble sulfate
(~29%) in Salton Sea playa, indicating that Mg-sulfate
and Ca-sulfate minerals may be important components of the playa emissions. Moreover, sulfuric acid
may potentiate the early asthmatic response of mild
asthmatic subjects to pollen allergen (Frie et al. 2019;
Tunnicliffe et al. 2001).

Eco-epidemiologal models show that increased hypersalinity and playa dust in the
Salton Sea region are driving bird and fish populations to extinction or extirpation. Photo:
Jonathan Nye
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Agricultural PM sources
The Salton Sea region supports an agriculture economy that depends on irrigation from the Colorado
River, whose runoff is critical to the maintenance of
the Sea. This activity also contributes to the aerosols surrounding the Sea; beyond the effects of toxic
chemicals in the air from the local geochemistry, particulate matter and bioaerosols from the agricultural
activity in the region also may deliver components
with potential health effects on both agricultural
workers and nearby residents (Radon et al. 2004).
In general, biological material derived from animals, microbes and plants may contribute significant
bioactive materials to the atmosphere. For reference,
personal exposure concentrations for PM2.5, inhalable PM and microbial endotoxin for California dairy
workers (not specific to the Salton Sea region) were
reported to be 48 ug/m3, 987 ug/m3 and 453 endotoxin
units per m3, respectively (Garcia et al. 2013). Studies
have shown that occupational exposure to PM at such
levels is associated with changes in pulmonary function and may cause chronic obstructive pulmonary
disease, organic dust toxic syndrome, bronchitis,
pneumoconiosis, rhinitis or asthma (Heederik et al.
1994; Malmberg 1990; Monsó et al. 2004; Schenker et
al. 2005). While dairy and swine activity is not prominent in the Salton Sea region, dust exposure from this
type of farming around the world has been reported to
be directly associated with symptoms such as wheezing, coughing and phlegm production (Dosman et al.
1987; Zejda et al. 1993).
Unfortunately, while interpretation of disease
prevalence differences can be difficult due to differences in multiple factors (see “Confounding factors” below), California and Europe appear to share
similarities in the impact of agricultural activities
on asthma incidence (Malmberg 1990; Schenker
et al. 2005). Differences in exposure type and level
due to various atmospheric contaminant sources
may therefore become significant factors for future
consideration.
Because seasonal crops are the main agriculture
activity in the region, one potential factor contributing to pulmonary disease is the use of pesticides.
Recent studies have detected 14 different pesticides in
runoff water at the Salton Sea (LeBlanc and Kuivila
2008). The health impacts of pesticides are known
to some degree; long-term bipyridilium-class herbicides, for example, have been shown to cause a
decrease in mid-expiratory flow rate (forced expiratory flow, or FEF25-75), which can indicate bronchial hyperreactivity, a component of asthma-like
diseases (Hernández et al. 2008). Another herbicide,
chlorimuron-ethyl, has been shown to cause an increase in the odds risk of wheezing among pesticide
applicators (Hoppin et al. 2006). Phenoxy compounds
in pesticides were also shown to be associated with an
increase in asthma and wheeze among grain farmers

depending on the number of years exposed (Cherry et
al. 2018). Organophosphates, used as insecticides, have
been shown to cause both an increase in wheezing
among adults with long-term exposure (Hoppin et al.
2006) and a decrease in FEV1 (forced expiratory volume in first second), FVC (forced vital capacity) and
FEF25-75 in 7-year-olds who have been exposed to
low-level doses, indicating lung dysfunction (Raanan
et al. 2016).
Unfortunately, while agricuture-generated dusts
and the potential exposure to pesticides might contribute a unique combination of toxic components to
the aerosols in the Salton Sea region, it is not known
whether the levels of these chemicals are high enough
to affect pulmonary health. The range of agricultural
activities at the northern and southern ends of the Sea
may have different contributions to the environmental
effects, but here too we do not have information on
health effects unique to one location versus another.

Juvenile fish, migratory birds and marine crustaceans
increasingly suffer mortalities and hepatotoxicity from
microbial proliferation at the Salton Sea. Photo: David Lo.

Pollen
In addition to agricultural sources of plant-derived
biologically active materials, other airborne biologically active plant sources, notably pollens, can come
from both indigenous wild plants and invasive plant
species in the desert environment surrounding the
Salton Sea. While these wild areas are subject to
changes associated with chronic drought and increasing temperatures, it is not known whether the changing environment contributes to health impacts from
components generated at the Sea itself. However, the
presence of pollen does set the stage for exposures to
an array of environmental allergens, including indoor
household allergens. Pollen can cause pollinosis (hay
fever) and has been linked to asthma incidence (Taylor
et al. 2007). Pollen grains are typically large, ranging
from 15 um to 200 um. Although many intact pollen
grains are too large to penetrate the small airways
where asthma occurs, pollen cytoplasmic fragments
can be respired into the lungs and are likely correlated
with the asthmatic response in allergic asthmatics.
Pollen has also been studied with other typical urban
PMs, such as diesel exhaust particles, for possible synergistic effects. One theory suggests that these other
PMs actually work as carriers for pollen allergens
(Taylor et al. 2007).

Ecosystem degradation
While the combination of a desert environment and
agricultural activity could be sufficient to affect health,
they might not be sufficient to explain the high rates of
asthma in the Salton Sea region. However, the ongoing changes associated with the Sea may be generating
other, perhaps greater, contributing factors, especially
those produced by ecosystem degradation combined
with dust emissions at exposed playa.

Playa crusts at the North Shore of the Salton Sea. As water levels have declined, salinity
levels have increased, and greater playa area is exposed. Photo: David Lo.

In the 20th century, the Salton Sea was a productive and diverse tourist destination, serving as both a
recreational hub and a vital habitat for avian populations (Setmire et al. 1993). With ongoing evaporation
and redirection of freshwater inputs (Tompson 2016),
however, water levels have declined, salinity levels have
increased, and greater playa area is exposed. Coupled
with increased temperatures and prevailing drought,
rising salinity levels and increased dust emissions
detrimentally impact the regional ecology. Among
those most affected are migratory birds, juvenile
fish (Kuperman et al. 2001) and marine crustaceans
(Upadhyay et al. 2018), all of which increasingly suffer
mortalities, hepatotoxicity and damage from microbial
proliferation. Indeed, bacterial pathogens and ectoparasites exploit environmental niches and can potentially
infect nearly all of the wildlife. Given the hypersaline status of the Sea, halophilic microbes, including
cyanobacteria, proliferate (Hawley et al. 2014). These
organisms produce toxins that bioaccumulate, causing
http://calag.ucanr.edu • JANUARY–MARCH 2022
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acute-to-lethal toxicity in birds, such as the eared
grebe (Podiceps nigricollis; Carmichael and Li 2006).
Predator–prey dynamics within the drying Salton
Sea basin exacerbate the decline in vertebrate populations dwelling within this unstable ecosystem, as massive rates of die-off ensue. Over time, the migratory
birds that consumed infected fish suffered great losses,
which was compounded as their diets shifted to feeding almost exclusively on invertebrates (Bradley and
Yanega 2018). These invertebrates often harbor pathogens and dinoflagellates. Eco-epidemiological models
of this novel ecosystem (Chattopadhyay and Bairagi
2001; Upadhyay et al. 2018) show that the region’s unstable ecology has been forced into chaotic dynamics,
as increased hypersalinity and playa dust are driving
bird and fish populations to extinction or extirpation.
Overall, this drying lakebed heavily impacts the ecological systems that rely on the Salton Sea.
Exactly how the instability and degradation of
the Salton Sea region contribute to the air quality
and hence pulmonary health of its human residents
is poorly understood, but it is known that ecological
instability stresses resident microbes (Freund et al.
2022), which can result in the production of toxins,
such as those that cause
algal red tides. Onshore
In the context of the present
winds and breaking
surf promote the release
discussion, we consider the
of the toxins into the
possibility that exposures to the
onshore aerosol. This
happens when, for exenvironment around the Salton
ample, the hypersaline
Sea may provoke pulmonary
cyanobacteria in the Sea
undergo periodic algal
inflammation and a clinical picture
blooms and produce toxthat might not be strictly limited
ins called cyanotoxins,
namely microcystins,
to classic allergic asthma.
such as microcystin-LR
and microcystin-YR (Carmichael and Li 2006). The
high levels of selenium in the Salton Sea, derived from
contamination from surrounding rocks as well as
from mining and agricultural operations, can increase
the microcystins produced by the alga, and these toxins can be released due to the hypersaline conditions
of the Sea (Zhou et al. 2017). Microcystins have been
shown to cause alveolar thickening in human lungs
and an increase in inflammatory cytokines, which
causes lung dysfunction (Li et al. 2016). Cyanobacteria
and microcystins have even been detected in desert
soils (Metcalf et al. 2012), which could contribute
to a baseline level of exposure even when the Sea is
not having an active algal bloom. Additional work
is needed to test whether these microbial factors are
present in significant amounts in both desert and
playa dust before we can consider any potential roles
they may play in local health effects.
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Which asthma?
The discussion to this point has covered diverse local
sources of aerosols, from agricultural activity to pollen to ecological changes in the Salton Sea. Thus, the
stage is set for understanding how the Sea’s changing
environment affects pulmonary health. Within our
proposed miasma framework, the environmental and
ecosystem degradation at the Salton Sea parallels the
original notion of organic decay, producing vapors (in
this case, aerosols) that drive a specific pattern of pulmonary disease.
A detailed discussion of clinical asthma may be
useful as, of course, miasma is not listed among contemporary medical practice differential diagnoses.
Most people associate common asthma with allergic
disease, but in fact clinical asthma is only defined as
airway hyper-reactivity (increased airflow resistance
in response to triggers such as dust, allergens or other
stimulus). Asthma is not strictly dependent on allergic
inflammation or specific allergen triggers (Godfrey
1985). Except for pollen, the aerosol components with
lung toxicity or airway irritant activity described in
this article are not allergens, and so we need to clarify
different ways in which non-allergic asthma-like symptoms can be induced.
First, acute airway hyper-reactivity may occur in
response to a dust exposure, such as in a dust storm, or
by occupational exposure to industrial dusts. This may
be mediated by irritant receptors in the lungs, including those present on specific nerve fibers called c-fibers
(Rogerio et al. 2011), which drive intrinsic physiological responses to the irritants. These responses may
be limited to acute events with no long-term consequences. A second broad category of non-allergeninduced asthma includes those associated with chronic
lung conditions in people with increased susceptibility
to airway hyper-reactivity. While this category can
include asthmas induced by allergic inflammation, it
also includes asthmas caused by chronic occupational
dust exposures. The third category of non-allergeninduced asthmas include asthmas caused by inhalation
of microbial components or by bacterial infections.
The asthmas in all three of the categories described
above can produce symptoms in the absence of an
allergen or allergic response. Thus, different clinical
phenotypes may be present that all fall under the general diagnosis of asthma. At one end of the spectrum
is classic, or atopic, allergen-induced inflammation,
associated with eosinophil (a specialized white blood
cell) infiltration and a characteristic set of allergyassociated cytokines. At the other end of the spectrum
are those asthmas caused by non-allergic inflammatory triggers. These triggers may lead to an inflammatory response involving predominantly neutrophils, a
different set of white blood cells from those involved
in allergen-induced responses, and a different set of
induced cytokines (Douwes et al. 2002). In the context
of the present discussion, we consider the possibility

Aerial drone still of
Bombay Beach off the
shores of the Salton
Sea in Imperial County,
California. As the Salton
Sea continues to shrink
due to climate change
and water transfers, more
exposed lakebed will
appear, exacerbating
dust production with
corresponding effects on
air quality in the region.
Photo: Hal Bergman /
iStock

that exposures to the environment around the Salton
Sea may provoke pulmonary inflammation and a clinical picture that might not be strictly limited to classic
allergic asthma. But to be clear, it does not rule out the
possibility that allergic disease can also be present, and
may in some cases exacerbate airway hyper-reactivity
from other causes.

Mechanisms for exposure
Our discussion extends the potential range of asthma
triggers beyond, though not excluding, allergic disease,
so that the notion of an environmental miasma can
refocus the search for disease mechanisms and the
environmental sources of disease triggers. That is, we
can consider ways in which non-allergic triggers may
be provided by environmental aerosols. From a clinical perspective, this miasmic interpretation may also
change our understanding of the asthma-like symptoms among residents in the Salton Sea region.
Allergic inflammation in response to specific allergens is primarily mediated by soluble biological
mediators called cytokines categorized under what
is called the Th2-dependent type of immune response. In this response, the immune system focuses
on specific antigens, or allergens; here, long-lived
inflammatory cells of the immune system, such as T
lymphocytes, provide the cytokines but also carry
long-lived memory of the allergen, so that re-encounter or persistent exposure to the same allergen leads to
amplified inflammatory responses. This memory response is characteristic of what immunologists refer to
as adaptive immunity. This is distinguished from innate immunity, which relies on the responses of a different set of inflammatory cells, such as neutrophils,
which provide rapid and short-lived responses but
carry no memory of the encounter. Innate immune
responses are characteristically induced by microbial

components, including endotoxins and bacterial cell
walls as well as some virus components. Thus, these
different types of immune responses and associated
inflammations may drive different types of asthmatic
disease, depending on the trigger.
In the context of lung inflammation, allergic (adaptive) immunity also includes a characteristic pathological picture of recruitment and activation of eosinophils
in the airways following exposure to an allergen (Lloyd
and Saglani 2015). In contrast, neutrophil inflammation is associated with both allergic and non-allergic
asthma (Douwes et al. 2002; Seys et al. 2019). The
distinction between these different types of inflammation may help provide important clues as to the types
of environmental components driving pulmonary
disease. They also may help identify links between the
ecosystem changes in the Salton Sea region and the
consequent health effects.
The receptors, signaling pathways and patterns
of gene expression involved in the immune system’s
innate and adaptive responses to activating triggers
vary widely. For example, protein complexes known
as inflammasomes are activated by specific microbial
components (e.g., endotoxin, microbial toxins). These
microbial components, while often not intrinsically
toxic themselves, are harbingers of infection and thus
represent “danger signals” to the immune system
(Hosseinian et al. 2015). The responses of different
inflammasome complexes and related signaling molecules provide characteristic clues both to the environmental trigger and to the lung inflammatory response.
Thus, by identifying the patterns of response to environmental exposures, we can seek to identify characteristic patterns, or “fingerprints,” of responses that are
specific to each type of trigger. Importantly, this can
also provide information on the characteristics of the
lung inflammatory disease that is induced; these characteristics may be critical in distinguishing between
http://calag.ucanr.edu • JANUARY–MARCH 2022
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an allergic (adaptive) inflammation and a non-allergic
(innate) response. The difference between these two
responses is important not only in identifying critical environmental triggers, but also in understanding
the inflammatory disease and associated asthma-like
symptoms discussed above so that the correct diagnosis
and clinical treatment can be applied.

Confounding factors
Although various aerosol dusts may trigger inflammation and contribute to the development of asthma,
this disease process may be complicated by a variety of
airborne factors that might actually moderate asthma
symptoms. The hygiene hypothesis, for example, states
that early exposure to airborne microbes may reduce
the incidence of allergy and some autoimmune diseases by inducing a kind of immune system education,
or regulation (Bach 2002). This hypothesis suggests a
protective role for inflammasomes in diseases such as
allergy and asthma; however, this protective role has to
be reconciled with the proinflammatory role of the inflammasomes. Chronic exposure to aerosolized material from the Salton Sea that contains microbial toxins
may overcome any protective effect and instead drive
chronic inflammation and asthma.
Exposure to agricultural environmental components may also have a moderating effect on the development of asthma. For example, studies have shown that
children raised on a farm tend to have fewer cases of
asthma than children raised elsewhere (Ege et al. 2007).
These effects seem to be modulated by the type of farming done and the animals kept, with pigs providing
some protection from atopic asthma and sheep likely
promoting the disease (Ege et al. 2007). Additionally,
one study found that children who worked on their
family farms had a higher risk for asthma than the
children who lived on a farm but did not do farm work
(Syamlal et al. 2018). This suggests that the protective
effect of farming on childhood asthma may depend on
the scale of work and the specifics of the farm, such as
whether the farm is primarily crop-based or animalbased. It is not known whether crop-based agricultural
activity has any similar effects. The ethnicity of the
farmers also may play a role, as people of color have
higher asthma rates in American farms, reflecting the
trend toward higher asthma rates in people of color in
the overall population (Syamlal et al. 2018).
Further confounding the protective results of farming on asthma, similar rates of asthma have been found
among adults who were raised on a farm and those
raised elsewhere. However, the rate of allergic disease
was found to be far lower in adults raised on a farm,
particularly those who primarily drank raw milk and
worked with farm animals while young (House et al.
2017). Farming as an adult may increase the risk of
asthma or wheezing by as much as two-fold, though
this may be an underestimate due to potential selfselection via the “healthy worker effect,” wherein those
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who begin to experience medical hardships, such as
asthma, retire or find other kinds of work and are thus
no longer counted (Arif et al. 2002).

New research findings
The discussion to this point has been a consideration
of environmental factors that are suspected of contributing to pulmonary disease either because of known
toxicity in other settings or because of correlations
between detectable levels and disease incidence. The
challenge in identifying causal effects in such a complex environmental setting is that the presence of a
toxin does not necessarily mean that exposure levels
are high enough to have a biological effect, and low
levels of chronic exposure may have effects that are
difficult to directly demonstrate. Moreover, toxic components may be present that have simply not yet been
identified or measured.
Thus, to develop a more direct assessment of the
health impacts of aerosols in the Salton Sea region,
our collaborative group has been collecting materials
from the Salton Sea environment and exposing mice
to the aerosols generated by them. For this purpose, in
our studies we developed an environmental exposure
chamber. In studies to validate the system (Peng et al.
2018), mice were continuously exposed to the aerosol of
a common household fungal allergen. As a result, the
mice developed a characteristic allergic inflammatory
response, with both neutrophil and eosinophil recruitment into the lung and corresponding inflammatory
gene induction.
With an in vivo assay for biological effects of aerosols on pulmonary inflammation, we can test whether
aerosols generated from Salton Sea material induce allergic inflammation and/or asthma. We collected water
directly from sites around the Sea and subjected mice
to the aerosols generated from the different samples
(Biddle et al. 2021). We did not detect allergic inflammation in the mice following exposure, but we did
detect a novel gene expression consistent with inflammation. Follow-on studies using aerosols generated
from dust collected near the Sea (Biddle et al., preliminary unpublished data) also induced inflammatory
lung responses, including recruitment of neutrophils,
but no eosinophils and no gene expression indicative of
allergic inflammation.
By contrast, aerosols from materials we collected
from sites distant from the Sea (e.g., near Palm Springs
or the Pacific Ocean) did not induce lung responses.
Thus, it appears that Salton Sea aerosols, whether
from the water or from the dust, induce responses
characteristic of inflammation, but not allergic inflammation. While some aspects of the inflammation are
novel, many of the features are most consistent with
innate immune responses, which could be induced by
microbial toxic components or by other components
not yet identified. Additional studies are needed to
test any direct link to asthma, but it is suggestive that

a non-allergic inflammation is induced by Salton Sea–
specific components. Moreover, the evidence so far is
also consistent with the notion that the degradation of
the Salton Sea ecosystem provides components unique
to the region that promote lung inflammatory disease.
Thus, our modern framing of miasma in this region
may indeed have supporting evidence from modern
research methods and results, and the findings militate
toward a re-evaluation of the relationship between
changes at the Salton Sea and local health effects.
Regardless of how we might frame this story, much
more research is needed on dissecting the connection between the Salton Sea and pulmonary health in
nearby communities. Most approaches toward mitigation have focused on the usual suspects, related only
toward the engineering aspects of dust production at
the playa. The framing of the health risks as a contemporary version of environmental miasma may help
direct resources toward research on ecosystem dynamics as a primary factor in community health impacts.
While this reframing is likely to complicate mitigation
efforts, it will also promote more integrated analysis of
the dynamics of the region and may lead to more sustainable strategies.

Coda: A new miasma framework
Superseded by current germ theory, the miasma theory
of illness is now seen as an outdated way of looking at
epidemiology. Miasma theory, as commonly understood, was a way to direct attention toward the local
ecology to explain the origin and propagation of some
epidemic diseases. Early miasma theory may have been
superseded by modern germ theory, but bad odors and
polluted air persist today. The perspective presented
here is aimed at providing a new rationale for updating
miasma theory and a context for considering its impact
in affected communities. This includes consideration of

the Salton Sea communities themselves. The high incidence of asthma in the region largely affects persons of
color, many of whom have lower socioeconomic status
and live in medically underserved areas. While health
disparities might be too easily attributed to these kinds
of proximate social determinants, it might instead be
more logically explained by a series of consequences:
low-income, affordable housing in a limited geographical range followed by exposure to toxic aerosols produced as a consequence of environmental degradation.
With modern scientific approaches to the biology of
asthma in the Salton Sea region, including closer study
of the toxic aerosols produced near and from the Sea,
we can now re-examine the relationship of its residents
to their environment and re-frame the concept of miasma as a matter of environmental degradation with
consequences for communities independent of their
social status. c

The framing of
the health risks as
a contemporary
version of
environmental
miasma may help
direct resources
toward research
on ecosystem
dynamics as a
primary factor
in community
health impacts.
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Impacts of winter cover cropping on soil
moisture and evapotranspiration in California’s
specialty crop fields may be minimal during
winter months
Results from a 3-year study suggest that processing tomato and almond growers can adopt winter
cover cropping without changing irrigation practices.
by Alyssa DeVincentis, Samuel Sandoval Solis, Sloane Rice, Daniele Zaccaria, Richard Snyder, Mahesh Maskey, Anna Gomes, Amélie Gaudin and
Jeffrey Mitchell
Online: https://doi.org/10.3733/ca.2022a0001

W

ater usage for agricultural production has
become a focus of attention among researchers, growers, policymakers and the
general public as the combination of climate change
and population growth threatens the availability of
freshwater resources (IPCC 2014). For irrigated agriculture to be sustainable, land use decisions must
consider water as a limiting factor; however, empirical data on water implications of many sustainable
agricultural practices is lacking (Iglesias and Garrote
2015; Rodriguez et al. 2009). The lack of such information can lead to low adoption of sustainable agricultural practices, such as with winter cover cropping in
California (Carlisle 2016).
Although winter cover crops — a wide variety of
plants that includes native grasses or seed mixes of
annual grasses and legumes — have emerged as a sustainable agricultural management practice, they are
not yet commonly adopted in the semi-arid Western
states and are grown on less than 5% of farmland in
California (Soil Health Institute 2019), potentially due
to uncertainties about the water required to establish
and maintain a cover crop and the costs associated
with cover cropping. Winter cover crops grow in the
cool season between specialty crop production cycles
— when the land would otherwise be left fallow — and

Abstract
As fresh water supplies become more unreliable, variable and expensive,
the water-related implications of sustainable agriculture practices such
as cover cropping are drawing increasing attention from California’s
agricultural communities. However, the adoption of winter cover
cropping remains limited among specialty crop growers who face
uncertainty regarding the water use of this practice. To investigate
how winter cover crops affect soil water and evapotranspiration on
farm fields, we studied three systems that span climatic and farming
conditions in California’s Central Valley: processing tomato fields with
cover crop, almond orchards with cover crop, and almond orchards with
native vegetation. From 2016 to 2019, we collected soil moisture data (3
years of neutron hydroprobe and gravimetric tests at 10 field sites) and
evapotranspiration measurements (2 years at two of 10 sites) in winter
cover cropped and control (clean-cultivated, bare ground) plots during
winter months. Generally, there were not significant differences in soil
moisture between cover cropped and control fields throughout or at the
end of the winter seasons, while evapo-transpirative losses due to winter
cover crops were negligible relative to clean-cultivated soil. Our results
suggest that winter cover crops in the Central Valley may break even in
terms of actual consumptive water use. California growers of high-value
specialty crops can likely adopt winter cover cropping without altering
their irrigation plans and management practices.

Co-authors Alyssa DeVincentis and Sloane
Rice install surface renewal equipment at
Davis. New UC field research indicates that
growers who farm processing tomatoes
and almond trees in the Central Valley
can potentially benefit from soil health
advantages associated with winter cover
cropping without increasing their water
footprint. Photo: Jose Pablo Ortiz Partida
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offer extensive soil-related benefits (e.g., soil health and
erosion control) for agriculture in many climates and
production systems (Delpuech and Metay 2018; Keating
et al. 2010; Lu et al. 2000; Pieters and McKee 1938;
Shackelford et al. 2019).
Two of the most prominent crops in California in
terms of acreage, processing tomato and almond, are
produced amidst a combination of pressures that affect
their management decisions (California Department
of Food and Agriculture 2018). Growers must manage
water resources to meet the unique agronomic requirements of their crops within a highly engineered system
of surface water deliveries, while complying with environmental regulations, and under a changing climate
that is creating increasingly variable, more expensive
and often unreliable water supplies (Aguilera et al.
2013; Hanak et al. 2019; Pathak et al. 2018). To compound the situation, major institutions responsible for
designing and implementing agricultural management
policies, such as government agencies that manage
water or promote land conservation, may push farmer
priorities in opposing directions if their recommendations are not in agreement with each other.
Previous research suggests that cover crops may
cause increased soil moisture depletion and calls for a
more comprehensive analysis of the impacts of winter
cover cropping on soil moisture and evapotranspiration
in California’s specialty crop industries (Mitchell et al.
2015; Mitchell et al. 2008). However, past research is
often dated or has been conducted in temperate regions
of the United States not facing similar agricultural
challenges as California (McVay et al. 1989; Prichard
et al. 1989). While growers anticipate benefits from
winter cover cropping, they lack concrete information
to decide if the potential water footprint is worth the
operational costs and potential hurdles associated with
this practice (DeVincentis et al. 2020; Sarrantonio and
Gallandt 2003).
As a result of recurrent drought conditions in
California, there is a need to quantify how winter cover

cropping affects soil moisture and evapotranspiration
on agricultural production fields across specialty cropping systems and climate gradients in California. This
is a critical step in understanding the water-related
implications of winter cover cropping and barriers to
adoption of this sustainable farming practice in semiarid irrigated systems. Our findings have implications
for growers, water resource planners and managers,
and policy makers working at the interface of agricultural production and resource conservation in the
water-limited context of California and other western
U.S. states.

Quantifying water budget
components
Winter cover crops may affect the water budget on
farms in the short-term through improved infiltration
and rainfall capture, soil erosion control, changes in
actual evapotranspiration losses, dew capture, and soil
cooling; or in the long-term through increased organic
matter content that improves soil-water dynamics (Basche et al. 2016; Lu et al. 2000; Tautges et al. 2019; Ward
et al. 2012). Our goal was to assess how winter cover
crops affect two of these components, i.e., soil moisture
and field evapotranspiration, during the period from
late fall to early spring on irrigated tomato and almond
production fields in California’s Central Valley. To
quantify these parameters, we established comparative
plots of winter cover crops and bare ground (clean-cultivated soil), serving as control, in the two crop systems
across California’s broad climate gradient. Study sites
were located in the northern Central Valley near Chico,
an area that has an average annual precipitation of 30
inches, and the southern San Joaquin Valley, where precipitation is about 5 inches per year. Our research team
first analyzed the soil water content using soil moisture
measurements, and then determined water losses due
to actual evapotranspiration (ETa) using the residual of
the energy balance (REB) method on a subset of fields
(fig. 1). The resulting data sets were then analyzed and
interpreted to estimate the impacts on soil water content and water losses by comparing cover cropped and
control plots at each study site.

Experimental design

Cover crop and control side by side in Firebaugh. Photo: Jeffrey Mitchell
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The study was conducted over a 3-year field campaign
on commercial production farms and research sites
throughout the Central Valley from 2016 to 2019. We
established 10 field sites through partnerships with
eight commercial farms (in Orland, Chico, Durham,
Dixon, Merced, Firebaugh, Shafter and Arvin) and
two experimental facilities located at University of
California Agricultural Experimental Stations (Davis
and Five Points) to represent the diversity of tomato
and almond operations within the Central Valley (fig.
2). Variables differing among sites included annual
precipitation, average temperature, past use of winter
cover crops, soil type and management history, and

Evapotranspiration
3-D sonic
anemometer
(H)

Net radiometer (Rn)

Soil Moisture
Thermocouples (H’)

Soil heat
flux (G)
Gravimetric
soil samples

Neutron hydroprobe

FIG. 1. Schematic of data collection on winter cover cropped and control (bare
ground) fields. Illustration: Larken Root.
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whether it was an annual (tomato) or perennial (almond) cropping system.
To represent the distinct priorities and management preferences between processing tomato and
almond orchard systems, we selected sites that manage
three types of winter cover crop systems: (1) cover crop
(usually a mix of peas and oats) planted in fields where
processing tomatoes are grown in rotation with other
annual crops, referred hereafter to as annual rotation
fields, (2) cover crop planted in the tree inter-rows of
almond orchards and (3) native vegetation (grasses)
allowed to grow in tree inter-rows in almond orchards,
which represents the simplest orchard floor management practice.
A replicable experimental design was implemented
at each study site while working within the grower’s
capacity and means to accommodate the data collection process. On-farm experimental design included
a cover cropped area to be compared with a control
area (clean-cultivated) of at least 4 acres in the annual
rotation fields, and at least four rows in the almond
orchards (table S1 in the online technical appendix).
Vegetative growth in the control areas was suppressed
with herbicide application once in the fall at most sites.

Data collection
The soil moisture data collection process generally
started in late fall for all sites (as early as October)
and continued until early spring (as late as March) for
the annual rotation fields and early summer (as late
as June) for almond orchards from 2016 to 2019. We
used a neutron hydroprobe (Campbell Pacific Nuclear, Martinez, Calif.) to measure seasonal changes
in soil moisture between winter cover cropped and
control plots at all sites with replications in time to
varying degrees. A minimum of four neutron hydroprobe access tubes were installed in each treatment
area at each study site to enable soil moisture readings
between 0.15 meter [m] below the soil surface and
2.7 m deep at 0.30-m increments if site conditions
permitted. Soil samples were taken during the installation of the access tubes and sporadically throughout
the field campaign (Grismer et al. 1995). Analytical
determinations of the gravimetric water content were
conducted on 2,755 soil samples to validate results
from the neutron hydroprobe readings.
The ETa of the winter cover cropped and control
plots was determined for two sites (Davis and Five
Points) for a period across 2017–2018 with the REB
method using the surface renewal (SR) technique and
equipment. The REB method calculates the latent
heat flux (LE) as the residual of the surface energy
balance, which is then used to determine ETa. Further
information on the methodology and equipment
used to collect data on changes in soil moisture and
evapotranspiration are provided in the online technical appendix.

FIG. 2. Map of data collection sites at eight commercial production farms and two
University of California research farms. Source: USGS.
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Data processing
The substantial set of experimental data provided an opportunity
to estimate the effects of cover cropping on soil moisture and ETa
despite its inconsistencies in time and space, which were due to
the inherent challenges faced in a field research study covering a
large geographic area and involving dozens of on- and off-farm
collaborators.
Analyzing soil moisture. We analyzed (1) statistical differences
between soil moisture for each individual day and depth of data collection, (2) trends in a study site’s soil moisture ratio and (3) trends in
the change of fractional soil moisture over the winter season for each
winter cover cropping system.
Data sets were first analyzed to determine the percent of time
and depth along the soil profile when soil moisture content differed
between winter cover crop and control plots at each study site. This
was done using two measurement methods: neutron hydroprobe
and gravimetric soil moisture. A series of t-tests were conducted using R software package (version 3.6.0; R Foundation for Statistical
Computing, Vienna, Austria) to evaluate the significance of the treatment factor (i.e., winter cover crop versus control) on soil moisture
using all measurements collected on a given day and at a given depth
for a particular site. We conducted a total of 3,755 tests from the neutron hydroprobe and 323 tests from gravimetric soil determination of
soil samples.
Based on the results of our analysis, the neutron hydroprobe data
was used to analyze trends in soil moisture over time. Neutron hydroprobe counts were first aggregated by study site, day, depth and
treatment. The counts were used to calculate soil moisture ratios by
dividing the average neutron hydropobe count from each depth of
the winter cover cropped plot by the average count from the corresponding control plot. A soil moisture ratio greater than 1 indicated
relatively more water in the cover cropped plot compared to the
control.
Then, fractional soil moisture was calculated for the top 1.2 m of
the soil profile to identify trends in cover crop systems. To calculate
fractional soil moisture at each site and each day of data collection,
we normalized the average neutron hydroprobe count by the maximum soil moisture measured at the corresponding treatment, site
and season. The maximum soil moisture was determined separately
for each treatment to account for potential differences in soil hydraulic properties between the individual plots. This process identified a
point of relative saturation, i.e., the day when soil in each treatment
plot reached its maximum moisture content and allowed us to see
how the soil moisture content in each treatment changed over the
season. The resulting data set of fractional soil moisture was used
to compare the percentage of peak soil moisture retained by cover
cropped and control plots at the end of the winter season, providing a
method to identify trends in a heterogeneous data set.
Analyzing evapotranspiration. Data sets of the surface energy
balance parameters collected using micro-meteorological measurements were analyzed and the REB method was used to quantify the
actual water losses (ETa) in winter cover cropped and control plots.
We compiled and used three data types for the analyses: weather, preflux and energy balance data (Paw U et al. 1995; Snyder et al. 1996).
Further information on the methodology used to quantify the ETa is
provided in the technical appendix. Additional information on the
SR and sonic anemometer analysis used in this research are fully discussed by Shapland et al. (2012).
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Co-author Alyssa DeVincentis taking baseline soil samples in Davis in
2016. Photo: Sloane Rice

To compare ETa of cover crop and control fields with reference
grass surface, reference evapotranspiration (ETo) values were obtained from the nearest weather stations of the California Irrigation
Management Information System network (https://cimis.water.
ca.gov/): number 6 (Davis) and number 2 (Five Points).

Soil moisture
Soil moisture was generally not statistically different (P-value < 0.05)
between cover cropped and control plots at individual sites during the
winter season (table 1, fig. 3). Of the 3,785 unique depth-day combinations from the neutron hydroprobe data set, 520 (14%) were statistically different; of the 337 unique combinations from the gravimetric
soil water content data set, 39 (12%) were statistically different. The
trend of minimal difference in soil moisture from the neutron hydroprobe data set was confirmed with results from the gravimetric soil
moisture determination (fig. 3); therefore, the remainder of analyses
were based on the neutron hydroprobe data set, which is more extensive and detailed in time and space.
We found different patterns of soil moisture trends for each cover
cropping system (fig. 3). Annual rotation fields with a winter cover
crop showed the widest range of soil moisture, with percentage of time
when soil water content differed ranging from 2% to 29% with respect
to control plots. This high variability may be a function of the specific
management history on each field, which differed among the four annual rotation field sites, as well as the soil- and crop-specific impacts
on soil moisture and evapotranspiration of winter cover cropping.
Almond orchards with winter cover crop showed a more consistent
behavior, possibly because almonds are grown on a narrower range of
soils than processing tomatoes in California with low to no soil disturbances. The soil moisture at these almond sites was not statistically
different (P-value < 0.05) between the winter cover cropped area and
the control over 95% of the time. These sites had the fewest depth-date
combinations to analyze (959) and did not grow winter cover crops
before the present experiment. Almond orchards that allowed growing native vegetation as a winter cover crop showed differences in soil

TABLE 1. Summary of neutron hydroprobe data collected from 10 Central Valley research sites, 2016 to 2019
Percentage of depth-dates combinations with
more water in each treatment

Latitude

No. days of data
collection

No. depth-date
combinations used
in analysis

Davis

38.55

47

423

0.2

2.1

Dixon

38.51

32

288

2.8

4.2

Firebaugh

36.73

21

208

18.8

0.5

Five Points

36.34

41

342

3.2

25.4

Chico

39.8

29

199

0.0

3.0

Merced

37.37

45

450

0.9

2.0

Arvin

35.20

31

310

3.2

1.6

Orland

39.67

62

519

0.0

11.2

Durham

39.61

60

553

0.7

27.8

Shafter

35.53

50

463

6.9

15.1

3.7

9.3

Site location

Winter cover crop

Control

Cover crop in annual rotation fields

Cover crop in almond orchards

Native vegetation in almond orchards

Average of all sites

Neutron probe

Gravimetric water content

Orland

Shafter

Durham

Arvin

Merced

Chico

Davis

Dixon

Firebaugh

Five Points
0
Type

10

20

Annual rotation field with winter cover crop

30

0

10

Almond orchard with winter cover crop

20

30

Almond orchard with native vegetation

Percent of time soil moisture differs between treatments (%)

FIG. 3. Percent of observations (depth-date combinations) when soil moisture differs between treatments (winter cover
cropped and control plots, P-value < 0.05). Values are based on all available data for each site over the entire time period
of data collection from 2016 to 2019.
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moisture with a slightly higher frequency, i.e., an average of 20% of the time.
In this study, rootzone depths for cover crops vary
due to the different types of cover crops grown. Despite
this variation, there are interesting trends in the instances where soil moisture differed between winter
cover cropped and control plots. Difference in soil
moisture occurred most often in the cover crop active
uptake water zone between 0 cm and 120 cm, averaging
83% across the study sites (table 2). Future studies may
only need to look at this part of the soil profile to further investigate the soil moisture and evapotranspiration impacts of winter cover crops over time.
For almond orchards, the instances when soil
moisture differed reveal contrasts between the use of
winter cover crop and native vegetation. Orchard plots
with winter cover crop show infrequent differences

relative to the control plots (fig. 3). These sites had not
used winter cover crop before the present study and
may provide insight into what growers can expect during the transitional period when a farm starts implementing this practice. When native vegetation was
used as a winter cover in almond orchards, the soil
moisture in the control area is often greater. During
the data collection campaign, we noticed that during
intense winter precipitation events, water pooled on
the surface of those orchard rows in control plots more
than in cover cropped plots. Pooled water creates unfit
farming conditions that could prevent or complicate
the use of machinery or trigger the occurrence of
anaerobic conditions in almond orchards during the
winter. The presence of a winter cover may be reducing
compaction and improving infiltration, facilitating
vertical and lateral water movement.

TABLE 2. Summary of instances when soil moisture differs between winter cover crop and control (bare ground)
agricultural fields in California’s Central Valley
Percentage of depth-dates where soil moisture differs
between treatments

Winter cover crop system

0–120 cm
Cover crop in annual rotation fields

93

7

Cover crop in almond orchards

85

15

Native vegetation in almond orchards

78

22

Average of all sites

83

17

Almond orchards with native vegetation
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FIG. 4. Ratio of soil
moisture content at four
study sites based on all
available data for each
site over the entire time
period of data collection
for the first two seasons
(fall 2016 to spring 2017
and fall 2017 to spring
2018). A ratio greater than
one indicates relatively
more water in the cover
cropped plot compared to
the control.
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Davis

Dixon

0.9

1.0

1.1

1.2

1.5

Ratio of soil water in cover crop to control plots

Site

0.8

1.2

Ratio of soil water in cover crop to control plots

Treatment

Winter cover crop

Control

Fractional soil moisture at the end of
winter cover crop season
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Almond orchard with winter
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FIG. 5. Box plots of fractional soil moisture averaged across 1.2 m at the end of the winter cover crop season offer a
comparison of the percentage of peak soil moisture retained by cover cropped and control plots in annual rotation fields
and almond orchards.
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FIG. 6. Bi-weekly and cumulative actual evapotranspiration (ETa) for winter cover cropped and control (bare ground)
plots on annual rotation fields and reference evapotranspiration (ETo). Data was collected during the winter cover
crop season of November 2017 to February 2018.
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A closer look at the individual sites within a single cover crop
system reveal important differences between sites that are similar
in cover cropping practice, location and precipitation patterns. The
aggregated soil moisture ratios for seasons 1 and 2 show that winter
cover crops or native vegetation can impact soil moisture on neighboring production fields in different ways (fig. 4). Examining sites
with similar pedoclimatic conditions shows significant differences
based on vegetative growth and diversity of cover crop mix. For
instance, in the almond orchards the plots with thicker vegetation
showed a lower ratio (i.e., more water in the control plot), while in the
tomato fields the plots with a mixture of over a dozen cover crop seed
species showed a higher ratio (i.e., more water in the cover crop plot)
than the plots with a three-seed mix (technical appendix).
Given the differences between study sites, in particular sites in
similar climates and soils as previously discussed, there are not significant differences in soil moisture at the end of the winter season
when results from all seasons and sites are aggregated (fig. 5). On
average, the production fields in this study never lost more than 15%
of fractional soil moisture from peak soil moisture by the end of
the winter cover crop season, for either winter cover crop or control
treatments. This result reveals that soil moisture retention was not
observably different between treatments in aggregate.

Evapotranspiration
Our research team measured ETa over the course of two winter cover
crop seasons from 2016 to 2018. The measurements conducted during
the first year of data collection provided a proof of concept for monitoring ETa over a winter cover crop and allowed the research team to
refine the data collection protocols and data management system. We
report ETa values determined from the data collection period of the
second year (November 2017 to February 2018), where a ten-fold difference in precipitation between the two sites, Davis (125 millimeters
[mm]) and Five Points (12 mm), allow for a climatic comparison from
November 15, 2017, to February 20, 2018.
The difference in seasonal cumulative ETa between winter cover
cropped and control ground is negligible in both Davis (3 mm) and
Five Points (18 mm) (fig. 6). The cumulative ETa in Five Points is
greater than the amount of precipitation in the same time period, but
may have been fed by preceding rainfall and some stored soil moisture, and these differences in evapo-transpirative water use can be
considered insignificant in the scheme of annual water requirements
for processing tomatoes, which are between 450 mm and 500 mm.
The bi-weekly cumulative ETa values in Davis reveal that during
periods of abundant precipitation, such as in January 2018, consumptive water losses are actually greater in the control plot and are
mainly due to soil evaporation from bare ground. During wet years,
it would be advantageous to have a winter cover crop to slightly
reduce evapo-transpirative water losses from the top soil layers. In
the drier climate in Five Points, the bi-weekly ETa from the winter
cover crop was always slightly higher than the control; however, this
measured ETa may also include condensed moisture that the cover
crop captured from dew and fog and the cumulative water losses are
minimal overall.

Applications and limitations
The findings from this study may be useful for specialty crop growers in the Central Valley for several reasons. Growers with annual
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fields in rotation with processing tomatoes may experience a variety
of changes in soil moisture resulting from winter cover cropping
depending on their unique characteristics, such as soil type or management history. Their fields may experience some extra consumptive
water losses through evapotranspiration during dry winters, but the
water used by winter cover crops amounts to less than a single irrigation event (1 inch) and less than 10% of field ETo. This small cost
may be offset by the possibilities of increased soil moisture, increased
organic matter content, reduced erosion and nutrient losses, and improved soil health after cover cropping for multiple years, which this
study did not capture.
Additionally, cover crops can improve the effectiveness of applying water during the dormant season to refill the soil profile and
leach salts. These combined potential management implications
could incentivize winter cover cropping for specialty growers of annual crops that are concerned with late winter rains delaying cover
crop termination, thereby preventing complications with contractual
obligations (DeVincentis et al. 2020).
Almond sites showed slightly more frequent differences in soil
moisture due to winter cover, but the inter-row cover and almond
trees mostly occupy different spatial niches. Growers with young almond orchards (fewer than 3 years old, before they produce almonds)
can take advantage of the soil health benefits of winter cover crops
while their orchards are not yet producing almonds without experiencing any changes in soil moisture due to winter cover cropping.
Growers with almond orchards who lease their farmland can allow
native vegetation to grow as a winter cover crop to enhance their
rhizosphere ecology without incurring costs that may impact their
business schemes. However, it is important to note that timing of
winter cover crop termination is key to having these benefits realized,
avoiding delays in normal farming operations, and preventing soil
moisture depletion due to extra ET when the temperature increases.
Because the research sites included commercial production fields,
these findings are representative of the reality that farmers experience in California. However, our study is limited by the inherent
challenges of field-based agricultural research. There are limitations
to the extent of control in the experimental design when conducting research on commercial farms. Additionally, our sites differed
in management history, years of cover cropping, motivations for
growing cover crops, operational resources, type of cover cropping,
location, rainfall, timing of cover crop termination, and soil characteristics, just to name a few variables. Despite these limitations,
however, collecting data at each of these sites allowed researchers to
create a diversified data set with thousands of measurements and to
design a careful data analysis process.
The aforementioned limitations can be addressed in future studies
that will benefit from the analytical results obtained and the lessons
learned during our field research. Future research efforts aiming to
better understand soil moisture changes that result from winter cover
cropping could target only soil depth up to 1 m (estimated maximum
active rootzone for cover crops), and at the same time increase the frequency of data collection, including before and after rain events. Such
research should look into the rain response impacts of winter cover
crops that could be captured with in-situ soil moisture sensors, which
do not require the regular site visits that are necessary when using
neutron hydroprobes.
Future research efforts to monitor how winter cover crops affect
actual field ET are necessary to build on the initial conclusions drawn
in this paper. The ET data presented here is limited in its scope of

annual rotation fields for 2 years, and future work should aim to (1)
produce longer time series of data up to and including the summer
months and (2) quantify the impacts of different cover crop types and
practices. However, to our knowledge, the data we presented in this
article is the first of this kind in California and can act as a valuable
starting point to build upon with additional and complementary data
sets and analyses.
Given the combined agronomic, hydrologic, regulatory and climatic pressures facing California specialty crop growers, there is a
need to identify sustainable agricultural practices that reduce the
environmental impacts of farming without complicating other farm
management choices. The results from our study suggest that growers
can potentially benefit from soil health advantages associated with
winter cover cropping with minimal water use by cover crops and
without having to change their spring-summer irrigation plans and
water management decisions. C

A. DeVincentis is Director of Science & Technology, Vitidore, Inc., and previously
was Ph.D. Candidate, UC Davis; S. Sandoval Solis is Associate Professor and UC
Cooperative Extension (UCCE) Specialist, Department of Land, Air and Water
Resources, UC Davis; S. Rice is Business Operations Manager, Vitidore, Inc., and

previously was Junior Specialist, UC Davis; D. Zaccaria is Associate Professor in
Agricultural Water Management for UC Cooperative Extension, Department of Land,
Air and Water Resources, UC Davis; R Snyder is Biometeorology Specialist, Emeritus,
UC Davis; M. Maskey is Postdoctoral Scholar, UC Merced; A. Gomes is Ph.D. Student,
Stanford University, and previously was Undergraduate Student, UC Davis; A. Gaudin
is Associate Professor, Department of Plant Sciences, UC Davis; J. Mitchell is UCCE
Cropping Systems Specialist, Department of Plant Sciences, UC Davis.
This research was funded by a California Department of Food and Agriculture
Specialty Crop Block Grant (grant agreement number 15037), the Climate Change,
Water, and Society IGERT at UC Davis (NSF DGE 1069333), and the Almond Board of
California (grant 19-STEWCROP7-Gaudin). This research was made possible thanks
to the cooperation and dedication of our partner farmers: Rory Crowley, Nicolaus
Nut Co., Chico, Calif.; Dax Kimmelshue and Candace Gallion, Kimmelshue Orchards,
Durham, Calif.; Brian Bly, Hart Nut Co., Orland, Calif.; Rich Collins, The Collins Farm,
Davis, Calif.; Israel Herrera, LTRAS Project, Davis, Calif.; Greg Wegis, Wegis and Young,
Bakersfield, Calif.; Alan Sano and Jesse Sanchez, Sano Farms, Firebaugh, Calif.; John
Bender, Bender Orchards, Shafter, Calif.; Jeff Bergeron, Castle Farms, Merced, Calif.;
Merph Solorio, UC Field Station, Five Points, Calif. Thank you to Cynthia Creze, Eric
Kent, Cayle Little, Octavio Lagos and José Pablo Ortiz Partida for their assistance with
field trials and instrumentation. Thank you to Daniel Munk and Khaled Bali for their
guidance with experimental design. Thank you to Lara Ibrahim and Holly Williams
for assistance with digitizing data. Thank you to Anil Shrestha, Majdi Abou Najm
and Hervé Guillon for guidance on statistical analysis. Thank you to Ellen Bruno for
providing thoughtful reviews on an earlier version of this manuscript.

References
Aguilera E, Lassaletta L, Gattinger A, Gimeno BS. 2013. Managing soil carbon for climate
change mitigation and adaptation in Mediterranean cropping
systems: A meta-analysis. Agr
Ecosyst Environ 168:25–36.
https://doi.org/10.1016/j.
agee.2013.02.003

DeVincentis AJ, Sandoval
Solis S, Bruno EM, et al. 2020.
Using cost-benefit analysis
to understand adoption of
winter cover cropping in California’s specialty crop systems.
J Environ Manage 261:110205.
https://doi.org/10.1016/j.jenvman.2020.110205

Allen RG, Pereira LS, Raes D,
Smith M. 1998. Crop Evapotranspiration - Guidelines for
Computing Crop Water Requirements. FAO irrigation and drainage paper 56. Rome: Food and
Agriculture Organization of the
United Nations. www.fao.org/
docrep/X0490E/X0490E00.htm

Delpuech X, Metay A. 2018.
Adapting cover crop soil coverage to soil depth to limit
competition for water in a
Mediterranean vineyard. Eur
J Agron 97: 60–9. https://doi.
org/10.1016/j.eja.2018.04.013

Basche AD, Kaspar TC, Archontoulis SV, et al. 2016.
Soil water improvements
with the long-term use of a
winter rye cover crop.” Agr
Water Manage 172:40–50.
https://doi.org/10.1016/j.agwat.2016.04.006
[CDFA] California Department
of Food and Agriculture. 2018.
California Agricultural Statistics
Review 2017-2018. www.cdfa.
ca.gov/statistics/PDFs/201718AgReport.pdf
Carlisle L. 2016. Factors influencing farmer adoption of soil
health practices in the United
States: A narrative review. Agroecol Sust Food Syst 40(6):583–
613. https://doi.org/10.1080/21
683565.2016.1156596

Grismer ME, Bali KM, Robinson
FE. 1995. Field-scale neutron
probe calibration and variance
analysis for clay soil. J Irrig Drain
E-Asce 121(5):354–62. https://
doi.org/10.1061/(Asce)07339437(1995)121:5(354)
Hanak E, Escriva-Bou A, Gray B,
et al. 2019. Water and the Future
of the San Joaquin Valley. February 2019. San Francisco: Public
Policy Institute of California.
www.ppic.org/publication/
water-and-the-future-of-thesan-joaquin-valley/
Iglesias A, Garrote L. 2015. Adaptation strategies for agricultural
water management under
climate change in Europe. Agr
Water Manage 155:113–24.
https://doi.org/10.1016/j.agwat.2015.03.014

[IPCC] Intergovernmental Panel
on Climate Change. 2014. Climate change 2014: synthesis
report. Contribution of Working
Groups I, II and III to the fifth
assessment report of the Intergovernmental Panel on Climate
Change. Cambridge, United
Kingdom: Cambridge University
Press.
Keating BA, Carberry PS, Bindraban PS, et al. 2010. “Eco-efficient
agriculture: concepts, challenges, and opportunities.” Crop
Sci 50(Mar/Apr 2010):S109–19.
https://doi.org/10.2135/cropsci2009.10.0594
Lu YC, Watkins KB, Teasdale JR,
Abdul-Baki AA. 2000. Cover
crops in sustainable food production. Food Rev Int 16(2):121–
57. https://doi.org/10.1081/
Fri-100100285
McVay KA, Radcliffe DE, Hargrove WL. 1989. Winter legume
effects on soil properties and
nitrogen fertilizer requirements.
Soil Sci Soc Am J 53(6):1856–62.
Mitchell JP, Shrestha A, Irmak S.
2015. Trade-offs between winter
cover crop production and
soil water depletion in the San
Joaquin Valley, California. J Soil
Water Conserv 70(6):430–40.
https://doi.org/10.2489/
jswc.70.6.430
Mitchell JP, Peters DW, Shennan
C. 2008. Changes in soil water
sotrage in winter fallowed and
cover cropped soils. J Sustain
Agr 15(2-3):19–31. https://doi.
org/10.1300/J064v15n02_04

Pathak TB, Maskey ML, Dahlberg
JA, et al. 2018. Climate change
trends and impacts on California
agriculture: A detailed review.
Agronomy 8(3):25. https://doi.
org/10.3390/agronomy8030025
Paw U KT, Qiu J, Su H-B, et al.
1995. Surface renewal analysis: A new method to obtain
scalar fluxes. Agr For Meteorol
74(1):119–37. https://doi.org/
10.1016/0168-1923(94)02182-J
Pieters AJ, McKee R. 1938. The
use of cover and green-manure
crops. In USDA Yearbook of Agriculture. p 431–44. Washington,
DC: US Government Printing
Office.
Prichard T, Sills W, Asai W, et
al. 1989. Orchard water use
and soil characteristics. Calif
Agr 43(4):23–5. https://calag.
ucanr.edu/Archive/?article=ca.
v043n04p23
Rodriguez JM, Molnar JJ,
Fazio RA, et al. 2009. Renew
Agr Food Syst 24(1):60–71.
https://doi.org/10.1017/
S1742170508002421
Sarrantonio M, Gallandt E. 2003.
The role of cover crops in North
American cropping systems. J
Crop Production 8(1-2):53–74.
https://doi.org/10.1300/
J144v08n01_04

Shackelford GE, Kelsey R, Dicks
LV. 2019. Effects of cover crops
on multiple ecosystem services:
Ten meta-analyses of data from
arable farmland in California
and the Mediterranean. Land
Use Policy 88:104204. https://
doi.org/10.1016/j.landusepol.2019.104204
Snyder, R L, Donatella Spano,
Paw U KT. 1996. Surface renewal
analysis for sensible and latent
heat flux density. Bound-Lay
Meteorol 77:249–66. https://doi.
org/10.1007/BF00123527
Soil Health Institute. 2019.
Progress report: Adoption of soil
health systems based on data
from the 2017 U.S. Census of
Agriculture. Morrisville, NC: Soil
Health Institute. 22 p. https://
soilhealthinstitute.org/wpcontent/uploads/2019/07/SoilHealth-Census-Report.pdf
Tautges NE, Chiartas JL, Gaudin
ACM, et al. 2019. Deep soil
inventories reveal that impacts
of cover crops and compost
on soil carbon sequestration
differ in surface and subsurface soils. Global Change Biol
25(11):3753–66. https://doi.
org/10.1111/gcb.14762
Ward PR, Flower KC, Cordingley
N, et al. 2012. Soil water balance with cover crops and
conservation agriculture in a
Mediterranean climate. Field
Crop Res 132:33–9. https://doi.
org/10.1016/j.fcr.2011.10.017

http://calag.ucanr.edu • JANUARY–MARCH 2022

45

RESEARCH ARTICLE

Soil health practices have different outcomes
depending on local soil conditions
Soil organic matter can vary dramatically in different environments, regardless of good soil
management practices. A new framework that considers regional soil types can help guide
investments in soil health and help understand what can be achieved.
by Scott M. Devine, Kerri L. Steenwerth and Anthony T. O’Geen
Online: https://doi.org/10.3733/ca.2022a0005

Abstract
The amount of soil organic matter is a critical indicator of soil health.
Applying compost or manure, growing cover crops, reducing tillage, and
increasing crop diversity may increase soil organic matter. However, soil
organic matter can vary dramatically in different environments, regardless
of management practices. This calls for a framework to recommend placebased soil health practices and evaluate their outcomes. We used a new
framework that groups soil survey data into seven regions in California’s
Central Valley and Central Coast. These regions either have performance
limitations, such as root restrictive horizons, salinity, and shrink-swell
behavior, or have relatively homogeneous, coarse-to-loamy soils ideal for
agriculture. These inherent conditions affect a soil’s response to practices
designed to improve soil health. Looking at vineyards as an example,
we find significant soil organic matter contrasts between soil health
regions but not among contrasting management approaches within a
given region. We also show that conservation practices improve or help
maintain soil health in several long-term experiments, but inherent soil
properties and types of cropping systems affect outcomes.

S

oil is not an inert medium but contains an unfathomable array of life — a teaspoon of soil contains billions of organisms, each with a specific
role in the ecosystem. Soil health — the soil’s capacity
to function as a complex living ecosystem (Doran and
Zeiss 2000) — provides benefits to agriculture, such
as storing and releasing nutrients and water for crop
growth, and also has large-scale benefits, such as purifying water that percolates through the soil on its way
to streams and groundwater. Soil also stores immense
quantities of carbon dioxide (CO2) in solid form. Measuring at a depth of 0–79 inches (in; 0–2 meters [m]),
the global reservoir of soil organic carbon (SOC) is
estimated at 2.4 times the carbon in atmospheric CO2
(Batjes 2016). This means that soil health is relevant to
greenhouse gas reduction.
The carbon sequestered in soil is an essential building block of the tiny decomposed bits of plant material
and microorganisms that make up soil organic matter
(SOM), comprising 50% to 60% of SOM by mass (Pribyl
2010). The terms SOC and SOM are used interchangeably in this study, because soil surveys and most agronomic soil testing laboratories report SOM, while soil
science studies report SOC as the more accurately measurable component of SOM (table 1).

A view of the complex landscape where
diverse soil types are found in the Napa
wine-growing region. Photo: Kerri
Steenwerth, USDA-ARS
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TABLE 1. Glossary of terms
Term

Definition

Soil health

Soil’s capacity to function as a living ecosystem. Health cannot be measured directly but can be inferred from multiple soil
health indicators.

Soil health indicators

A subset of semi-dynamic soil properties often related to soil organic matter that reflect soil health status but are also
constrained by soil forming factors that give rise to inherent soil properties. The science of soil health indicators is an active
area of research and subject to change, especially in regard to biological soil health indicators.

Soil forming factors

Five factors responsible for natural formation of soils and their inherent soil properties: (1) climate (long-term trends in
precipitation and temperature), (2) parent material (kind of material from which a soil is formed), (3) relief (terrain slope,
shape and the relative position in a landscape), (4) time (duration a given landscape is stable for soil forming processes to
affect soil development) and (5) organisms (e.g., grasslands and forests have differing effects on soil formation).

Inherent soil properties

Soil features such as soil texture and restrictive horizons arising from soil forming factors that determine how a soil
behaves physically and chemically, also influencing soil biological characteristics. Some inherent soil properties are soil
health indicators, such as soil salinity, soil pH, and soil organic matter, which are more dynamic and readily influenced by
agricultural management.

Soil texture

The soil particle size distribution, typically summarized by the percentage of sand, silt and clay-sized particles or as a
textural class (e.g., sandy loam). Soil texture is linked to a number of key soil health indicators, such as soil organic matter and
aggregate stability, but is practically impossible to change by agricultural management. In the soil health regions framework,
soil texture distinguishes a number of regions from one another and is also linked to shrink-swell behavior in California.

Soil salinity

A dynamic soil health indicator referring to the amount of dissolved ions in soil solution, such as calcium, magnesium,
potassium and sodium. Soil salinity restricts plant water uptake and the specific type of dissolved ions affect the extent to
which soil particles bind to one another into stable soil aggregates. In the soil health regions framework, salt-affected regions
are naturally more saline as a result of several soil forming factors but can be influenced by practices such as irrigation and
leaching.

Soil pH

A dynamic soil health indicator referring to the relative soil acidity or alkalinity. Very acidic or alkaline soil pH restricts crop
nutrient availability. In the soil health regions framework, salt-affected regions tend to be highly alkaline as a result of soil
forming factors, but soil pH can be noticeably influenced by practices such as amendments, irrigation and leaching.

Soil organic matter (SOM)

A dynamic, widely validated soil health indicator consisting of soil particles from once living tissues, including those of
both plant and microbial origins. SOM spans a large size range from bits of partially decomposed crop residue to complex
organic molecules often bound to the surface of clay particles. SOM is 50% to 60% carbon (soil organic carbon) and can also
be influenced by agricultural management such as tillage, cover cropping, and compost application but is also noticeably
linked to soil forming factors in the soil health regions framework. SOM is roughly estimated in agronomic soil testing from
“loss on ignition” analyses (correcting for soil moisture loss).

Soil organic carbon (SOC)

Carbon atoms in the SOM molecular structure are called SOC. The term is used interchangeably in this paper when citing
studies where SOC was measured directly as a proxy for SOM, because the laboratory method to determine SOC is more
accurate and reproducible than the method to determine SOM. SOC is reported two different ways: (1) as a “concentration”
on a soil mass basis (g SOC g−1 soil) and (2) as a “stock” on a soil volume basis (kg SOC m−3), which also requires
measurement of soil bulk density (kg soil m−3 soil).

Restrictive horizons

Soil layers (horizons) arising from soil forming factors that restrict plant root growth and water percolation through the soil.
In the soil health regions framework, hardpans (duripans) and abrupt increases in percentage clay with depth (claypans) are
most common and distinguish several regions.

Shrink-swell

The tendency of soils with a large content of a particular kind of clay particle, common in California, to shrink when dry and
expand when wet. Shrink-swell soils are difficult to cultivate and not recommended for production of many crops, although
they do tend to have relatively high SOM levels.

Stable soil aggregates

The ability of primary soil particles (sand, silt and clay) bound together in clumps to resist disruptive forces such as rainfall
and wind. Aggregate stability protects SOM from microbial decomposition, prevents soil erosion, and promotes a soil
environment more conducive to water and air movement.

Soil health regions framework

A conceptual framework that groups many soils into fewer groups with similar inherent soil properties and associated
performance limitations to agriculture. Soil health regions tend to be, but are not necessarily, geographically contiguous, as
a result of soil forming factors. Regions were defined in this study using K-means clustering of the Soil Survey Geographic
(SSURGO) database and were shown to be distinct from USDA-NRCS Soil Taxonomy (Devine et al. 2021).

Performance limitations

Soil properties that limit use of soil for crop production. In the soil health regions framework, soil salinity, restrictive horizons,
and shrink-swell properties are performance limitations that distinguish regions. The difference in performance limitations
among regions is highlighted by contrasting Stories Indices, a soil productivity rating developed for California (O’Geen et al.
2008).

K-means clustering

An unsupervised machine learning method of data analysis to mathematically identify groups of data points into a defined
number of groups called clusters.
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Soil core collected to
measure bulk density in
the subsoil of a vineyard
alley in the Napa Valley.
Photo: Kerri Steenwerth,
USDA-ARS
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SOM serves many functions, from making it
easier for the soil to absorb water and nutrients to
fueling the microorganisms themselves. Like measuring blood pressure as an overall indicator of human
health, measuring SOM is one indicator of soil health.
Yet, blood pressure won’t tell you if you have cancer
or Alzheimer’s disease — health is too complicated.
Similarly, soil health indicators (table 1) are affected by
other soil properties, including the soil’s texture, pH,
salinity and depth.
Given the complexity of soils, it has been challenging to develop accurate soil health analyses that work
across diverse landscapes and climates in order to
validate soil health practices (Fine et al. 2017). Much
of this challenge is because of the inherent variability
of soil properties. A national-scale analysis of SOC at
a depth of 0–6 in (0–15 centimeters [cm]) showed significant average differences by U.S. geographic region,
soil texture, and soil type, with different effects of conservation practices on SOC depending on these factors
(Nunes et al. 2020). The same need for context exists in
California.
SOM levels are ultimately a balance between inputs (crop residues) and outputs (decomposition by
microbes). Both processes are affected by agriculture.
A re-sampling of soil (0–10 in; 0–25 cm) first sampled
from California agricultural lands in the 1940s and
1950s showed an average increase in total SOC 60
years later, yet the average change across the 125 sites
varied from a 10% decline to an increase of more than
200% depending on the region (De Clerck et al. 2003).
Increasing trends in SOM in some landscapes could be
related to conversion to intensive agriculture across the
same time span, which would have increased annual
biomass inputs to those soils.
From 2016 to 2019, the California Department of
Agriculture’s (CDFA) Healthy Soils Program (HSP)
distributed $41.5 million to growers to implement
• VOLUME 76, NUMBER 1

practices such as applying compost and cover cropping,
with pre- and post-project SOM monitoring required
(CDFA 2020). The HSP complements existing USDANRCS (Natural Resources Conservation Service) programs funding similar soil conservation practices. The
challenge of evaluating soil health is especially great in
California, where globally important agricultural production occurs across a dizzying combination of soilforming factors (table 1): sandy Sierra Nevada glacial
outwash, widespread ancient river terraces with root
restrictive horizons like claypans and hardpans, saltaffected soils developed in drier climates and poorly
drained landscape positions, and shrink-swell soils
where clays have settled in vast basins from repeated
slow-moving floods (Graham and O’Geen 2016).
To better understand regional soil patterns in
California, the USDA-NRCS Soil Survey Geographic
(SSURGO) database was grouped into regions of “soil
health identity” in California sharing similar inherent
soil properties (Devine et al. 2021). Using this recently
published framework, the main objective of this study
was to examine effects of practices that improve or
maintain soil health in different regions. We apply this
framework to existing datasets, to guide development
of place-based strategies and expectations.

Seven soil health regions
K-means cluster analysis (table 1) was used to identify seven soil health regions within Central California coastal valleys and the entire Central Valley
(13,873,131 acres; 5,614,257 hectares) from a suite of
SSURGO properties linked to soil health. This approach to grouping data identified regions distinct
from the USDA-NRCS Soil Taxonomy (Devine et al.
2021). Soil health regions occur either with or without
performance limitations to agriculture (table 1).
Soil health regions are either ideal for agriculture
(with coarse-to-loamy, homogeneous soil profiles) or
they have agricultural performance limitations (e.g.,
problematic salinity, root restrictive horizons, and/
or shrink-swell behavior). Soils without performance
limitations, found in regions 1 and 2, accounted for
45% of the study area; they have deep, homogeneous
profiles formed from more recent alluvial deposits with no major soil chemistry challenges to crop
growth (figs. 1 and 2). Their suitability for agriculture
is highlighted by a high Storie Index (table 2), which
is a soil productivity rating developed specifically for
California (O’Geen et al. 2008). Regions 1 (coarse with
no restrictions) and 2 (loamy with no restrictions) are
distinguished from one another by several properties
related to soil textural differences (table 2).
By contrast, soils with performance limitations
(55% of the study area: regions 3–7) are all characterized by lower Storie Indices. Region 3 (18% of the
study area) and region 4 (5% of the study area) are
moderately deep to a restrictive layer, moderately acid
to slightly alkaline, moderately well-drained, and
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FIG. 1. Seven California soil health regions identified from cluster analysis of 10 soil properties derived from USDA-NRCS SSURGO (Soil Survey
Geographic) data, highlighting the following: (A) southern Sacramento Valley, (B) Napa and Sonoma valleys (including adjacent hillsides), (C) Salinas,
Santa Clara and Pajaro valleys and (D) central and southern San Joaquin Valley. Locations of Kellogg Soil Survey Laboratory (KSSL) points and three soil
health experiments are depicted: the Long Term Research in Agricultural Sustainability (LTRAS), Salinas Organic Cropping Systems (SOCS) and UC West
Side Research and Extension Center (WSREC). Soil health regions: 1 = Coarse with no restrictions, 2 = loamy with no restrictions, 3 = low organic matter
(OM) with restrictive horizons, 4 = high OM with restrictive horizons, 5 = coarse-loamy salt-affected, 6 = fine salt-affected and 7 = shrink-swell.
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4. High OM with restrictive horizons
5. Coarse-loamy salt-affected
6. Fine salt-affected

1. Coarse with no restrictions
2. Loamy with no restrictions
3. Low OM with restrictive horizons
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FIG. 2. Inherent soil properties differ by soil health region based on 369 validation locations from the Kellogg Soil Survey Laboratory (KSSL) database,
emphasizing the need for a regional soil health approach. Most data was available in loamy with no restrictions (n = 109), low organic matter (OM) with
restrictive horizons (n = 85), and shrink-swell (n = 64) regions. Fewer points were available in coarse with no restrictions (n = 41), fine salt-affected (n =
28), coarse-loamy salt-affected (n = 27), and high OM with restrictive horizons (n = 15) regions. Soil organic matter (SOM) was estimated by multiplying
soil organic carbon concentrations by the van Bemmelen factor (1.72). Solid lines are KSSL medians and shaded areas in the same color are 25th and
75th percentile values at 1-cm depth intervals.
TABLE 2. Spatially weighted medians and interquartile range (in parentheses) of USDA-NRCS SSURGO (Soil Survey Geographic) 0–30 cm data by soil
health region mapped in figure 1
Soil
health
region

Sand

Silt

Clay

OM

LE

%

CEC

pH

EC

Ksat

mEq 100
g−1

1:1 H2O

dS m−1

µm s−1

Storie
Index

1

68 (7)

20 (5)

13 (4)

0.7 (0.2)

1.5 (0.1)

8.0 (3)

7.0 (1.2)

0.5 (1.0)

28 (10.3)

81 (30)

2

35 (10)

37 (9)

25 (8)

1.5 (1.1)

3.6 (2.5)

19 (8)

7.3 (1.1)

1.0 (0.8)

6.1 (6.2)

77 (25)

3

47 (24)

35 (19)

17 (5)

0.8 (0.5)

1.5 (0.4)

12 (6)

6.3 (0.6)

0 (0.7)

9 (0.6)

29 (20)

4

38 (6)

37 (3)

25 (6)

2.0 (1.5)

3.0 (3.0)

17 (5)

6.3 (0.6)

0 (0.6)

9 (3.8)

28 (28)

5

59 (27)

23 (19)

16 (10)

0.7 (0.3)

1.5 (1.5)

11 (5)

8.4 (0.6)

6.5 (5.0)

9 (12.6)

34 (34)

6

26 (11)

31 (10)

41 (16)

0.8 (0.5)

7.1 (2.5)

30 (9)

8.2 (0.6)

6.4 (5.0)

0.9 (1.5)

23 (27)

7

17 (14)

29 (9)

50 (6)

1.8 (0.5)

8.0 (3.2)

38 (7)

7.5 (1.2)

1.0 (0.6)

0.9 (0.4)

33 (26)

Productivity increases from non-agricultural (< 20) to prime farmland (> 80) along the Storie Index.
Soil health regions: 1 = Coarse with no restrictions, 2 = loamy with no restrictions, 3 = low OM with restrictive horizons, 4 = high OM with restrictive horizons, 5 = coarse-loamy salt-affected, 6 = fine salt-affected and 7 =
shrink-swell.
OM = organic matter, LE = linear extensibility (shrink-swell), CEC = cation exchange capacity, EC = electrical conductivity.

formed from alluvial deposits on stream terraces, alluvial fans above
current floodplains, or residuum in uplands. Permeability can be
slow as a result of the restrictive layer.
Specifically, region 3 has low-to-moderate clay content (spatially
weighted mean [μ] = 18%) and low SOM (μ = 1.0%) in the surface
layer and is most widespread on the Central Valley’s eastern margins
on terraces formed from granitic deposits. Region 4 has moderate
50
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clay content (μ = 25%) and high SOM (μ = 2.5%) in the surface layer
and occurs mostly in the wetter, northern half of the study area,
such as shallow soils in cropped foothills near the Napa and Sonoma
Valleys, where the climate has favored higher levels of SOM accumulation. The soils also occur on dissected high terraces along the eastern Central Valley margins (Graham and O’Geen 2016).

Region 5 (9% of the study area) and region 6 (7% of
the study area) are salt-affected and distinguished by
alkaline (pH > 8) chemistry; they often have layers that
restrict drainage and roots. Region 5 has low-to-moderate clay (μ = 18%) and low SOM (μ = 0.8%), occurring
almost exclusively in the drier, southern half of the
study area along the San Joaquin River. Region 6 soils
have high clay content (μ = 42%), typically with high
shrink-swell capacity and low permeability but with
relatively low SOM (μ = 1.2%). They occur mostly in the
southern half of the study area alongside region 5.
Region 7 (16% of the study area) has the most finely
textured soils (μ = 51% clay) with shrink-swell clays but
without pronounced alkalinity (μ = 7.4 pH) or salt-affected chemistry, holding a substantial amount of SOM
(μ = 1.9%). This widespread region occurs throughout
the Central Valley and Central Coast valleys but some
coarser-textured soils are intermixed. Even though the
framework was developed using surface soil properties
(0–12 in; 0–30 cm) and depth to restrictive horizons,
soil properties differed by region through full soil
profiles according to Kellogg Soil Survey Laboratory
(KSSL) data (fig. 2). Thus, the soil health implications
of each region’s properties can be expected to extend
through the full rooting zone.

Vineyard organic matter varies
The seven-region framework was used to analyze vineyard alley SOM as influenced by soil health region and
management practices such as establishing perennial
groundcover and conservation tillage. In 2011, 102 locations were sampled and analyzed for SOC (0–39 in;
0–1 m) across 34 vineyard blocks in Napa-Sonoma and
Lodi grape-growing regions (Burns et al. 2015, 2016;
Yu et al. 2017, 2019) and then converted to SOM using
the van Bemmelen factor (1.72) for comparison to soil
survey data.
The dataset showed significant SOM contrasts between soil health regions but not among contrasting
management approaches within a given region (fig. 3).
Finer-textured soil health regions (2, 4 and 7) had significantly higher SOM than coarser-textured regions (1
and 3), demonstrating that SOM is as much an inherent
property determined by a site’s unique environmental
conditions as it is affected by management.
Interestingly, within region 2, where most sampled
vineyards were located, SOM showed no clear difference across contrasting management practices (fig. 3),
even though, for example, soil bacterial communities
tended to vary by management practices in this region
(Burns et al. 2016). The mean surface SOM (0–4 in;
0–10 cm) difference under perennial groundcover in
vineyard alleys and several contrasting management
approaches was notable and promising but not statistically significant.
Vineyard regions with root restrictive horizons
(claypans and hardpans) showed steeper SOM declines
with depth (fig. 3). Limitations to root elongation into

A soil profile from soil
health region 3 showing
a root-restrictive horizon
between 30 cm and 50
cm relative to the black
tape measure. Photo: Toby
O’Geen

deeper soil affect the supply of biomass inputs necessary to build deeper SOM stocks. These restrictions
are typically removed through deep tillage, a common practice before planting. But restrictive horizons
may be unaffected if tillage was poorly implemented.
Moreover, claypans re-form over time. Even with mixing or shattering, residual pan fragments would likely
be slow to accumulate new SOM, if any. For example,
clay-rich aggregates from a region 3 subsoil were shown
to have protected, millennia-old SOC, but this deep
SOC was vulnerable to rapid microbial decomposition
upon disturbance (Ewing et al. 2006), warranting caution about deep tillage practices.
Overall, the vineyards reported widespread practices of soil health management. All alleys had annual or perennial cover, 71% of sampled alleys were in
blocks where growers had applied compost, and 40%
practiced no-till. Effects of these practices are likely reflected in the SOM statistics: In each soil health region,
median Napa-Lodi vineyard estimated SOM (0–12 in;
0–30 cm) was > 75th percentile relative to the median
SSURGO SOM, whereas median KSSL SOM was closer
to median SSURGO SOM, with the exception of region 1 (coarse and no restrictions) (table 3). Indeed, a
retrospective sampling study found a doubling of SOC
in the “wine country” (eight sites in Napa and Sonoma
counties) from 1945 to 2001 (De Clerck et al. 2003).
This supports the idea that widespread soil health management approaches (including irrigation) may have
broadly increased SOM in California vineyards.

Soil regions affect results
The soil health regions framework was used to contextualize several long-running agricultural experiments
http://calag.ucanr.edu • JANUARY–MARCH 2022
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1. Coarse with no restrictions (n=14)
2a. Loamy with no restrictions: tilled (n=18)
2b. Loamy with no restrictions: no-till (n=5)
2c. Loamy with no restrictions: no-till & perennial (n=13)
2d. Loamy with no restrictions: tilled & dryfarm (n=12)
2e. Loamy with no restrictions: no-till & dryfarm (n=6)
3. Low OM with restrictive horizons (n=18)
4. High OM with restrictive horizons (n=13)
7. Shrink-swell (n=4)

5

Soil organic matter (%)

4

3

2

1

0

1 2a 2b 2c 2d 2e 3
0-10 cm

4

7

1 2a 2b 2c 2d 2e 3
10-30 cm

4

7

1 2a 2b 2c 2d 2e 3
30-50 cm

4

7

1 2a 2b 2c 2d 2e 3
50-100 cm

4

7

FIG. 3. Relatively high soil organic matter (SOM) levels more clearly differ by soil health region across Napa-Lodi vineyards. Height of bars show mean
SOM concentration in alleys between vine rows across four soil health regions and four soil depth intervals (0–10, 10–30, 30–50 and 50–100 cm). SOM
is presented by management type in region 2 (loamy and no restrictions). Perennial refers to perennial groundcover in alleys. All points sampled in
region 2, region 4 (high OM with restrictive horizons) and region 7 (shrink-swell) were in Napa. All points sampled in region 3 (low OM with restrictive
horizons) and 9 of 14 points sampled in region 1 (coarse with no restriction) were in Lodi. Error bars denote 95% confidence intervals for means, so
non-overlapping error bars indicate a statistically significant contrast. SOM was estimated by multiplying soil organic carbon concentrations by the van
Bemmelen factor (1.72).
TABLE 3. Expected 0–12 in (0–30 cm) soil organic matter (SOM) statistics by soil health region according to USDA-NRCS Soil Survey Geographic
(SSURGO) data, points sampled in Napa-Lodi vineyard alleys, and the Kellogg Soil Survey Laboratory (KSSL) data
Soil health region

10th

25th

50th

75th

90th

SSURGO SOM percentiles

Napa-Lodi

KSSL

SOM at 50th percentile

1. Coarse with no
restrictions

0.25

0.58

0.72

0.75

2.00

1.07

1.07

2. Loamy with no
restrictions

0.66

0.94

1.50

2.00

3.27

2.35

1.65

3. Low OM with
restrictive horizons

0.44

0.69

0.75

1.21

2.00

1.49

1.13

4. High OM with
restrictive horizons

0.82

1.35

2.00

2.84

6.38

2.90

1.76

5. Coarse-loamy saltaffected

0.04

0.50

0.70

0.75

2.00

NA

0.70

6. Fine salt-affected

0.42

0.70

0.75

1.23

3.00

NA

1.01

0.90

1.49

1.82

2.02

3.50

4.03

1.66

7. Shrink-swell
Napa-Lodi and KSSL samples were analyzed for soil organic carbon (SOC) and multiplied by the van Bemmelen factor (1.72) to estimate SOM.

in California, including the UC Davis Long Term Research in Agricultural Sustainability (LTRAS, also known as the Russell Ranch
Century Experiment) in Davis in region 2 (loamy with no restrictions)
(fig. 1A). Here, tomato-corn rotations tested in combination with
winter cover crops and compost, and wheat-based systems tested in
combination with irrigation and fertilizer, have been managed since
1993 (Wolf et al. 2017). Nineteen years of applying composted poultry
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manure (cumulative input of 18 T C ac−1; 40 Mg C ha−1), supplying
134–178 lb N ac−1 yr−1 (150–200 kg N ha yr), and cover cropping (cumulative input of 7 T C ac−1; 15 Mg C ha−1) increased SOC by statistically significant or notable levels (Tautges et al. 2019).
Specifically, the tomato-corn rotation with a winter cover crop
showed a 22% increase in 0–6 in (0–15 cm) SOC concentration and an
11% increase in 6–12 in (15–30 cm) SOC. With compost and winter

KSSL median SOM

SOCS

2.0

0-12" (0-30 cm) soil organic matter (%)

cover crops, soils showed a 44% increase in 0–6 in
(0–15 cm) SOC, 30% increase in 6–12 in (15–30 cm)
SOC, and 9% increase in 12–24 in (30–60 cm) SOC.
With starting 0–12 in (0–30 cm) SOC at 0.90% (approximately 1.55% SOM), soils in the tomato-corn rotation had some apparent capacity for an increase in SOM
(Kong et al. 2005) compared to what the region’s soils
typically stabilize (fig. 4; table 3).
This example offers a cautionary tale about the
relationship between soil and climate. Just 15% of the
additional carbon supplied by cover crop biomass and
compost became part of SOM, meaning most of the
surplus carbon was returned to the atmophere as CO2
through microbial decomposition. This process may
have accelerated by multiple annual tillage passes and a
warm climate (MAT = 16.7°C; MAP = 559 millimeters
[mm]). A concern is that if tillage disrupts soil aggregates, preventing the aggregates from protecting SOM
from microbial decomposition, the decomposition process may release carbon into the atmosphere (table 1).
By contrast, across the wheat-based agroecosystems
at Russell Ranch, this region 2 soil demonstrated its resistance to change: Cumulative differences in crop and
cover crop residues across these treatments (equivalent
up to 6.7 T C ac−1; 15.1 Mg C ha−1) produced no discernible changes in SOM over the 19-year period (fig. 4).
This is even more remarkable considering that, as a C
equivalent, cumulative wheat systems’ residues were
just 28% to 46% of the residues of the tomato-corn rotation without a cover crop (Tautges et al. 2019).
In the similarly warm but drier climate of the UC
West Side Research and Extension Center (WSREC)
experiment (MAT = 17.2°C; MAP = 185 mm), in region
2 (fig. 1D), 14 years of reduced tillage and cover cropping (with some supplemental winter irrigation during
dry years) doubled SOC stocks (0–12 in; 0–30 cm) in a
tomato-cotton rotation (Mitchell et al. 2017). But this
remarkable SOC change is likely related to the initial
soil conditions: SOC began at 0.51% (approximately
0.87% SOM) in 1999 (Mitchell et al. 2015), below the
25th percentile for this soil health region (fig. 4; table 3).
Even in the conventional treatment with tillage and no
cover crops, SOM increased by 50% (fig. 4). This example highlights the value of this system of identification
of soil regions with expected values, for the purpose of
establishing targets and evaluating potential outcomes.
In this instance, reducing tillage and using cover crops
in relatively low-SOM soils sequestered carbon and
improved soil health indicators such as water infiltration and aggregate stability (Mitchell et al. 2015), while
reducing dust emissions (Baker et al. 2015). This is relevant to millions of acres of crops in California where
tillage is frequent and the historical norm (Mitchell et
al. 2016).
The same crops tested at WSREC are also cultivated
on many soils that have performance limitations (fig. 5).
This includes the soilscape near WSREC (fig. 1), where
soil health practices may have even greater impacts, for
example, in salt-affected soils where SOM is typically

region 1
region 2

WSREC

LTRAS

1.5

1.0

0.5

0.0

C-T C-T C-T C-T
CC CC WF WF
(L) (L) (-) (-)
RT
RT

Veg. Veg. Veg.
CC4 CC4 CC
(R-L) (R-L) (R-L)
C C

Veg.
CC
(M)
C

Veg.
CC
(R)
C

M-T
WF
(-)
F

M-T
CC
(L)
F

M-T T
CC W
(L) (-)
C
F

SF
W
(-)

SF
W
(-)
F

SF SF SF
W W-CC W
(-) (L) (-)
D D D+F

FIG. 4. Soil health practices appear to have consistent outcomes when seen through
the lens of soil health regions. 0–12 in (0–30 cm) soil organic matter (SOM) at year 0 of
treatment (solid bars, light yellow = soil health region 1 and brown = soil health region
2) and at last published sampling (transparent bars with 45° hash lines) at three longterm agroecosystem experiments: (1) the UC West Side Research and Extension Center
(WSREC) 1999–2014, (2) Salinas Organic Cropping Systems (SOCS) 2003–2011 and (3)
the Long Term Research in Agricultural Sustainability (LTRAS) 1993–2012. See figure 1 for
exact locations. The horizontal dashed lines denote the median 0–12 in (0–30 cm) SOM
for points sampled in soil health regions 1 and 2, as reported by the Kellogg Soil Survey
Laboratory (KSSL) database. Below x-axis, the first line denotes summer crops: C-T is a
cotton-tomato rotation, Veg. is a double crop of lettuce and broccoli or spinach, M-T is
a maize-tomato rotation, T is tomatoes and SF is a summer fallow. Second line denotes
winter crops: CC is an annual cover crop, CC4 is a cover crop grown every fourth year
with winter fallows in between, WF is winter fallow, W is wheat and W-CC is a wheat–
cover crop rotation. Third line denotes the type of cover crop: (L) is legume, (R-L) is a
rye-legume mix, (M) is mustard, (R) is rye and (-) emphasizes no cover crops were grown.
Fourth line denotes other practices: RT is reduced tillage, C is compost, D is rainfed only
and F is fertilized. All treatments at WSREC were fertilized and all treatments at SOCS were
fertilized following USDA organic standards. Soil organic matter (SOM) was estimated by
multiplying soil organic carbon concentrations by the van Bemmelen factor (1.72). Soil
organic carbon reported as stocks by White et al. (2020) and Mitchell et al. (2015) were
converted to concentrations using bulk density data.

lower or in shrink-swell soils where SOM storage capacity is greatest (table 3). This is especially relevant in region 5 (coarse loamy salt-affected), where approximately
half of KSSL points showed electrical conductivity
measurements below 2 dS m−1, indicating low salinity
(fig. 2). Even though these locations may have had saltaffected soils, they were likely reclaimed by relatively
recent agricultural practices. Cover cropping could pay
greater SOM dividends here, assuming availability of
winter irrigation to subsidize productivity in this very
dry climate.

Good practices reduce organic loss
Meanwhile, a stark first-year loss of 13.4 T SOC ac−1 (30
Mg ha−1) occurred at the USDA-ARS Salinas Organic
Cropping Systems experiment (“Salinas experiment”)
in double-cropped vegetables (White et al. 2020). The
Salinas experiment is located in a soil on the border
http://calag.ucanr.edu • JANUARY–MARCH 2022
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1. Coarse with no restrictions

4. High OM with restrictive horizons

2. Loamy with no restrictions

5. Coarse-loamy salt-affected

3. Low OM with restrictive horizons

6. Fine salt-affected

7. Shrink-swell
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FIG. 5. Top six (by irrigated land area) annual (A) and perennial (B) crop types with proportions by seven soil health regions.
Land use was identified by 2014 remote sensing (CDWR 2017), which classified 64% of the 5,274,720-ha study area.

of regions 1 (coarse with no restrictions) and 2 (loamy
with no restrictions) (fig. 1C), but with site properties
(70% sand, 22% silt and 8% clay) more in line with
region 1. Thus, SOC is potentially very sensitive to extreme tillage disturbance such as that induced by the
soil spader used at the Salinas experiment site. This loss
possibly was enhanced by the site’s coarse texture that
favors rapid microbial decomposition of SOM, a soil
characteristic common to much vegetable production
(fig. 5).
Similar to WSREC, initial SOM values may have
played a role in this outcome. With an estimated 1.85%
SOM (0–12 in; 0–30 cm) at the start of the experiment,
the coarse soils had relatively high SOM levels, near the
90th percentile of region 1 soils (fig. 4; table 3), perhaps
enabled by low tillage intensity, multiple cover crops,
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compost applied prior to the experiment (Brennan and
Boyd 2012), and the site’s cooler coastal climate (MAT
= 14.2°C; MAP = 344 mm). The initial SOM loss was
then partly compensated by stabilization of 4.2 T SOC
ac−1 (9.4 Mg ha−1) out of the applied compost and an additional 1.5 T SOC ac−1 (3.4 Mg ha−1) from annual cover
cropping versus quadrennial cover cropping. However,
this was just 19% to 24% of additional carbon supplied
via compost and different annual cover crop mixes
through 8 years, similar to the Russell Ranch results.

Soil health regions matter
The soil health concept has spurred awareness of soil
as a living ecosystem, and has encouraged conservation practices, including (1) keeping the soil covered,

(2) increasing crop diversity, (3) reducing tillage and (4) adding
biomass such as compost or manure to feed the soil and build soil
organic matter.
California has spent millions to fund soil health practices
through its Healthy Soils Program. How these practices can be practically integrated across diverse climates, crops and soils, with realistic expectations of benefits, remains largely unanswered. This study
demonstrated the utility of a recently developed soil health regions
framework to guide place-based soil health strategies and expectations. As scientists and growers learn more about the soils in their
region, there will be a better and shared understanding of what can
be accomplished in terms of improving soil health and which practices work best for soils within a region — each of which has unique,
inherent properties.
Soil organic matter in California vineyards differed more by soil
health region than by management practices. In three long-term annual cropping experiments, conservation practices showed promise
for improving soil health (especially when starting from a relatively
low level of soil organic matter) or helping to maintain soil health in
intensively tilled systems when starting from a relatively high value.
The vineyard study demonstrates that the soil health regions
framework can help growers understand the expected soil organic
matter values for their location, an overall indicator of soil health.

While conservation practices improved or helped maintain soil
health in several long-term experiments, inherent soil properties
and cropping system affected the outcomes. This is relevant to identifying where California’s Healthy Soil Program resources would
best be allocated and also highlights that long-term commitment
to practices may be necessary to create and maintain increased soil
organic matter.
The framework also revealed how ongoing investment in longterm soil health research has largely focused on soils ideal for
agriculture. Given that agricultural production often spans more
challenging soils (fig. 5), it is a good idea to expand the focus of soil
health research, especially since soil health practices may pay greater
dividends across these unique regions. c
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