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ABSTRACT

While the role of harsh soils in shaping the endemic flora of California has been extensively studied (e.g.,
serpentine endemism), plant endemism to many other soils within California is still poorly explored. Clay
soils present substantial physical, chemical, and hydraulic challenges to plant life due to the extreme chemi-
cal and physical properties of clay particles. We conducted an extensive search of California herbarium
records to generate a list of minimum-rank taxa found within California with potential clay affinity which
we supplemented with the Jepson eFlora and the California Native Plant Society’s Rare Plant Inventory.
We assessed over 53,000 herbarium voucher records to evaluate each taxon’s affinity and endemism to clay
soils and found evidence for endemism to clay soils in the California flora. We ranked affinity to clay soils
for 217 taxa and found that a third of those taxa are endemic to clay soils. From the results, we provide a
database of clay affinity with notes on life form, habitat associations, distribution, special status and rarity.

Key Words: argillic, California flora, clay, edaphic, endemism, geoecology, soils, Vertisols.

Due to its widely varied climate, topography,
geology, and soils, California hosts a diverse flora
with over 6500 minimum-rank vascular plant taxa
(e.g., varieties, subspecies, species with no intraspe-
cific taxa nested within them). Over 1600 of these
minimum-rank taxa are endemic to California (Bald-
win 2014). This flora contains a high proportion of
edaphic (i.e., soil-associated) endemic species (over
13%), which also comprise 43% of special-status
taxa in the state (Stebbins and Major 1965; Harrison
2013; Safford and Miller 2020). The state’s floristic
diversity and high number of endemic taxa is linked
to California’s diversity of soils (Kruckeberg 1969;
Raven and Axelrod 1978): Over 2000 soil series have
been described and classified in the state, with repre-
sentatives from 11 of the 12 soil orders used by the
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USDA Soil Taxonomy system (Soil Survey Staff
2022).

EXTREME SUBSTRATE PHYSICAL AND CHEMICAL
PROPERTIES DRIVE ADAPTATION, SPECIALIZATION,
AND SPECIATION IN THE CALIFORNIA FLORA

While present only within the uppermost few
meters of the Earth’s surface, soil serves as the great
integrator between the biotic and abiotic worlds
(Lavkulich 2022). Soil is the ecological interface
between life and geology—in combination with cli-
mate, soil is a major abiotic driver of the distribution
of plants (Jeffrey 1987). However, not all soils are
equally hospitable to plant growth (Jeffrey 1987;
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Rajakaruna et al. 2024). The selective pressure from
harsh substrates can serve as a mechanism for speci-
ation (Givnish 2010; Rajakaruna 2018), and harsh
soils like serpentine soils derived from serpentinite
and ultramafic rock have provided a valuable model
system for speciation (Rajakaruna 2004; Anacker
et al. 2011; Harrison and Rajakaruna 2011; Kay
et al. 2011). There has been extensive work on
edaphic endemism to soils with harsh soil chemistry
defined by geologic parent materials like serpentinite
(Safford and Miller 2020), gabbro (Medeiros et al.
2015), limestone (Lundholm and Larson 2003; Kiew
et al. 2019), and gypsum (Guerrero-Campo et al.
1999; Palacio et al. 2007; Luzuriaga et al. 2012,
2020; Moore et al. 2014). Within California, the
influence of extreme soil chemistry on plant ecology
(particularly of soils derived from serpentinite and
other ultramafic rocks) has been intensively studied
(Raven and Axelrod 1978; Alexander et al. 2006;
Harrison 2013; Lancaster and Kay 2013). However,
there has been remarkably little study of the influ-
ence of extreme soil texture on plant endemism. In
this study, we have attempted to evaluate plant affin-
ity to soil texture: specifically, to clay.

Clay is an Extreme Soil Type

Clay in soil originates through one of two primary
processes: 1) chemical weathering of parent materi-
al’s primary minerals to secondary clay minerals, or
2) inherited directly from primary clay minerals
within parent material (e.g., clay shale and other sed-
imentary rocks rich in clay minerals; Rhigi and Meu-
nier 1995; Graham and O’Geen 2016; Alexander
2022). In chemical weathering, primary minerals
including feldspar, mica, and pyroxene are altered to
clay through hydrolysis, oxidation, and dissolution
(Rhigi and Meunier 1995). Examples of clay soils in
California include the San Joaquin Series, the Chic-
ote series, and the Morenogulch series (Soil Survey
Staff 1999, 2003a, b).

Soils with high clay content as a result of either
process will tend to have different water dynamics
than soils with less clay. The reduced infiltration of
water through clay can lead to pooled water, and so
vernal pool and alkali sink habitat are common
where clay soils are found in California (Comer et al.
2024a, b). Higher salt accumulation is also common
in clay soils of arid regions, where reduced precipita-
tion leads to reduced leaching of solutes (e.g., in
alkali sink habitat; Rhigi and Meunier 1995). For
plant species restricted to vernal pools, alkali sinks,
and highly sodic or saline soils of arid regions, it is
difficult to separate hydrologic niche from the
edaphic niche. However, this is not a new problem
for the study of edaphic specialization. The serpen-
tine “syndrome” similarly consists of a suite of com-
bined edaphic characteristics that act as selective
pressures that have resulted in a unique serpentine-
associated flora (Jenny 1980; Kruckeberg 1984).
Below, we discuss ways in which clay soils themselves
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present a similar “syndrome” in the combination of
water stress, reduced aeration, altered plant mineral
nutrient availability, and physical stress.

Soil texture. Soil texture is a physical property of
soil and is determined by the relative proportion of
different sized particles: sand (0.05-2 mm), silt
(0.002-0.05 mm), and clay (<0.002 mm; Weil and
Brady 2017; Soil Survey Staff 2022). Clay soil is
defined as having >40% volume clay per volume
soil. Soil texture has profound effects on soil proper-
ties, including water holding capacity, aeration and
nutrient adsorption and supply (Weil and Brady
2017).

Clay minerology. The mineralogy of clays deter-
mines the physical and chemical properties of clay
soils, which in turn affects the harshness of clay soil
for plants. The extent of clay formation and the spe-
cific clay minerals formed are a result of the interact-
ing effect of parent material, climate, time, and the
movement of water (Jenny 1994). The clay in soil
can originate from the chemical weathering of vari-
ous types of bedrock or be inherited directly from a
sedimentary bedrock type composed of clay particles
(e.g., shale), which influence the types of clay found
in the resulting soils. Clay minerals are phyllosili-
cates: minerals with structures consisting of repeat-
ing layers of mineral sheets. Each repeating layer is
comprised of two types of sheets, including a tetrahe-
dral sheet made of repeating silicate tetrahedra
(Si0y4), and an octahedral sheet primarily composed
of repeating aluminum-oxygen octahedra (AlOg).
The two types of clay are classified as “1:1” and
“2:1” based on the composition of those sheets. A
1:1 clay is composed of a single tetrahedral sheet
combined with a single octahedral sheet, and the two
sheets are strongly bonded by hydrogen. A 2:1 clay
is composed of an octahedral sheet sandwiched
between two tetrahedral sheets, and the layers of 2:1
clay are weakly bonded by cations. The most com-
mon 1:1 clay found in soil is kaolinite and the most
common 2:1 clay in soil is smectite (Velde 1995).

Clay soils can cause water stress. Clay has a high
surface-area-to-volume ratio, and a high adsorptive
capacity for water, and mineral ions. The small par-
ticle size of clay gives soils with a high fraction of
clay an overall greater surface area than soils with
higher fractions of silt or sand. Increased surface
area allows for greater water retention and reduced
drainage, which can hinder root respiration and cre-
ate anaerobic soil environments harmful to plants
(Salter and Williams 1965; Bhattarai et al. 2006).
Despite this, high clay soils may at the same time
induce drought stress for plants. Smaller particle size
means that clay soils generally have a different distri-
bution of soil pores—the areas between soil particles
filled with air and water—than other soils, and in
clay soils, this results in a much higher proportion of
micropores compared to macropores (Diamond
1970), which causes decreased matric potential.
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When the matric potential of soil becomes lower
than the water potential of roots, the water becomes
functionally unavailable to plants (Salter and Wil-
liams 1965; Kirkham 2011; Fensham et al. 2015). So,
while clay soils generally have a larger range of
“plant-available water” content (Kirkham 2005),
that water is not equally accessible to plants across
the range of soil water content (Letey 1985) and
water held in clay soils requires greater energy for
plants to access (Minasny and McBratney 2003).
Both clay soils” higher bulk density (and with it, the
mechanical impedance to roots; Atwell 1993) and
potential for highly limited aeration (as with water-
logging) can reduce the non-limiting water range for
plant growth (Letey 1985). This means that water
content that might not otherwise limit growth in
more coarsely textured soils can in fact limit plant
growth in clay soils with the same amount of water—
even when “plant-available” water appears high
(Kirkham 2005). Thus, despite the potential of clay
soils to adsorb large volumes of water, the proportion
of water available to plants is relatively low: plants
growing on clay soils can be subjected to extreme
drought stress, especially in semi-arid to arid climates.
(Hillel 1971; Velde and Barré 2010).

Clay soils tend to have low permeability to rain-
water from precipitation (Dodd and Lauenroth
1997; Reynolds et al. 2004; Lauenroth and Bradford
2012). This can lead to seasonal water stress of a dif-
ferent kind: waterlogging and flooding, as seen in
seasonally inundated habitats like vernal pools or
alkali sinks where clay prevents the percolation of
water downward through the soil (Comer et al.
2024a, b). The waterlogging of soil after seasonal
precipitation when clay prevents percolation can
induce stress due to an excess of water as well, by
creating a hypoxic rhizosphere environment that lim-
its root gas exchange and respiration, and reduces
photosynthesis, thereby limiting growth in plants
under hypoxic stress (Blackwell and Wells 1983; da
Silva et al. 1994; Zhang et al. 2017; Daniel and Hart-
man 2023; Manghwar et al. 2024).

Clay soils can create chemical and mineral stress for
plants. The high surface-area-to-volume ratio of clay
that drives the high adsorptive capacity for water
also drives higher cation exchange capacity (CEC):
the ability of a soil to hold positively charged ions
(Weil and Brady 2017). While CEC is a measure of
the ability of soil to hold nutrients essential to plant
growth, the plant-available nutrients in clay soils can
be quite low depending on the age of the soil, its par-
ent material, and mineralogy (Marschner and Rengel
2023). In some clay soils, certain cations can exceed
the level tolerable to plants, giving rise to harsh soil
environments as seen in sodic soils (exchangeable
sodium percentage > 15) and serpentine soils (cal-
cium:magnesium ratio < 1) (Parfitt et al. 1995; Soil
Survey Staff 2022). The ease with which clay parti-
cles can be transported by water also means that a
large proportion of clay soils are found in geologic
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basins (Hillier 1995). For clay soils in such basins,
appreciable accumulation of sodium can occur when
the collected water containing dissolved salts evapo-
rates, and salts accumulate over time (Eghbal et al.
1989).

Clay soils can create physical stress for plants. The
high density and soil strength of clay soils can create
physical stress as finer-textured and clay soils have
bulk soil density at which root growth is limited
(Jones 1983): Plant roots in clay soils encounter
higher mechanical resistance to root penetration
(Atwell 1993) and plants in clay soils have reduced
ability to modify the soil structure within the rhizo-
sphere (Phalempin et al. 2021). The mineral proper-
ties of some types of clay can also introduce
substantial physical stress for plants: When a 1:1
clay like kaolinite is wet, the water molecules remain
outside the mineral layers of the clay and there is no
major change in soil volume (Bates 1959). However,
when a 2:1 clay such as smectite is wet, water mole-
cules enter the particles between the weakly bonded
mineral layers, resulting in substantial expansion of
the soil’s volume (Kovda and Mermut 2018). As smec-
tite dries, the process reverses—as water molecules
exit the mineral layers of the particle, the volume
decreases, and the clay shrinks (Velde and Barré 2010;
Soil Survey Staff 2022). This process repeating over
time can lead to “self-churning” of the soil (pedotur-
bation; Stirk 1954; Velde 1995; Khitrov 2016).

The unique properties of smectite that result from
its 2:1 structure mean that one type of clay soil can
be particularly harsh and warrants additional con-
sideration here: Vertic clay soils are defined by high
clay content (>50%), of which a high percentage
(=20%) is smectite clay (Shirsath et al. 2000). These
soils introduce physical stress for plants due to
shrink-swell that occurs with wetting and drying due
to pedoturbation and cracking upon drying (Ahmad
1975; Eswaran and Cook 1988; Velde and Barré
2010). Seasonal rainfall causes vertic clay soils to
swell as water is absorbed between the mineral layers
of smectite. During the dry season, the process is
reversed. As water evaporates, the soil loses volume,
forming deep cracks up to 3 cm wide and 1 m deep
(Velde and Barré 2010; Soil Survey Staff 2022). This
process creates physical stress for plants as cracking
causes soil pore discontinuity and damaged roots
(Whitmore and Whalley 2009).

Clay Soils in California

Clay is common throughout California, and every
ecoregion in the state has examples of soils with high
clay content (Fig. 1). However, clay soils are
unequally distributed in the state and are the product
of historic and current waterways, from weathering of
heterogeneously distributed parent material, and in
some areas, aeolian deposition (Graham and O’Geen,
2010). Areas with historic water deposition and high
clay include basins and valleys like Tulare Lake in the
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Distribution of clay soils in California. Map shows data for clay particle percentages of soil at a depth of 0 to

25 cm, aggregated to 800 m grid cells from the Soil Survey Geographic Database (Soil Survey Staff 2025).

Central Valley, the Death Valley Basin, and the
Temescal, San Jacinto, and San Bernadino Valleys
(Graham and O’Geen 2016; Soil Survey Staff 2025).
Within basins and valleys with clay from depositional
origin, Tulare Lake, Mono Lake, Owens Lake, Soda
Lake, the Salton Sea, and some ancient lakebeds in
the Modoc Plateau have high sodicity and salinity
due to the closed hydrologic nature of basin forma-
tions (Eghbal et al. 1989, O’Geen et al. 2007; Graham
and O’Geen 2016). Regions with clay soils due to the
weathering of parent material include the Panoche
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Hills and the Central Coast, where marine shale and
ancient marine terraces weathered to clay, and many
low areas host vertic clay soils (O’Geen et al. 2007;
Graham and O’Geen 2016). Further, while Vertisols
are not abundant worldwide, they are more common
in California relative to many other states, and within
California, occur primarily in the Central Valley, Cen-
tral Coast, Modoc Plateau, Peninsular Ranges, and
the Southern Coast Ranges (Ahmad 1996; Graham
and O’Geen, 2010; U.S. Department of Agriculture
Natural Resources Conservation Service 2024).
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STUDY RATIONALE

Functional traits and adaptations that enable
plants to tolerate edaphic stressors may reduce their
competitive fitness on less stressful soils (Kruckeberg
1950, 1954; Whittaker 1954; Rice 1989; Huenneke
et al. 1990; Freitas and Mooney 1996; Jurjavcic et al.
2002). Competitive exclusion from less challenging
substrates and continued specialization to stressful
soils can ultimately lead to higher edaphic affinity
and subsequent endemism (Stebbins and Major
1965; Kruckeberg 1986; Macnair 1989; Brady et al.
2005, Rajakaruna 2018).

The few studies we are aware of that address any
kinds of adaptation to clay soils relate largely to
root traits: These include higher root tissue density,
greater fine root production, and increased root exu-
date production to cope with both reduced nutrient
availability and greater difficulty for roots to pene-
trate clay soils due to higher bulk density and
reduced pore space (Jackson et al. 2000; Schenk and
Jackson 2002a; Bengough et al. 2006; Borden et al.
2020; Ahmad and Li 2021; Freschet et al. 2021).
These modifications to the root system can incur
energy costs and therefore likely tradeoffs with com-
petitive fitness: Higher root tissue density provides
greater tensile strength for roots that is beneficial in
expansive clay soils but requires greater energy and
carbon investment (Ryser 1996; Craine et al. 2001).
Greater fine root production comes with improved
nutrient and water acquisition, but fine roots may be
more prone to cavitation and have higher turnover
(Gill and Jackson 2000; Liibbe et al. 2022). Higher
root exudate production improves nutrient uptake
and root penetration of clay soils but can be meta-
bolically expensive (Wen et al. 2022). While shallow
rooting with higher fine root investment by early-
season or shorter-lived plants is frequently observed
in clay soils due to the limited percolation of surface
water (Schenk and Jackson 2002b; Jiang et al. 2021),
this strategy also comes with increased reliance on
surface precipitation. However, the alternative strategy
of deeper rooting requires greater energy investment
on clay soils: Because clay reduces water percolation
severely beyond a depth of ~60 cm (Dodd and Lauen-
roth 1997; Reynolds et al. 2004; Lauenroth and Brad-
ford 2012), the drier space between the soil layers with
surface water from percolation and the soil layers with
groundwater due to capillary action will be greater.
This greater depth and the correspondingly deeper
rooting needed therefore require higher investment
from species utilizing that strategy on clay than would
be needed on more coarsely textured substrates
(Schenk and Jackson 2002b; Fan et al. 2017; Jiang
et al. 2021). In expansive clay soils, a higher proportion
of vertically oriented roots is a likely adaptation to the
physical stress created when these soils dry down and
shrink, forming vertical cracks which pull and
eventually tear horizontally oriented roots (Ahmad
1975; Eswaran and Cook 1988; Whitmore and
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Whalley 2009; Velde and Barré 2010). While this
adaptation reduces the number of roots lost to
tearing as soils dry down and crack (White and
Lewis 1969), in some species, lateral roots have
been found to be more efficient for nutrient acqui-
sition, so this adaptation may increase the cost of
nutrient acquisition (Zhu and Lynch 2004).

Fitness trade-offs for adaptations to stressors found
in clay soils have been observed in other types of soils.
For instance, common drought adaptations—such as
reduced leaf size, slower growth rates, osmotic adjust-
ment, and deeper (phreatophytic) rooting—often
come with trade-offs in photosynthetic efficiency or
increased energy and carbon costs (Chandler and Bar-
tels 2007; Sanders and Arndt 2012; Lopez-Iglesias
et al. 2014; Fort et al. 2015; Jiang et al. 2021; Adeniji
et al. 2024; Wang et al. 2024). Further, rooting adap-
tations and modifications in root-to-shoot biomass
ratios for drought tolerance are typically linked to the
timing of precipitation and the specific soil layer pro-
viding water. A species adapted to one soil water
regime will experience fitness trade-offs if placed in soil
with a different distribution of water or precipitation
timing (Schwinning and Ehleringer 2001). For example,
the phenological adaptation of avoiding drought (i.e.,
phenological escape) by timing growth to coincide with
periods of higher precipitation can result in trade-offs if
water availability is greater than expected (Pearse et al.
2020). Additionally, greater development of aeren-
chyma in roots is a common adaptation for surviving
waterlogged and hypoxic soils. However, this adapta-
tion also comes with a trade-off in the reduction of
roots’ mechanical strength (Striker et al. 2007).

Adaptation and competitive fitness trade-offs are
key drivers of edaphic endemism on harsh sub-
strates, as observed in other harsh soil environments
(Kruckeberg 1950, 1954; Stebbins and Major 1965;
Macnair 1989; Brady et al. 2005). Building on this
concept, and the limited research available on clay
soil adaptations, we hypothesized that some species
may have evolved an affinity and specialization for
clay soils due to their adaptation to these environ-
ments. There is some evidence that soil texture plays
a role in driving the evolution of edaphic specialization
(Hamer et al. 2016; Eckhart et al. 2017). Although sev-
eral taxa have common names (Adobe Fritillary), spe-
cific epithets (Calochortus argillosus (Hoover) Zebell &
P.L.Fiedl.), and published ecological references (e.g.,
ecology notes in the Jepson eFlora; Jepson Flora Pro-
ject 2024) indicating an affinity for clay soils, we are
unaware of any studies specifically examining or quan-
tifying clay affinity in plants, nor any ecological studies
that address this aspect (but see White and Lewis
[1969], Welsh [1978], and Oberbauer [1993]). To inves-
tigate this further, we analyzed herbarium records to
look for evidence of endemism to clay soils for mini-
mum-rank taxa within the state of California (inclusive
of the California, Great Basin, and Desert Floristic
Provinces).
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METHODS

We compiled an initial list of minimum-rank plant
taxa (both vascular and nonvascular) for which we
sought to quantify clay affinity, based on apparent
or likely affinity to clay soils indicated in ecology
notes from the Jepson eFlora (Jepson Flora Project
2024) and the California Native Plant Society’s Rare
Plant Inventory (CNPS RPI; California Native Plant
Society, Rare Plant Program 2024), and results from
a query of the Consortium of California Herbaria’s
database (CCH2; Consortium of California Her-
baria 2024) for terms that indicate clay soils. We
used digitized herbarium records from the CCH2
database and limited our search to taxa found in the
state of California and those portions of the Califor-
nia Floristic Province that extended beyond the geo-
graphic boundaries of the state. We included all
CCH2 records for taxa addressed, including those
from outside California. We reviewed each taxon’s
records from CCH2 to determine the percentage of
voucher specimen records for which soil texture
could be determined, and of those, what percentage
indicated a soil high in clay. We binned taxa into
ranked categories of clay affinity defined by what
percentage of records with soil information indicated
soils high in clay. While Safford et al. (2005) used
similar affinity rankings, we used a more conserva-
tive approach to our interpretation of affinity by per-
centages based on the assumption that clay is
recorded less often for substrate notes made for col-
lections relative to other, more charismatic sub-
strates like serpentine. For the same reason, we also
examined every single record in CCH2 for each
taxon rather than assessing only a subset of records
by which to determine a percentage for records’ soils
by which to rank affinity.

Our initial list of taxa was compiled based on
ecology notes from the Jepson eFlora and the CNPS
RPI, and a search of the CCH2 database. We also
included taxa for which we had extensive first-hand
observations that suggested clay affinity. We searched
the entire CCH2 database for terms indicating clay
soils in collector notes on voucher specimen attri-
butes, location, habitat, and substrate. Terms queried
in CCH2 were “clay”, “clayey”, “adobe”, “heavy
soil(s)”, “adobe soil(s)”, “vertic clay”, “Vertisol”,
“black soil(s)”, “kaolinite”, “smectite”, “illite”, and
“montmorillonite”. Of the CCH2 query results, we
limited our analysis to taxa for which the query
results suggested at least 30% of the given taxon’s
records included terms indicating clay soils.

In assembling our initial list of taxa, we retained
species in addition to infraspecific taxa if the species
and the infraspecific taxon (or taxa) came up in our
search efforts independently, whether via the CCH2
queries, the CNPS RPI, or Jepson ecology addenda.
Likewise, if a subspecies came up in our search, we
did not add the species to our list unless the species
also came up in our search. Where we have addressed
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both species and subspecies within said species, we
have included subspecies records with the species
records when addressing the species, i.e., Acanthomin-
tha obovata Jeps. included records for Acanthomintha
obovata subsp. cordata Jokerst and Acanthomintha
obovata Jeps. subsp. obovata. In this case, Acantho-
mintha obovata, A. obovata subsp. cordata and A. obo-
vata subsp. obovata all wound up on our initial list,
and we therefore considered all three taxa, but our
assessment of A. obovata was done including those
records identified to the infraspecific level (so included
records of 4. obovata subsp. cordata and A. obovata
subsp. obovata). This was the case with three species:
Acanthomintha obovata (with two subspecies), Cleo-
mella hillmanii A .Nelson (one subspecies), and Lepi-
dium jaredii Brandegee (two subspecies). We have
kept full species in these cases on the basis that we
could not realistically identify all records to the infra-
specific level where such identification was not done
by collectors or herbarium workers, and to allow for
infraspecific ecological considerations by readers.

From the initial list of taxa, we reviewed records
only if a taxon had at least five voucher specimen
records (though we did not rank clay affinity for all
such taxa). Taxa we considered were limited to those
with CCH2 records that are found within one or
more of the following floristic provinces: the Califor-
nia Floristic Province, the Desert Province, and the
Great Basin Province. Taxa in the database that are
not found (either native or naturalized) within one
of those floristic provinces at all were not addressed.

For each taxon from our initial list, we assessed
all collection records for that taxon in CCH2. We
eliminated duplicate records based on collector, col-
lection date, and the collector’s collection number.
As our initial search of the CCH2 database con-
ducted when compiling our initial species list could
not account for context of the terms searched for, we
next verified that records’ use of our search terms
were actual references to clay soils. Due to the dual
use of the term, taxa for which “black soil” was ref-
erenced were retained only if records indicated that
it referred to Vertisols or other clay soils, for which
the term is sometimes applied; taxa were excluded if
records indicated the term was used in the alternative
sense, referring to soils high in organic material or
humus. Care was taken to account for records caught
by our CCH2 search terms that referred to places,
roads, people, or locations with names including clay-
related terms (e.g., “Clayton”, “Adobe Canyon”, “clay
mines”) that did not also include mention of clay
explicitly regarding substrate.

Next, we read through every voucher specimen
record for each species to determine whether each
record had substrate information stated, and if so, if
it included sufficient descriptions of soil texture to
categorize each collection as on a clay soil or a soil
predominantly of another texture. For all records
read and assessed, we categorized the record as being
either on clay soil, not on clay soil, or as lacking soil
texture information. For records with soil texture
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information, we treated collections as “on clay soil”
when records explicitly referred to clay or to clayey
soils (clay loam, silty clay, etc.) or in equivalent
terms (i.e., “heavy soils”, “adobe soil”, etc.). Collec-
tion records were treated as “not on clay soils” when
collector notes indicated soils high in silt, sand, loam
(clay loam was treated as a clay soil), described
“light” soils, or otherwise described soils as “coarse”,
without reference to clay. Records describing soil tex-
ture as “fine” without additional information were
treated as lacking sufficient description of soil texture
because we could not determine from use of that term
alone whether the soil texture referred to was predom-
inately silt or clay. We then used the totals “on clay”
and “not on clay” to calculate the percentage of
records with soil texture information that were on
clay for each taxon.

During this process, records with soil descriptions
limited to particle sizes larger than sand were treated
as lacking information on soil texture. We did not
treat use of these terms (“stony”, “rocky”, “pebbly”,
“gravel”, etc.) alone as sufficient to determine a lack
of clay on the basis that the presence of gravel and
other larger particle sizes does not preclude the pos-
sibility of clay in the soil matrix between large parti-
cles. This was supported by several records with
substrate descriptions like “clay and gravel” that we
came across in our searches. Additionally, particle
size classes larger than sand, like gravel and cobble,
exceed the size of particles which define soil texture
(the term applies to particle sizes < 2 mm; Soil Sur-
vey Staff 2022), and we therefore treated their men-
tion as independent of soil texture descriptions.

While records noting gravel could not be inter-
preted as precluding the presence of sand, silt, or
clay particles, we did treat “talus” and “scree” as an
absence of clay soils, on the basis that talus and scree
are composed of loose, coarse fragments with inade-
quate particles of smaller size to infill and bind the
coarse fragments together into any meaningful
buildup of soil (Duchaufour 1977). Rock outcrops
and plants growing in rock crevices were treated as
lacking information on soil texture unless the pres-
ence and texture of any soil within the crevices was
explicitly described.

Some parent materials such as gabbro, peridotite,
and serpentinite often weather to produce clay soils
that are also chemically extreme to plants (O’Geen
et al. 2007). Additionally, some habitat types such as
alkali sinks and vernal pools (Comer et al. 2024a, b)
are strongly associated with clay soils due to the
poor drainage of this soil texture. It was therefore
possible that we could find apparent evidence of clay
affinity for some taxa where an apparent affinity for
soil texture was in fact affinity to other co-occurring
soil chemical, hydrologic, or other environmental
factors. To allow readers to consider this relative to
taxa’s affinity to clay, we also noted when collections
indicated plants were collected from within vernal
pools or from alkali sink habitat, and when records
indicated gabbro or serpentine parent material.
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While the terms “alkali sink”, “alkali”, and “alka-
line” may be used in reference to the soil type in geo-
logic basins of arid regions, we generally found that
these terms were applied to vegetation type alone
without reference to soil, or were used in reference
only to the pH of soil in records. Since we could not
always reliably distinguish collectors’ specific use of
these terms, we did not attempt to apply those terms
as indicating clay soils, nor to distinguish alkali sink
habitat from alkali-heavy soils or soils with high pH.
We instead included the proportion of records referenc-
ing these terms for each taxon where they were used in
collection notes. Similarly, we did not attempt to inter-
pret mentions of “serpentine” or “gabbro” in voucher
notes as meaning clay. In cases where these habitats or
parent materials were noted, we included the percentage
of the total number of occurrences with references to
these habitat types or parent materials (Appendices 1
and S1), but due to the often ambiguous or unclear
nature of references, and after observing a strong trend
of more references to soil texture than to any one habi-
tat type, we did not attempt to interpret the relative
affinity of species to clay soils versus to a specific habitat
type. We also noted where records indicated soils with
vertic properties, as vertic clay soils entail additional
sources of physical stress to plants (Eswaran and Cook
1988; Ahmad 1975; Velde and Barré 2010). We treated
soils as vertic if the records referenced “cracked” or
“cracking soils”, “Vertisols”, “vertic properties”, “pedo-
turbation”, or otherwise referenced “shrink-swell”.

Following examination of each taxon’s full records
from CCH2, we limited our quantification of clay
affinity to taxa based on the following criteria: For
taxa with fewer than five records, we have refrained
from interpreting clay affinity and excluded those
taxa from our final lists of taxa in Appendices 1 and
S1. However, if that taxon was included in our initial
list based on the Jepson eFlora or the CNPS RPI, we
retained that taxon in the appendices and included
our findings in them without ranking clay affinity. We
ranked clay affinity only for taxa that had a minimum
of 5 records where soil texture was addressed, unless
the taxon had fewer than 10 records total. Taxa that
were included in our initial list based on clay affinity
stated in the Jepson eFlora or the CNPS RPI that
had 0% of records indicating clay are still listed in
Appendices 1 and S1. We did not attempt to rank
clay affinity for those taxa, but include them for read-
ers’ reference and so that their affinity might be clari-
fied by future researchers. We also note that our
results for taxa with 0% of records addressing clay
soil do not prove a lack of clay affinity, but rather
reflect a lack of support for clay affinity in the herbar-
ium records examined (i.e., such cases may be due to
collection notes lacking information on substrate
rather than an actual absence of occurrences on clay).
There are undoubtedly many taxa for which experts
on the taxon or region can attest to clay affinity that
have simply not had adequate documentation in
vouchers submitted and uploaded to CCH2 for us to
capture in our efforts.
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To rank clay affinity, we referred to the rankings
used by Safford et al. (2005), but modified their
framework based on the assumption that clay soils
are reported less often by collectors than more recog-
nizable substrates like serpentine. For this reason,
we have been narrow in our interpretation of “strict
endemism” and broad in our application of “clay
tolerance”. From the records that stated soil texture,
we used the percentage which also referenced clay
soils, and we binned collections into broad categories
of affinity (clay tolerant: 1% to 29%, weak affinity:
30% to 49%, moderate affinity: 50% to 69%, high
affinity: 70% to 89%, endemic: 90% to 99%, and
strict endemic: 100%). Information provided in the
abbreviated table (Appendix 1) of clay-associated
taxa listing these rankings and the additional infor-
mation in the full table (Appendix S1) on common
names, life form, family, and distribution were
pulled from the Jepson eFlora. For taxa not cov-
ered or taxonomically recognized by the Jepson
eFlora, we utilized the California Moss eFlora
(Wilson 2024) or Calflora (Calflora Database
2024). Information on special status (CRPR, global
rank, state rank, and listing under both California
and Federal Endangered Species Acts) were pulled
from the Jepson eFlora, the CNPS RPI, and
NatureServe (NatureServe 2024). Sources for each
taxon’s inclusion in our initial list of taxa are
included in the full table in Appendix SI.

While work similar to this study used georefer-
enced coordinates and geologic mapping of serpen-
tine outcrops to clarify locations when inadequate
information was provided, we were not able to do
similar verifications for records potentially collected
on clay soils for several reasons. First, the available
mapping of soil texture is aggregated into units from
Soil Survey Geographic Database data (Walkinshaw
et al. 2023), frequently for multiple soil series in one
unit, and the Soil Survey Geographic Database data
itself is mapped at a scale of 1:12,000 to 1:63,360
(Soil Survey Staff 2025) and extrapolated from indi-
vidual soil pits upwards on a large scale. The resolu-
tion of soil texture mapping is therefore coarse, with
an extremely large margin for error for any use on
the scale of individual plant collections. Further, we
are also personally aware of several areas with clay
soils heterogeneously distributed at a smaller scale
than the available mapping’s resolution. As CCH2
records predating GPS and those which lack coordi-
nates are frequently georeferenced retroactively by
persons other than collectors to provide point coor-
dinates (California Phenology Network 2025), there
was substantial risk of compounding any error by
using both soil mapping and georeferenced coordi-
nates. While this is problematic for addressing indi-
vidual records’ substrates, these resources do still
allow for regional-scale consideration of the distribu-
tion of clay soils, and we therefore still provide a fig-
ure of the distribution of clay soils (Fig. 1).
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RESULTS

We examined 53,534 collections records for 255
taxa, and of those, 240 had sufficient voucher
records to consider. Of those taxa, 217 met our mini-
mum threshold for the number of records that
included soil texture information to evaluate and
rank clay affinity. Based on the results of these
reviews, we found taxa had affinities for clay soils
that range from clay tolerance to strict endemism to
clay soils. We present our results and rankings as evi-
dence of endemism to clay soils in California (Appen-
dices 1 and S1). Of the 217 taxa considered in our
ranking, 42 taxa are strictly endemic (100%) to clay
soil, 22 taxa are endemic (90-99%), 66 had high affin-
ity (70-89%), and 39 showed moderate affinity (50—
69%). A total of 21 taxa had weak affinity (30-49%),
while 27 were clay tolerant (1-29%). Twenty-three
taxa were excluded from our rankings due to a low
number of collections and/or inadequate reference to
soil texture in records.

Taxa with clay affinity were not evenly distributed
across families (Table 1, Fig. 2). The family with the
highest number of taxa with some degree of clay
affinity was Asteraceae (39 taxa), followed by Polem-
oniaceae and Polygonaceae (14 taxa each), Liliaceae
and Apiaceae (13 taxa each), Brassicaceae (12 taxa),
and Chenopodiaceae (11 taxa). The relative contri-
butions of these and other families to the clay flora
included in this study differed somewhat from the
contributions of these families to the California flora
overall, most notably in Alliaceae, Asteraceae, Che-
nopodiaceae, Liliaceae, Polemoniaceae, and Themi-
daceae. The genera that were most well-represented
(Table 2) were Navarretia (14 taxa), Atriplex (10
taxa), Allium and Eriogonum (9 taxa each), Phacelia
(8 taxa), Calochortus (7 taxa), Astragalus (6 taxa),
and Lomatium, Layia, and Dudleya (5 taxa each).

The most common life form (Fig. 3) among taxa
with clay affinity evaluated was annual herbs (109
taxa), followed by perennial herbs (85 taxa, of which
26 are geophytes), and 14 shrubs (ranging from
weak affinity to strict endemism). Our list includes
only one annual to perennial herb (of weak affinity),
three graminoid taxa (ranging from clay tolerant to
strict endemic), one moss taxon (of moderate affin-
ity), one fern taxon (of weak affinity), and one tree
taxon (of moderate affinity).

The ecoregion (Table 3, Fig. 4) with the highest
number of ranked taxa was the Central Western Cal-
ifornia region (CW; 96 taxa), followed by the South-
western California region (SW; 84 taxa), the Great
Valley region (GV; 64 taxa), and the Sierra Nevada
region (SN; 63 taxa). Of all taxa considered, 105 are
found in only one ecoregion. Occurrence density for
taxa ranked in this study (Fig. 4A) was greatest in
the SW region, with hotspots in the CW, Northwest-
ern California (NW), GV, SN, White and Inyo
Mountains (W&I) and Mojave Desert (DMoj)
regions. Density of strict endemic, endemic, and high



134 MADRONO

[Vol. 72

TABLE 1. CLAY AFFINITY RANKINGS, BY FAMILY. Counts of minimum-rank taxa for each family, by clay affinity rank-
ing. Only families for which we were able to rank at least one minimum-rank taxon are listed.

Family

Clay tolerant Weak affinity Moderate affinity High affinity Endemic Strict endemic Total ranked

Agavaceae
Alliaceae —
Apiaceae —
Asteraceae 5
Athyriaceae —
Boraginaceae 2
Brassicaceae —
Bryaceae —
Caryophyllaceae —
Chenopodiaceae 4 —
Cleomaceae —
Convolvulaceae — —
Crassulaceae — —
Cupressaceae — —
Cyperaceae — —
Ericaceae — —
Fabaceae 3 1
Fagaceae — 1
1
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e | o |

(98]

Geraniaceae
Hydrophyllaceae
Lamiaceae
Liliaceae
Loasaceae
Malvaceae
Melanthiaceae
Namaceae —
Onagraceae 2
Orobanchaceae —
Papaveraceae —
Phrymaceae 1
Plantaginaceae 1
Poaceae 1
1
1
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—

Polemoniaceae
Polygonaceae
Ranunculaceae
Rhamnaceae —
Rosaceae 1
Scrophulariaceae —
Solanaceae —
Themidaceae —
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affinity taxa (Fig. 4B) was highest in the SW region,
with hotspots in the CW, NW, GV, SN, and GV
regions. Lower-affinity taxa (clay tolerant, weak affin-
ity, moderate affinity; Fig. 4C) had broader distribu-
tions than the higher-affinity taxa, though still highest
density in the SW region, with hotspots in the CW,
NW, and SN regions.

Most of the taxa we considered here are special-
status or rare (Table 4). Of the 240 taxa considered,
162 are listed on the CNPS RPI, 18 have California
Endangered Species Act (CESA) status, and 19 have
Federal Endangered Species Act (FESA) status. Of
those, we were able to rank clay affinity for 142 taxa
on the CNPS RPI, 16 with CESA status, and 17 with
FESA status. Most taxa either ranked on the CNPS
RPI or which have special status under CESA and
FESA had clay affinity that was moderate or higher.
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Of the CNPS RPI ranked taxa, most were ranked at
1B; CESA taxa were mostly listed as endangered,
though a slight majority of the FESA taxa were listed
only as threatened.

DiscussioN

Our results show that endemism to clay and clay
affinity occur within California’s flora across the
California, Great Basin, and Desert Floristic Prov-
inces, spans several plant families, and may be as
strict as the substrate affinity seen in many serpen-
tine-endemic species. Of the 213 taxa we considered,
30% (64 taxa) are ranked as either endemic or
strictly endemic to clay soils. We considered taxa to
be strict endemics to clay soils only if 100% of the
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Contributions of families to California's total and clay flora

Alliaceae -

Apiaceae -

Asteraceae -

Boraginaceae -

Brassicaceae -

Chenopodiaceae -

Crassulaceae -

Fabaceae -

Hydrophyllaceae -

Lamiaceae -

Family

Liliaceae -

Onagraceae -

Phrymaceae -

Plantaginaceae -

Poaceae -

Polemoniaceae -

Polygonaceae -

Rosaceae -

Themidaceae -

o
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Percentages shown

[[] % of caiifornia's total flora
. % of clay flora of California

o

10 1
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FIG. 2. Contributions of important families for clay affinity, as percentage contributed to both the total California flora
(% of California’s total flora) and the clay flora of California (% of clay flora of California). Figure includes only families
with three or more minimum-rank taxa with some degree of clay affinity.

records indicating soil texture identified clay soils, as
we did not expect clay soils to be consistently
addressed in voucher records as well as serpentine
soils; However, if we applied the percentage bins
used by Safford et al. (2005) to our results (i.e.,
>95% of records indicating the substrate in question
being interpreted as strict endemism), the number of
strict endemics to clay soils (42 taxa) would increase
to 49 of the 217 taxa we ranked.

Most well-studied forms of edaphic endemism in
California such as serpentine, gabbro, limestone,
and saline soils have primarily focused on extreme
soil chemistry. The evidence of clay endemism we
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have found therefore offers new opportunities for
research into extreme physical properties of soil in
this context, yet to be explored in California. Geol-
ogy and soil are driving forces for the distribution of
plant species, and the high plant diversity within Cal-
ifornia reflects its diversity of geology and soil. From
this study, we find this pattern not to be coinciden-
tal, and advocate for further investigation of the role
of soil physical properties like soil texture as a defin-
ing element of the range and ecology of species
within California’s flora.

Of the taxa for which we were able to interpret
clay affinity, 50.2% of the 217 taxa were annual
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TABLE 2. GENERA WITH TWO OR MORE CLAY-ASSOCIATED TAXA, BY CLAY AFFINITY RANKING. Minimum-rank taxa
for each genus, listed by clay affinity ranking; only genera with two or more minimum-rank taxa assessed for clay affinity

are shown in table.

Genus

Clay tolerant Weak affinity Moderate affinity

High affinity Endemic Strict endemic Total ranked

Acanthomintha — —
Allium
Astragalus
Atriplex
Blepharizonia
Bloomeria — —
Brodiaea — —
Calochortus 1 —
Caulanthus — —
Chorizanthe —
Cleomella — —
Deinandra —
Diplacus 1
Dudleya —
Ericameria 1 —
1

— 1
2 — 3
4 — 3

| =1~

Eriogonum
Eryngium
Fritillaria — — —
Horkelia — — 2
Layia — — —
Lepidium — — —
Lessingia — —
Lomatium — 2 1
Microseris — — 1
Monardella — — 1
Monolopia — 2
Navarretia 1 —
Penstemon 1 —
Perideridia — 1
Phacelia 3 1 1
Plagiobothrys 2 —
Pseudobahia 1

Sanicula —

Triteleia — 1 1
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forbs, 39.2% were perennial forbs, including the
12.0% that were perennial geophytes (bulbs and rhi-
zomatous taxa), and 6.9% were shrubs (or perennial
herb-to-shrub taxa). Graminoids made up only
1.4% of our list, annual-to-perennial herbs made up
<1%, and mosses, ferns, and trees had only a single
taxon. The high number of annual taxa and peren-
nial geophytes is likely linked to these life histories
enabling drought avoidance, wherein drought (or
soil-related water stress) may be avoided by plants
passing periods of drought in dormancy as seeds,
bulbs, or rhizomes (Chandler and Bartels 2007).
Annual forbs made up a higher proportion of the
strict endemics, followed by perennial forbs and
perennial bulbs. The proportion of perennial forbs
was higher in the strict endemic taxa than in the
overall list as well. Similarly, the high number of her-
baceous life forms and the low number of woody life
forms among taxa with clay affinity is unsurprising
given the water limitations and potentially limited
nutrient availability of clay soils (Binkley and Vitou-
sek 1989; Fensham et al. 2015).
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While we included nonvascular taxa in our efforts
on the basis that edaphic affinity has long been noted
in bryophytes (e.g., Watson 1918; Briscoe et al. 2009;
Rajakaruna et al. 2009), we found only one nonvas-
cular taxon with clay affinity in this study. We sus-
pect this number may be artificially low because
there are far fewer records of nonvascular plants
than vascular plants in CCH2, even accounting for
differences in the number of taxa from each group
found within the state (Doyle and Stotler 2006; Con-
sortium of California Herbaria 2024; Jepson Flora
Project 2024; Wilson 2024). Though we found only
one moss in our effort, there may be interesting
future work examining poikilohydry, desiccation tol-
erance, and/or the lack of both cuticle and true vas-
cular tissue in mosses in the context of clay soils’
unique hydrology and chemistry (Vitt et al. 2014).

Some taxa with affinity or endemism to clay soils
had many herbarium records collected from clay soil
as well as from within vernal pools or in alkali sinks
(e.g., Plagiobothrys acanthocarpus (Piper) .LM.Johnst.,
Gratiola heterosepala H.Mason & Bacig., Eryngium
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pendletonense K.L.Marsden & M.G.Simpson). For
those and several other taxa, the high number of clay
records combined with a high number of vernal pool
or alkali sink records may be due to their affinity for
vernal pools’ or alkali sinks’ hydrologic regime as
much as to clay soils (which influence soil hydrology
in both habitats). However, we also saw that in some
genera which contain taxa with noted affinity to vernal
pools (e.g., Navarretia nigelliformis Greene subsp.
nigelliformis) and alkali sinks (Atriplex parishii S.Wat-
son) that also had many records on clay, other taxa in
the same genus (N. ojaiensis Elvin, J.M.Porter &
L.A.Johnson, N. panochensis D.Gowen & L.A.John-
son, A. coulteri (Moq.) D.Dietr.) had many records
from clay soils yet no records or apparent affinity to
vernal pools or alkali sinks. This supports the
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Clay affinity by life form, for all taxa for which we ranked clay affinity.

importance of soil texture affinity in shaping species dis-
tributions and suggests affinity to soil texture alone.
However, the task of decoupling a given taxon’s appar-
ent affinity to habitat and hydrologic regime versus
affinity to clay soils would require experimental work.
For this reason, we have refrained from attempting to
distinguish clay affinity alone from clay affinity that is
potentially incidental to habitat or hydrologic affinity,
instead providing the percentage of records associated
with habitat types for readers’ benefit and consideration
(Appendix S1). We also note that such a distinction is
likely not well-defined, and that serpentine affinity too,
is closely linked with secondary features of many ser-
pentine soils such as high drainage (Alexander et al.
2006), and we hope this paper provides future research-
ers with a starting point for such experimentation.
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TABLE 3. TAXA FOUND IN EACH JEPSON ECOREGION BY CLAY AFFINITY RANKING. Minimum-rank taxa for each fam-
ily, listed in clay affinity ranking. CA-FP = California Floristic Province, GB = Great Basin Floristic Province, D =
Desert Floristic Province. CaR = Cascade Ranges region, CW = Central Western California region, DMoj = Mojave
Desert region, DSon = Sonoran Desert region, GV = Great Central Valley region, NW = Northwestern California
region, MP = Modoc Plateau region, SN = Sierra Nevada region, SNE = East of the Sierra Nevada region, and SW =

Southwestern California region.

Clay Weak Moderate High Strict Total
Province Region tolerant affinity affinity affinity Endemic endemic ranked
CA-FP CaR 7 7 8 10 1 1 34
CW 8 8 18 34 9 19 96
GV 6 5 11 25 8 9 64
NW 5 7 12 14 7 6 51
SN 13 6 12 17 7 8 63
SW 10 9 15 33 9 8 84
GB MP 9 6 6 11 2 2 36
SNE 11 3 4 3 — 2 23
D DMoj 13 6 7 2 — 1 29
DSon 5 1 1 1 2 1 11

Similar work on serpentine affinity within Califor-
nia’s vascular plants (Safford et al. 2005; Safford and
Miller 2020) yielded a higher number of taxa with
serpentine affinity (255) than we found for clay
within California (216 vascular taxa). Of the taxa in
our study, 40 are also ranked in the serpentine data-
base (indicated by * in Appendices 1 and S1). Of
those, 23 had more records in CCH2 referencing
clay than referenced serpentine (indicated by ** in
Appendices 1 and S1). There was a substantial over-
lap in vascular plant genera and families between
our clay affinity list and the serpentine database,
though for some taxa it may simply be due to the
high number of species within them (e.g., Asteraceae,
Fabaceae, Eriogonum, Allium). The following genera
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have three or more taxa in both our list and the ser-
pentine database: Allium, Calochortus, Eriogonum,
Fritillaria, Lomatium, Navarretia, and Phacelia. How-
ever, several vascular plant families on our list do not
appear at all in the serpentine database (Amarantha-
ceae, Athyriaceae, Chenopodiaceae, Cleomaceae, Ger-
aniaceae, Loasaceae, Namaceae, and Solanaceae), and
our list has a much higher proportion of annual forbs
than the serpentine database. We found our list also
has overlap with work on gypsum affinity in the
Mojave region for some genera (Atriplex, Chori-
zanthe, Eriogonum, Lepidium, and Phacelia; Meyer
1986), which is perhaps not surprising given shared
characteristics: Both clay and gypsum present com-
plex and challenging hydrology, introduce physical
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FIG. 4. Distribution of georeferenced CCH2 occurrences with clay affinity, by ecoregion and affinity. A: All taxon occur-
rences ranked in this study; B: all occurrences for taxa with high affinity, endemism, or strict endemism to clay soils; C: all
occurrences for taxa with clay tolerance or weak to moderate affinity to clay soils. CaR = Cascade Ranges region, CW =
Central Western California region, Dmtns = Desert Mountains subregion, DMoj = Mojave Desert region, DSon
Sonoran Desert region, GV = Great Central Valley region, NW = Northwestern California region, MP = Modoc
Plateau region, SN = Sierra Nevada region, SNE = East of the Sierra Nevada region, SW = Southwestern California
region, and W&I = White and Inyo Mountains subregion.
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TABLE 4. CLAY-ASSOCIATED TAXA BY CLAY AFFINITY, CALIFORNIA RARE PLANT RANK, FEDERAL, AND STATE
STATUS. Number of minimum-rank taxa evaluated for clay affinity with California Rare Plant Ranking, California
Endangered Species Act status, or Federal Endangered Species Act status, by clay affinity ranking. CT = CESA “threat-
ened” status; CE = CESA “endangered’ status, CR = CESA “critically endangered” status, FT = FESA “threatened”

status, and FE = FESA “endangered” status.

CESA status FESA status

CRPR rank

Clay affinity 1B.1 1B.2 1B.3 2B.1 2B.2 2B.3 3 3.2
Strict endemic 14 13 4 1 _ = = —
Endemic 9 2 _ = — _ = —
High affinity 11 11 1 1 2 2 1 1
Moderate 5 7 1 — 1 — —

affinity

Weak affinity 3 2 - = = 2 — —
Clay tolerant 3 2 — 1 3 — 1 —

Total ranked 4

i
w2
~
N
w2
N
BN
o
o

33 42 43 Total CE CR CT Total FE FT Total
— 1 3 36 1 1 1 3 — 1 1
— 4 2 17 5 — 1 6 3 5 8
— 7 1 44 1 1 1 3 — 3 3
2 4 1 22 2 1 — 3 1 1 2
— 2 2 11 — — — — 1 — 1
— 1 1 12 1 — — 1 2 — 2
2 19 16 142 10 3 3 16 7 10 17

stress for plant life (especially related to root pene-
tration), and are more common in arid regions
(Bridges and Burnham 1980; Poch and Verplancke
1997; Poch 1998; Moore et al. 2014). There is much
work to be done untangling affinity to soil texture
versus soil chemistry, and on how tolerance of one
harsh soil may influence species’ adaptability to
others.

We are aware of several taxa with very small
ranges suggesting those taxa are restricted to clay
soils (e.g., Castilleja ambigua var. heckardii J.M.Eg-
ger & Excoffier; Egger and Excoffier 2021) or have
strong affinity to clay soil observed by botanists (P.
Excoffier, California Native Plant Society, personal
communication), but which have not been recorded
with voucher specimens. We also acknowledge that
in the limited scope of our effort, we have undoubt-
edly overlooked some taxa with bona fide endemism
to clay within California. Unavoidably, there are
likely numerous non-voucher observations (e.g., pri-
vate collections, passing observations in the litera-
ture) supporting the clay affinity of taxa in many
cases which we have not captured in our efforts.
Indeed, for some taxa which we have made extensive
personal observations, we believe clay affinity is
somewhat higher than our results found (e.g., Cau-
lanthus anceps Payson, C. flavescens (Hook.) Pay-
son., Eriogonum ordii S.Watson, and Monolopia
major DC.), though we believe some have lower
affinity than our results suggest (Chorizanthe biloba
var. immemora Reveal & Hardham, Eriogonum
nudum var. indictum (Jeps.) Reveal). Lastly, as we
assessed over 50,000 herbarium records for this
study, we acknowledge there will be—by nature of
herbarium records—misidentified specimens, and
with digitization efforts still ongoing throughout the
state, it was not feasible to check every specimen
addressed in this study. For these reasons, our find-
ings should be treated as a somewhat coarse first
indication of clay affinity within California’s flora.

Our utilization of the CNPS RPI as a source when
compiling our list of taxa to investigate for clay affin-
ity likely introduced some bias to the final list of
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taxa with clay affinity (Appendices 1 and S1) that we
present here. However, the severity of this bias is
likely reduced not only because we also conducted a
broad search of herbarium records for clay terms to
supplement the list derived from the CNPS RPI and
the Jepson eFlora, but also because affinity and
endemism to abiotic factors is generally associated
with rarity (Rabinowitz 1981). It is also true that rar-
ity of species can influence bias in herbarium collec-
tions as botanists often tend to make fewer
collections of threatened species and are more likely
to collect species that are accessible from roads
(Daru et al. 2018). So, while a degree of bias towards
rare taxa being over-represented within this list is
possible, we have made efforts to account for that
bias in our sources utilized, and the nature of
edaphic endemism and affinity is such that we had
already anticipated a larger proportion of rare taxa.
Further work on clay affinity will help to improve
this issue. In the meantime, our full list of taxa with
clay affinity (Appendix S1) provides information for
conservation workers on the rarity and special status
of clay-associated taxa requiring management, pro-
tection, and mitigation efforts.

The topic of clay affinity and endemism warrants
further work: There is a need to ground-truth our
findings, and for many taxa addressed here that we
did not rank for lack of records, further work would
greatly clarify the degree of clay affinity. There is
also a broad need for botanists to describe substrate
in greater detail (rock type, soil texture) when mak-
ing voucher collections, as the number of records
currently addressing substrate for many of these
taxa are only sufficient to suggest a pattern of clay
affinity or association, and not enough to firmly
quantify their affinity. Despite this, our findings
show a broad pattern of clay affinity and endemism
in the California Floristic Province to a degree com-
parable to that seen with serpentine. More detailed
descriptions of substrate in voucher notes in the
future may reveal greater clay affinity for some taxa,
or for taxa not included in our efforts and—given
the geological diversity of the region—will likely
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reveal other types of substrate affinity within Califor-
nia. Basic assessments of soil texture can be made in
the field relatively quickly. We refer readers to Thien
(1979) for a practical guide to conducting soil texture
by feel assessments in the field (no specialized equip-
ment or tools needed), and encourage readers to
address soil texture and other information regarding
substrate (e.g., cracking, visible evaporites, parent
material) in their voucher notes whenever possible.

ACKNOWLEDGMENTS

We thank Dr. Jenn Yost and Katelin Pearson for their
assistance with the CCH2 database, and Marco Iandolini
and Jacob Mull for their assistance in assessing herbarium
records. We are grateful to the many botanists whose
detailed voucher notes made this study possible, and invite
readers to submit their own observations on clay affinity for
taxa with which they are both familiar and qualified to
address at https://www.emmarosefryer.com/clay-affinity for
incorporation into any future updates of the database
presented here. We thank the reviewers for their thorough
review and numerous suggestions which substantially improved
this manuscript.

LITERATURE CITED

ADENII, A., J. HUANG, S. LI, X. LU, AND R. GUO. 2024.
Hot viewpoint on how soil texture, soil nutrient avail-
ability, and root exudates interact to shape microbial
dynamics and plant health. Plant and Soil. Website
https://doi.org/10.1007/s11104-024-07020-y [accessed
09 April 2025].

AHMAD, H. AND J. LI. 2021. Impact of water deficit on the
development and senescence of tomato roots grown
under various soil textures of Shaanxi, China. BMC
Plant Biology 21:241.

AHMAD, N. 1975. Vertisols. Pp. 91-123 in Wilding, L. P.,
N. E. Smeck, and G. F. Hall (eds.), Pedogenesis and
soil taxonomy. II. The soil orders. Elsevier Science,
Amsterdam, Netherlands.

1996. Occurrence and distribution of Vertisols.
Pp. 1-42 in Ahmad, N. and A. Mermut (eds.), Vertisols
and technologies for their management. Elsevier Sci-
ence, Amsterdam, Netherlands.

ALEXANDER, E. B. 2022. Geoecology of California and
Nevada landscapes. iUniverse Publishers, Blooming-
ton, IN.

, R. G. COLEMAN, T. KEELER-WOLF, AND S. P.
HARRISON. 2006. Serpentine soil distributions and
environmental influences. Pp. 55-78 in Alexander,
E. B. (ed.), Serpentine geoecology of Western North
America: geology, soils, and vegetation. Oxford Uni-
versity Press, New York, NY.

ANACKER, B. L., J. B. WHITTALL, E. E. GOLDBERG, AND
S. P. HARRISON. 2011. Origins and consequences of
serpentine endemism in the California flora. Evolution
65:365-376.

ATWELL, B. J. 1993. Response of roots to mechanical
impedance. Environmental and Experimental Botany
33:27-40.

BALDWIN, B. G. 2014. Origins of plant diversity in the Cali-
fornia Floristic Province. Annual Review of Ecology,
Evolution, and Systematics 45:347-369.

BATES, T. F. 1959. Morphology and crystal chemistry of 1:1
layer lattice silicates. American Minerologist 44:78—114.

Downloaded From: https://bioone.org/journals/Madrofio on 29 Aug 2025
Terms of Use: https://bioone.org/terms-of-use

[Vol. 72

BENGOUGH, A. G., M. F. BRANSBY, J. HANs, S. J.
MCKENNA, R. J. ROBERTS, AND T. A. VALENTINE.
2006. Root responses to soil physical conditions;
growth dynamics from field to cell. Journal of Experi-
mental Botany 57:437-447.

BHATTARAL, S. P., L. PENDERGAST, AND D. J. MIDMORE.
2006. Root aeration improves yield and water use effi-
ciency of tomato in heavy clay and saline soils. Scientia
Horticulturae 108:278-288.

BINKLEY, D. AND P. VITOUSEK. 1989. Soil nutrient avail-
ability. Pp. 75-96 in Pearcy, R. W., J. R. Ehleringer,
H. A. Mooney, and P. W. Rundel (eds.), Plant physio-
logical ecology: field methods and instrumentation.
Chapman and Hall, New York, NY.

BLACKWELL, P. S. AND E. A. WELLS. 1983. Limiting oxy-
gen flux densities for oat root extension. Plant and Soil
73:129-139.

BORDEN, K. A., L. C. N. ANGLAAERE, S. OWUSU, A. R.
MARTIN, S. W. BUCHANAN, S. D. ADDO-DANSO,
AND M. E. ISAAC. 2020. Soil texture moderates root
functional traits in agroforestry systems across a cli-
matic gradient. Agriculture, Ecosystems and Environ-
ment 295:106915.

BRrADY, K. U., A. R. KRUCKEBERG, AND H. D. BRAD-
SHAW. 2005. Evolutionary ecology of plant adaptation
to serpentine soils. Annual Review of Ecology, Evolu-
tion, and Systematics 36:243-266.

BRIDGES, E. M. AND C. P. BURNHAM. 1980. Soils of the
state of Bahrain. Journal of Soil Science 31:689-707.

BRISCOE, L. R. E., T. B. HARRIS, E. DANNENBERG, W.
BROUSSARD, F. C. OLDAY, AND N. RAJAKARUNA.
2009. Bryophytes of adjacent serpentine and granite
outcrops on the Deer Isles, Maine, USA. Rhodora
111:1-20.

CALFLORA. 2024. Calflora: information on California
plants for education, research and conservation [web
application]. Berkeley, CA. Website https://www.
calflora.org/ [accessed 2 November 2022].

CALIFORNIA NATIVE PLANT SOCIETY, RARE PLANT PRO-
GRAM. 2024, Rare Plant Inventory (online ed., v9.5).
Website http://www.rareplants.cnps.org/ [accessed 2
November 2022].

CALIFORNIA PHENOLOGY NETWORK. 2025. Georeferenc-
ing in CCH2 Training Course. Website https://www.
capturingcaliforniasflowers.org/georeferencingcourse.
html [accessed 5 March 2025].

CHANDLER, J. W. AND D. BARTELS. 2007. Drought: avoid-
ance and adaptation. Pp. 222-224 in Trimble, S. W.
(ed.), Encyclopedia of water science. CRC Press, Boca
Raton, FL.

COMER, P., T. KEELER-WOLF, AND G. KITTEL. 2024a. Cali-
fornia Central Valley alkali sink. Website https://explorer.
natureserve.org/Taxon/ELEMENT_GLOBAL.2.722727/
California_Central_Valley Alkali_Sink [accessed 8 Novem-
ber 2024].

R , AND . 2024b. Californian
Vernal Pool. Website https://explorer.natureserve.
org/Taxon/ELEMENT_GLOBAL.2.857252/
Californian_Vernal_Pool_Group [accessed 5 March
2025].

CONSORTIUM OF CALIFORNIA HERBARIA. 2024. CCH2
Portal. Website https://cch2.org/portal/index.php
[accessed 2 November 2022].

CRAINE, J. M., J. FROEHLE, D. G. TILMAN, D. A. WEDIN,
AND F. S. CHAPIN. 2001. The relationships among
root and leaf traits of 76 grassland species and relative
abundance along fertility and disturbance gradients.
Oikos 93:274-285.



https://www.emmarosefryer.com/clay-affinity
https://doi.org/10.1007/s11104-024-07020-y
https://www.calflora.org/
https://www.calflora.org/
http://www.rareplants.cnps.org/
https://www.capturingcaliforniasflowers.org/georeferencingcourse.html
https://www.capturingcaliforniasflowers.org/georeferencingcourse.html
https://www.capturingcaliforniasflowers.org/georeferencingcourse.html
https://explorer.natureserve.org/Taxon/ELEMENT_GLOBAL.2.722727/California_Central_Valley_Alkali_Sink
https://explorer.natureserve.org/Taxon/ELEMENT_GLOBAL.2.722727/California_Central_Valley_Alkali_Sink
https://explorer.natureserve.org/Taxon/ELEMENT_GLOBAL.2.722727/California_Central_Valley_Alkali_Sink
https://explorer.natureserve.org/Taxon/ELEMENT_GLOBAL.2.857252/Californian_Vernal_Pool_Group
https://explorer.natureserve.org/Taxon/ELEMENT_GLOBAL.2.857252/Californian_Vernal_Pool_Group
https://explorer.natureserve.org/Taxon/ELEMENT_GLOBAL.2.857252/Californian_Vernal_Pool_Group
https://cch2.org/portal/index.php

2025] FRYER ET AL.: CLAY AFFINITY AND ENDEMISM IN CALIFORNIA’S FLORA 141

DANIEL, K. AND S. HARTMAN. 2023. How plant roots
respond to waterlogging. Journal of Experimental Bot-
any 75:511-525.

DARU, B. H., D. S. PARK, R. B. PRIMACK, C. G. WILLIS,
D. S. BARRINGTON, T. J. S. WHITFELD, T. G. SEID-
LER, ET AL. 2018. Widespread sampling biases in her-
baria revealed from large-scale digitization. New
Phytologist 217:939-955.

DA SILVA, A. P., B. D. KAY, AND E. PERFECT. 1994. Char-
acterization of the least limiting water range of soils.
Soil Science Society of America Journal 58:1775-1781.

DIAMOND, S. 1970. Pore size distributions in clays. Clays
and Clay Minerals 18:7-23.

DoDD, M. B. AND W. K. LAUENROTH. 1997. The influence
of soil texture on the soil water dynamics and vegeta-
tion structure of a shortgrass steppe ecosystem. Plant
Ecology 133:13-28.

DOYLE, W. T. AND R. E. STOTLER. 2006. Contributions
towards a bryoflora of California III. Keys and anno-
tated species catalogue for liverworts and hornworts.
Madrofio 53:89-197.

DUCHAUFOUR, P. 1977. Pedology: pedogenesis and classifi-
cation. George Allen & Unwin, London, England.
ECKHART, V. M., M. R. HOWLAND, K. JENNISON, B. K.
KIRCHER, D. M. MONTGOMERY, Y. YUAN, AND
M. A. GEBER. 2017. Contrasting soil-texture niches
facilitate coexistence of two congeneric plants that dif-
fer in competitive ability. Annals of Botany PLANTS

9:plx066.

EGGER, J. M. AND P. EXCOFFIER. 2021. Castilleja ambigua
var. heckardii (Orobanchaceae): a new variety from
San Luis Obispo County, California. Phytoneuron
2021:1-17.

EGHBAL, M. K., R. J. SOUTHARD, AND L. D. WHITTIG.
1989. Dynamics of evaporite distribution in soils on a
fan-playa transect in the Carrizo Plain, California. Soil
Science Society of America Journal 53:898-903.

ESWARAN, H. AND T. CooK. 1988. Classification and man-
agement-related properties of Vertisols. Pp. 64-84 in
Jutzi, S. C., I. Haque, J. Mclntire, and J. E. S. Stares
(eds.), Management of Vertisols in Sub-Saharan
Africa. Proceedings of a conference held by the Inter-
national Livestock Centre for Africa. International
Livestock Centre for Africa, Addis Ababa, Ethiopia.

FAN, Y., G. MIGUEZ-MACHO, E. G. JOBBAGY, R. B. JACK-
SON, AND C. OTERO-CASAL. 2017. Hydrologic regula-
tion of plant rooting depth. Proceedings of the
National Academy of Sciences of the United States of
America 114:10572-10577.

FENSHAM, R. J., D. W. BUTLER, AND J. FOLEY. 2015.
How does clay constrain woody biomass in drylands?
Global Ecology and Biogeography 24:950-958.

FORT, F., P. CRUZ, O. CATRICE, A. DELBRUT, M. LUZAR-
RETA, C. STROIA, AND C. JOUANY. 2015. Root func-
tional trait syndromes and plasticity drive the ability of
grassland Fabaceae to tolerate water and phosphorus
shortage. Environmental and Experimental Botany
110:62-72.

FREITAS, H. AND H. MOONEY. 1996. Effects of water stress
and soil texture on the performance of two Bromus
hordeaceus ecotypes from sandstone and serpentine
soils. Acta Oecologica 17:307-317.

FRESCHET, G. T., C. ROUMET, L. H. COMAS, M. WEEM-
STRA, A. G. BENGOUGH, B. REWALD, R. D. BARD-
GETT, ET AL. 2021. Root traits as drivers of plant and
ecosystem functioning: current understanding, pitfalls and
future research needs. New Phytologist 232:1123-1158.

Downloaded From: https://bioone.org/journals/Madrofio on 29 Aug 2025
Terms of Use: https://bioone.org/terms-of-use

GILL, R. A. AND R. B. JACKSON. 2000. Global patterns of
root turnover for terrestrial ecosystems. New Phytolo-
gist 147:13-31.

GIVNISH, T. J. 2010. Ecology of plant speciation. Taxon
59:1326-1366.

GRAHAM, R. C. AND A. T. O’GEEN. 2010. Soil mineralogy
trends in California landscapes. Geoderma 154:418-437.

AND . 2016. Geomorphology and Soils.
Pp. 47-73 in Mooney, H. A. and E. Zavaleta (eds.),
Ecosystems of California. University of California
Press, Berkeley, CA.

GUERRERO-CAMPO, J., F. ALBERTO, M. MAESTRO, J.
HODGSON, AND G. MONTSERRAT-MARTI. 1999. Plant
community patterns in a gypsum area of NE Spain. II.
Effects of ion washing on topographic distribution of
vegetation. Journal of Arid Environments 41:411-419.

HAMER, J. J., E. J. VENEKLAAS, M. RENTON, AND P. POOT.
2016. Links between soil texture and root architecture of
Eucalyptus species may limit distribution ranges under
future climates. Plant and Soil 403:217-229.

HARRISON, S. AND N. RAJAKARUNA (eds.). 2011. Serpen-
tine: the evolution and ecology of a model system. Uni-
versity of California Press, Berkeley, CA, USA.

HARRISON, S. P. 2013. Plant and animal endemism in Cali-
fornia. University of California Press, Berkeley, CA.

HILLEL, D. 1971. Redistribution of soil moisture following
infiltration. Pp. 155-165 in Soil and water: physical prin-
ciples and processes. Academic Press, Cambridge, MA.

HILLIER, S. 1995. Erosion, sedimentation and sedimentary
origin of clays. Pp. 162-219 in Velde, B. (ed.), Origin
and mineralogy of clays: clays and the environment.
Springer-Verlag, Berlin, Germany.

HUENNEKE, L. F., S. P. HAMBURG, R. KOIDE, H. A.
MOONEY, AND P. M. VITOUSEK. 1990. Effects of soil
resources on plant invasion and community structure in
Californian serpentine grassland. Ecology 71:478-491.

JACKSON, R. B., J. S. SPERRY, AND T. E. DAWSON. 2000.
Root water uptake and transport: using physiological
processes in global predictions. Trends in Plant Science
5:482-488.

JEFFREY, D. W. 1987. Soil-plant relationships: an ecologi-
cal approach. Timber Press, Portland, OR.

JENNY, H. 1980. The soil resource: origin and behavior.
Springer, New York, NY.

. 1994. Factors of soil formation: a system of quanti-
tative pedology. Dover, New York, NY.

JEPSON FLORA PROJECT (eds.). 2024. The Jepson eFlora.
Website https://ucjeps.berkeley.edu/eflora/ [accessed 2
November 2022].

JIANG, L., H. L1u, Z. PENG, J. DAI, F. ZHAO, AND Z.
CHEN. 2021. Root system plays an important role in
responses of plant to drought in the steppe of China.
Land Degradation and Development 32:3498-3506.

JONES, C. A. 1983. Effect of soil texture on critical bulk
densities for root growth. Soil Science Society of
America Journal 47:1208-1211.

JURJAVCIC, N. L., S. HARRISON, AND A. T. WOLF. 2002.
Abiotic stress, competition, and the distribution of the
native annual grass Vulpia microstachys in a mosaic
environment. Oecologia 130:555-562.

KAy, K. M., K. L. WARD, L. R. WATT, AND D. W.
SCHEMSKE. 2011. Plant speciation. Pp. 71-95 in Harrison,
S. and N. Rajakaruna (eds.), Serpentine: the evolution
and ecology of a model system. University of California
Press, Berkeley, CA.

KHITROV, N. B. 2016. Properties and regimes of Vertisols
with gilgai microtopography (a review). Eurasian Soil
Science 49:257-271.



https://ucjeps.berkeley.edu/eflora/

142 MADRONO

KIEwW, R., A. R. UMMUL-NAZRAH, P. T. ONG, K. IMIN,
A. M. ALIAA-ATHIRAH, AND A. R. RAFIDAH. 2019.
Distribution and conservation implications of limestone
plant species in Felda Chiku limestone flora, Kelantan,
Malaysia. Journal of Tropical Forest Science 31:19-36.

KIRKHAM, M. B. 2005. Field capacity, wilting point, avail-
able water, and the nonlimiting water range. Pp. 153~
170 in Principles of Soil and Plant Water Relations.
Academic Press, Cambridge, MA.

———— 2011. Water dynamics in soils. Pp. 51-65 in Hat-
field, J. L. and T. J. Sauer (eds.), Soil management:
building a stable base for agriculture. John Wiley &
Sons, Oxford, England.

KovDA, I. AND A. R. MERMUT. 2018. Vertic features. Pp.
605-632 in Stoops, G., V. Marcelino, and F. Mees
(eds.), Interpretation of micromorphological features of
soils and regoliths. Elsevier, Amsterdam, Netherlands.

KRUCKEBERG, A. R. 1950. An experimental inquiry into
the nature of endemism on serpentine soils. Ph.D. dis-
sertation. University of California, Berkeley, CA.

— . 1954. The ecology of serpentine soils: I11. Plant spe-
cies in relation to serpentine soils. Ecology 35:267-274.

. 1969. Soil diversity and the distribution of plants,
with examples from Western North America. Madrono
20:129-154.

. 1984. California serpentines: flora, vegetation,
geology, soils and management problems. University
of California Press, Berkeley, CA.

. 1986. An essay: the stimulus of unusual geologies
for plant speciation. Systematic Botany 11:455-463.

LANCASTER, L. T. AND K. M. KAY. 2013. Origin and
diversification of the California flora: re-examining
classic hypotheses with molecular phylogenies. Evolu-
tion 67:1041-1054.

LAUENROTH, W. K. AND J. B. BRADFORD. 2012. Ecohy-
drology of dry regions of the United States: water bal-
ance consequences of small precipitation events.
Ecohydrology 5:46-53.

LAVKULICH, L. 2022. Soil: the environmental integrator.
Pp. 1-44 in Powter, C. B., S. A. Abboud, and W. B.
McGill (eds.), Environmental soil science: anthropo-
genic chemicals and soil quality criteria. Proceedings of
a symposium, August 1011, 1992. The Canadian Land
Reclamation Association and Canadian Society of Soil
Science, Edmonton, Canada.

LETEY, J. 1985. Relationship between soil physical proper-
ties and crop production. Pp. 277-294 in Huenneke,
L. F. and H. A. Mooney (eds.), Advances in Soil Sci-
ence, Volume 1. Springer-Verlag, Berlin, Germany.

LOPEZ-IGLESIAS, B., R. VILLAR, AND L. POORTER. 2014.
Functional traits predict drought performance and dis-
tribution of mediterranean woody species. Acta Oeco-
logica 56:10-18.

LUBBE, T., L. J. LAMARQUE, S. DELZON, J. M. TORRES
RuUIz, R. BURLETT, C. LEUSCHNER, AND B. SCHULDT.
2022. High variation in hydraulic efficiency but not
xylem safety between roots and branches in four tem-
perate broad-leaved tree species. Functional Ecology
36:699-712.

LUNDHOLM, J. T. AND D. W. LARSON. 2003. Relationships
between spatial environmental heterogeneity and plant
species diversity on a limestone pavement. Ecography
26:715-722.

LUZURIAGA, A. L., A. M. SANCHEZ, F. T. MAESTRE, AND
A. ESCUDERO. 2012. Assemblage of a semi-arid annual
plant community: abiotic and biotic filters act hierar-
chically. PLOS ONE 7:¢41270.

Downloaded From: https://bioone.org/journals/Madrofio on 29 Aug 2025
Terms of Use: https://bioone.org/terms-of-use

[Vol. 72

, P. FERRANDIS, J. FLORES, AND A. ESCUDERO.
2020. Effect of aridity on species assembly in gypsum
drylands: a response mediated by the soil affinity of
species. Annals of Botany PLANTS 12:plaa020.

MACNAIR, M. R. 1989. A new species of Mimulus endemic
to copper mines in California. Botanical Journal of the
Linnean Society 100:1-14.

MANGHWAR, H., A. HUSSAIN, I. ALAM, M. A. KHOSO, Q.
ALI, AND F. L1U. 2024. Waterlogging stress in plants:
unraveling the mechanisms and impacts on growth,
development, and productivity. Environmental and
Experimental Botany 224:105824.

MARSCHNER, P. AND Z. RENGEL. 2023. Nutrient availabil-
ity in soils. Pp. 499-522 in P. Marschner (ed.), Marsch-
ner’s mineral nutrition of plants. Academic Press,
Cambridge, MA.

MEDEIROS, I. D., N. RAJAKARUNA, AND E. B. ALEXAN-
DER. 2015. Gabbro soil-plant relations in the Califor-
nia Floristic Province. Madrono 62:75-87.

MEYER, S. E. 1986. The ecology of gypsophile endemism in
the Eastern Mojave Desert. Ecology 67:1303-1313.
MINASNY, B. AND A. B. MCBRATNEY. 2003. Integral energy
as a measure of soil-water availability. Plant and Soil

249:253-262.

MOORE, M. J., J. F. MoTA, N. A. DouGLAS, H. F.
OLVERA, AND H. OCHOTERENA. 2014. The ecology,
assembly, and evolution of gypsophile floras. Pp. 97—
128 in Rajakaruna, N., R. Boyd, and T. Harris (eds.),
Plant ecology and evolution in harsh environments.
Nova Science Publishers, Hauppauge, NY.

NATURESERVE. 2024. NatureServe Network Biodiversity
Location Data accessed through NatureServe Explorer
[web application]. NatureServe, Arlington, Virginia.
Website https://explorer.natureserve.org/ [accessed 19
November 2022].

OBERBAUER, T. A. 1993. Soils and plants of limited distri-
bution in the Peninsular Ranges. Fremontia 21:3-7.

O’GEEN, A. T., R. A. DAHLGREN, AND D. SANCHEZ-
MATA. 2007. California soils and examples of ultra-
mafic vegetation. Pp. 71-106 in Barbour, M. (ed.), Ter-
restrial vegetation of California. University of California
Press, Berkeley, CA.

PALACIO, S., A. ESCUDERO, G. MONTSERRAT-MARTI, M.
MAESTRO, R. MILLA, AND M. J. ALBERT. 2007.
Plants living on gypsum: beyond the specialist model.
Annals of Botany 99:333-343.

PARFITT, R. L., D. J. GILTRAP, AND J. S. WHITTON. 1995.
Contribution of organic matter and clay minerals to
the cation exchange capacity of soils. Communications
in Soil Science and Plant Analysis 26:1343—1355.

PEARSE, I. S., J. M. AGUILAR, AND S. Y. STRAUSS. 2020.
Life-history plasticity and water-use trade-offs associ-
ated with drought resistance in a clade of California
jewelflowers. American Naturalist 195:691-702.

PHALEMPIN, M., E. LIPPOLD, D. VETTERLEIN, AND S.
SCHLUTER. 2021. Soil texture and structure heteroge-
neity predominantly governs bulk density gradients
around roots. Vadose Zone Journal 20:1-17.

POCH, R. M. 1998. Pore space characteristics as indicators of
soil behaviour in gypsiferous soils. Geoderma 87:87-109.

, AND H. VERPLANCKE. 1997. Penetration resis-
tance of gypsiferous horizons. European Journal of
Soil Science 48:535-543.

RABINOWITZ, D. 1981. Seven forms of rarity. Pp. 205-217
in Synge, H. (ed.), The biological aspects of rare plant
conservation. John Wiley & Sons, Oxford, England.


https://explorer.natureserve.org/

2025]

RAJAKARUNA, N. 2004. The edaphic factor in the origin of
plant species. International Geology Review 46:471—
478.

. 2018. Lessons on evolution from the study of
edaphic specialization. Botanical Review 84:39-78.

, T. B. HARRIS, AND E. B. ALEXANDER. 2009.
Serpentine geoecology of Eastern North America: a
review. Rhodora 111:21-108.

——— S. J. SIEBERT, AND R. S. BoyD. 2024. The
edaphic factor in ecology in Fath, B. D. (ed.), Encyclope-
dia of ecology, 3rd ed. Elsevier, Amsterdam, Netherlands.

RAVEN, P. H. AND D. I. AXELROD. 1978. Origin and rela-
tionships of the California Flora. University of Cali-
fornia Press, Berkeley, CA.

REYNOLDS, J. F., P. R. KEMP, K. OGLE, AND R. J. FER-
NANDEZ. 2004. Modifying the “pulse-reserve” para-
digm for deserts of North America: precipitation pulses,
soil water, and plant responses. Oecologia 2:194-210.

RHIGI, D. AND A. MEUNIER. 1995. Origin of clays by rock
weathering and soil formation. Pp. 43-157 in Velde, B.
(ed.), Origin and mineralogy of clays: clays and the
environment. Springer-Verlag, Berlin, Germany.

RICE, K. 1989. Competitive interactions in California
annual grasslands. Pp. 59-70 in Huenneke, L. F. and
H. A. Mooney (eds.), Grassland structure and func-
tion: California annual grassland. Kluwer, Dordrecht,
Germany.

RYSER, P. 1996. The importance of tissue density for
growth and life span of leaves and roots: a comparison
of five ecologically contrasting grasses. Functional
Ecology 10:717-723.

SAFFORD, H. AND J. E. D. MILLER. 2020. An updated
database of serpentine endemism in the California
flora. Madrofio 67:85-104.

, J. H. VIERS, AND S. P. HARRISON. 2005. Serpen-
tine endemism in the California Flora: a database of
serpentine affinity. Madrono 52:222-257.

SALTER, P. J. AND J. B. WILLIAMS. 1965. The influence of
texture on the moisture characteristics of soils. Journal
of Soil Science 16:310-317.

SANDERS, G. J. AND S. K. ARNDT. 2012. Osmotic adjust-
ment under drought conditions. Pp. 199-229 in Aroca,
R. (ed.), Plant responses to drought stress. Springer
Berlin, Heidelberg, Germany.

SCHENK, H. J. AND R. B. JACKSON. 2002a. Rooting
depths, lateral root spreads and below-ground/above-
ground allometries of plants in water-limited ecosys-
tems. Journal of Ecology 90:480-494.

AND . 2002b. The global biogeography
of roots. Ecological Monographs 72:311-328.

SCHWINNING, S. AND J. R. EHLERINGER. 2001. Water use
trade-offs and optimal adaptations to pulse-driven arid
ecosystems. Journal of Ecology 89:464—480.

SHIRSATH, S. K., T. BHATTACHARYYA, AND D. K. PAL.
2000. Minimum threshold value of smectite for vertic
properties. Australian Journal of Soil Research
38:189-201.

SOIL SURVEY STAFF. 1999. Official soil series description:
San Joaquin series. U.S. Department of Agriculture
Natural Resources Conservation Service. Website
https://soilseries.sc.egov.usda.gov/OSD_Docs/S/
SAN_JOAQUIN.html [accessed 9 March 2025].

SOIL SURVEY STAFF. 2003a. Official soil series description:
Chicote series. U.S. Department of Agriculture Natu-
ral Resources Conservation Service. Website https://
soilseries.sc.egov.usda.gov/OSD_Docs/C/CHICOTE.
html [accessed 9 March 2025].

Downloaded From: https://bioone.org/journals/Madrofio on 29 Aug 2025
Terms of Use: https://bioone.org/terms-of-use

FRYER ET AL.: CLAY AFFINITY AND ENDEMISM IN CALIFORNIA’S FLORA 143

SOIL SURVEY STAFF. 2003b. Official soil series description:
Morenogulch series. U.S. Department of Agriculture
Natural Resources Conservation Service. Website
https://soilseries.sc.egov.usda.gov/OSD_Docs/M/
MORENOGULCH.html [accessed 9 March 2025].

SOIL SURVEY STAFF. 2022. Keys to soil taxonomy, 13th ed.
U.S. Department of Agriculture Natural Resources
Conservation Service, Washington, D.C.

SOIL SURVEY STAFF. 2025. Soil Survey Geographic
(SSURGO) Database. U.S. Department of Agriculture
Natural Resources Conservation Service. Website https://
www.nres.usda.gov/resources/data-and-reports/gridded-
soil-survey-geographic-gssurgo-database [accessed 5 March
2025].

STEBBINS, G. L. AND J. MAJOR. 1965. Endemism and spe-
ciation in the California flora. Ecological Monographs
35:2-35.

STIRK, G. B. 1954. Some aspects of soil shrinkage and the
effect of cracking upon water entry into the soil. Aus-
tralian Journal of Agricultural Research 5:279-296.

STRIKER, G. G., P. INSAUSTI, A. A. GRIMOLDI, AND A. S.
VEGA. 2007. Trade-off between root porosity and
mechanical strength in species with different types of
aerenchyma. Plant, Cell and Environment 30:580-589.

THIEN, S. J. 1979. A flow diagram for teaching texture by
feel analysis. Journal of Agronomic Education 8:54—
55.

U.S. DEPARTMENT OF AGRICULTURE NATURAL RESOURCES
CONSERVATION SERVICE. 2024. Vertisols. Website
https://www.nrcs.usda.gov/conservation-basics/
natural-resource-concerns/soil/vertisols [Accessed 3
April 2024].

VELDE, B. 1995. Composition and mineralogy of clay min-
erals. Pp. 8-42 in Velde, B. (ed.), Origin and mineral-
ogy of clays: clays and the environment. Springer-
Verlag, Berlin, Germany.

VELDE, P. AND P. BARRE. 2010. Soils, plants and clay min-
erals: mineral and biologic interactions. Springer-Ver-
lag, Berlin, Germany.

Vitt, D. H., B. CRANDALL-STOTLER, AND A. WOOD.
2014. Bryophytes: survival in a dry world through tol-
erance and avoidance. Pp. 267-296 in Rajakaruna, N.,
R. Boyd, and T. Harris (eds.), Plant ecology and evolu-
tion in harsh environments. Nova Science Publishers,
Hauppauge, NY.

WALKINSHAW, M., A. T. O’GEEN, AND D. E. BEAUDETTE.
2023. Soil Properties. California Soil Resource Lab.
Website casoilresource.lawr.ucdavis.edu/soil-
properties/ [accessed 5 March 2025].

WANG, S., H. ZHOoU, Z. HE, D. MA, W. SUN, X. XU, AND
Q. TIAN. 2024. Effects of drought stress on leaf func-
tional traits and biomass characteristics of Atriplex
canescens. Plants 13:2006. Website https://doi.org/10.
3390/plants13142006 [accessed 28 May 2025].

WATSON, W. 1918. The bryophytes and lichens of calcare-
ous soil. Journal of Ecology 6:189-198.

WEIL, R. AND N. BRADY. 2017. The nature and properties
of soils, 15th ed. Pearson, New York, NY.

WELSH, S. L. 1978. Problems in plant endemism on the Col-
orado Plateau. Great Basin Naturalist Memoirs 2:191—
195.

WEN, Z., P. J. WHITE, J. SHEN, AND H. LAMBERS. 2022.
Linking root exudation to belowground economic traits
for resource acquisition. New Phytologist 233:1620-1635.

WHITE, E. M. AND J. K. LEWIS. 1969. Ecological effect of a
clay soil’s structure on some native grass roots. Journal
of Range Management 22:401-404.


https://soilseries.sc.egov.usda.gov/OSD_Docs/S/SAN_JOAQUIN.html
https://soilseries.sc.egov.usda.gov/OSD_Docs/S/SAN_JOAQUIN.html
https://soilseries.sc.egov.usda.gov/OSD_Docs/C/CHICOTE.html
https://soilseries.sc.egov.usda.gov/OSD_Docs/C/CHICOTE.html
https://soilseries.sc.egov.usda.gov/OSD_Docs/C/CHICOTE.html
https://soilseries.sc.egov.usda.gov/OSD_Docs/M/MORENOGULCH.html
https://soilseries.sc.egov.usda.gov/OSD_Docs/M/MORENOGULCH.html
https://www.nrcs.usda.gov/resources/data-and-reports/gridded-soil-survey-geographic-gssurgo-database
https://www.nrcs.usda.gov/resources/data-and-reports/gridded-soil-survey-geographic-gssurgo-database
https://www.nrcs.usda.gov/resources/data-and-reports/gridded-soil-survey-geographic-gssurgo-database
https://www.nrcs.usda.gov/conservation-basics/natural-resource-concerns/soil/vertisols
https://www.nrcs.usda.gov/conservation-basics/natural-resource-concerns/soil/vertisols
http://Website casoilresource.lawr.ucdavis.edu/soil-properties/
http://Website casoilresource.lawr.ucdavis.edu/soil-properties/
https://doi.org/10.3390/plants13142006
https://doi.org/10.3390/plants13142006

144 MADRONO [Vol. 72

WHITMORE, A. P. AND W. R. WHALLEY. 2009. Physical ZHANG, P., D. LYU, L. JIA, J. HE, AND S. QIN. 2017. Phys-

effects of soil drying on roots and crop growth. Journal iological and de novo transcriptome analysis of the fer-

of Experimental Botany 60:2845-2857. mentation mechanism of Cerasus sachalinensis roots in
WHITTAKER, R. 1954. The ecology of serpentine soils: IV. response to short-term waterlogging. BMC Genomics

The vegetational response to serpentine soils. Ecology 18:649.

35:275-288. ZHU, J. AND J. P. LYNCH. 2004. The contribution of lat-
WILSON, P. 2024. California Moss eFlora. Website https:// eral rooting to phosphorus acquisition efficiency in

ucjeps.berkeley.edu/CA_moss_eflora/ [accessed 2 Novem- maize (Zea mays) seedlings. Functional Plant Biology

ber 2022]. 31:949-958.

Downloaded From: https://bioone.org/journals/Madrofio on 29 Aug 2025
Terms of Use: https://bioone.org/terms-of-use


https://ucjeps.berkeley.edu/CA_moss_eflora/
https://ucjeps.berkeley.edu/CA_moss_eflora/

FRYER ET AL.: CLAY AFFINITY AND ENDEMISM IN CALIFORNIA’S FLORA 145

2025]

[BONPIA (qnel] xo asey

QBORI[Y  (qInQ) qIdY od — — %1 —  %L06 %t 19 0L oropuyg 2% KoqumQ) nzunui winijjy

QBORIIT  (qInQ) QIdY o — % 1> — — %br  %6€8 %1¥T 43¢ Amuyje ysStH  UOSIBAN'S Huounua] unjly
#x9SBY
2 AaqumQ (qnel]) asual

oe0RIY  (qINQ) qI9Y I0d % 6T — %l — — %0001 %0°0S vl OIWGPUD JOLNS  ~1UIGUDS “TeA 11]]oM0Y winl]]y
njjamoy

9BaOBI[Y  (qINQ) Q1Y 1od %1 %9 %t — %l %lIL %t 0 6 Auyje ysSty  IeA "MISeH Hjjonoy unijry
qnel] X2 asey ¥ AdqumQ

QBRORI[Y  (qINQ) QIdY 1od %€ — — — —  %T68 %18 LL Auyje ysty  1400y070 “xeA Hjjamoy unjry
MESINEIA
(-myseq) 1p.and -1ea

oeadRI[Y  (qInq) QY d  — — %S — — %0001 %98 8S OIUGPUD LIS UOSIBA'S tnmriquitf w1y

ovooRIlY  (qINQ) qIoy g — %T — — %L %¥LY %¥'LT LST Ayruyye o1eIopoN 330103 sdooun wnijjy
UOSIEM\ 'S

9LIORUIRIY quiys  — — — — %l %E9L %0°€l T6T Auyjye ysig oo fiipo viydjopy
Jjoroos @' (‘wsieys)

QeddeqR ] q1oy ‘uuy — — — — — %0001 %8t 6C OIWAPUD 101N snaopfrigna uodsud

9BAOBIANSY QY uuy %] %T %€ %0 %S %LP8 %L 91 0sT1 Auyye YySiH  10NRYSS S1j0u DUy
ppaoqo ~dsqns

apaORIUIE] QY uuy - 9% L1 %9 %L1 — —  %€96 %6'1S TS owwepuy  sdof vivaoqo viuiOyIUPIY
18190 PIvP.L0d ~dsqns

apaorIUE] QY UUY %% %z %T — —  %S8'SL %009 99 Auyye ysig DIDA0GO DYJUIUOYIUDIY

aBaOBIIE ] QIoY UUY %6 %t %11 — %l %618 %98 8yl Auyge ysty  sdag nivaoqo vypuoyjunsy
#:KBID'Y

CLEsHEL | QIey uuy %61 — — — %y %6'96 %S 6€ 91 onuepuy DIjOJIdI1 DY IUUOYIUDI Y
£ISIYO[ (sweIqy)

QpaoRIUIE] qiy uuy  — — %te — — %0S %tl 62 Huonnp viuOYIUPIY

Apure WLIOJ JIT S[1os S[I0S 10 ounuadiog oiqqen sjood Kepo passaippe paurwrexs Kyurgye Kep) uoxey,
ONIDA  YUIS I[BY[Y [RUIdA uQ 2IN)Xa) [10S SPI029Y

QunuadIas paoualdjal uky) AB[O PIOUIIRJAI SPIOJAI THDD 2I0W yoIym 10J aseqerep aunpuadias oy ur juasard os[e sa10ads sajearpul ., pue ‘(0z0g I[N pue
piojjes) aseqeiep aunuadias oY) Ul 1uasaId Os[e 3SOY) AIB , UB [IIM BXB] "BIO[Jd SSOJA BIUIOJI[BD) 9y} 10 BIO[J[BD WOl pa[nd sem UOneWIOJUI SIY) ‘BIO[Jd uosdaf oy} Ul passaIppe
JOU SBM UOXB) 91} dI9UYM SISBI Ul ‘BIO[Jd uosdof ay) pajels se A[Iwrej pue wioj 9Jif 918)S BX®e} 10J  A[IWeR], PUB  WIOJ JJIT,, * PIUIULXI SPIOIIY,, JO d3eIuadIad & a1k 0s ‘sadA)
91BIISQNS 10 1BIIQBY 2SOY) PAUONUIW JBY) PASSISSE SPIOIAT WNLIRAQIAY [[B JO 93BIuadiad a1k  S[I0S J1I9A,, PUB ¢ S[I0S 10 YUIS [[BY[Y,, ‘ Qunuadiag,, < 01qqen,,  sjood [euIop,,
*S[10S AB[O 9SIMIDYIO 10 AB[O SEM PIIB)S 2INIXI) [10S Y} YIIYM I0J (,,PISSAIPPE 2INIXI) [I0S,, “2'T) S2J0U IAYONOA 3} UI 2INJXI) [I0S PIBIS JBY} PIUTWEXD SPIOOAI WNLIBGIAY JO 19sqns
A} SAAIZ  AB[O UQ),, "SIIOU ISYONOA UI 2INJXI) [IOS PISSAIPPE JBY) PAUIELX SPIOIAI JO IoqUINU SI  PISSAIPPE 2INIXA) [10S,, {PISSISSE SPIOIAT IAYINOA WNLIRQIAY ZHDD JO Ioquunu
S91B)S  POUIUBXD SPIOIY,, "AIUIJJR JURI 0} dINJXJ) [I0S FUISSAIPPB SPI0IAI MIJ 00} PBY ,—,, SB A[UO PINIBW SI AJTUljje AB[D) YOIYM I10J BXB] "9,(0] = OIWUAPUD JOLI)S PUR ‘9,66
0] 9%,06 = JIWAPU ‘04,68 01 2,0, = ANMUYJR YIIY ‘9,69 01 %05 = AIUIJJR 2JRIIPOW ‘0,6 01 9%, 0f = AJUIJR YBIM ‘0467 01 9, = JUBIO) AB[D :SMOJ[O] SB ‘S[IOS AB[O UO 2Iom
PISSAIPPE SBM 9INIX3] [I0S YOIYM 10 SPI0JI 21} JO a8eIuadIad Jeym U0 paseq ale s3unyuel Ajuijje Ae[D "AASSASSY SVM ALINIAAY AVID HOIHA Y04 VXV INVY-WANINIA

ALINIHAY AVT) Ad dHENVY VXV], ddIVIDOSSV-AVTI)

[ XIONTddY

Downloaded From: https://bioone.org/journals/Madrofio on 29 Aug 2025

Terms of Use: https://bioone.org/terms-of-use



[Vol. 72

MADRONO

146

helad

aedorIpodouay ) qey Idd - %1 %t - —  %Cl Y%¢€'81 $6C Auyye ysig (‘bON) 1211100 XapdLuyy
DIDU0.L0D “TRA

JeaorIpodouay) qIoy uuy  — %9% — %8 2%€°€S %1°€T 59 K)IUTjje 9JRIOPOJN  UOSIBAN'S PIDU0.10D X2]dLII
SUIISIUDD "TeA "IN

Jeaoripodouay) qniyg  — % — %I> %P9 %9°1€ S6S jueIa[0) AB[D (ysang) suaosouns xajdriy
USPMT'S
(PUESD'S ® NUDTD
2 ZIN)S) DULOYI11713U0]

Jeaoripodouay) qQIay ‘uuy  %Hg %L — —  %0°€9 %€ 9 w A)JIutjje 91RIOPOA “IBA DAIUIZD Xa|dL1I Y
SQUOH N Hu

Jeaoripodouay) QU uuy  — %11 — %1 %0°LT %1€ ol JURIQ[O) AR]D  -Duljjy “JeA DaJua v XajdLiy
‘sdof (souof

SB30BOISSLIY qloy uuy - %ty %t %t %l %168 %9'¢e ovl Auyge ysSty  dIN) sypaoivpiun snupsdyy
adny winaosopodd “1ea

JeadrLIAYIY ug  — — %1 %I>  %EIE %6°€ 62Tl Kruyjye yeap (1) punuaf-xuf wnridyry
«Aqaureq snuniuosdal

JvORQE] qQIay uuy  9¢ — %9t — %89 %0T LT1 A)JIuIjje 91RIOPOA “IBA HUDIIDL SNDIDAISY
1ssnad “1eA

Jeaoeqe] QIdy 1_d  %T %8 — %7T %811 %I 1S cCl JuRIQ[O} AB]D Ke10)'y nussnaad snp3v.asy
SQUO N S1sua1p1

JBORQE] qIy 1d  %T — %T — %669 %6°9C 801 AuIjje QJRIOPOIN  “IBA SNSOULSIIUI] SNIDSDAISY

QvORqE,] qIy ‘uuy  — — %0€ —  %0°0S %0702 0€ A)yuijje 91BIOPOA & sdof snun.vy> snp3n.aSy
VUL “TeA

BIORQR] qQy 1R — — — — %00 %S°0T s — SQUO N 2PUild Snp3vjSy
Kqauieg (‘purD)) Suapiaa.q

JrAORQR] quy g — %S — %I> %16 %€l $ST jueIo[0) AB[D “IRA SISUPDUDD SNIDSDAISY
SQUO ' N SNuUps

BB qQy g — — — — %0001 %0°ST 9] OIWAPUD OIS -UdUL "TRA SNIDAID SNDSDAISY

SBAOLINSY qougs - — %0 - — %00 %6°11 9¢¢ — Ke1DV 122014104 DISTU) 1Y
A1req

JB30ROLIJ qniygg — — > — % IL %9°81 08T Ayuigye ysryg v1jofizadwu sojdydpisoroy

JraORUISRIUR[] QU uuy %7 — — %L %S TL %S°1S 66 Anury ysig ‘MISBH WNIDAO WNUIYLIIUY
9SO % NOD'IN'[

oroorldy qIy uuy  — — — — %0001 % €°€€E 9 Srwapuy OIS WinoJun 313 WNUIISOUILU Y
K1y

9BAOBINSY  (ZIYY) QIOY Iod  %T % — %6 %T9Y %9°LI1 871 Kruyye o (nnN) vpwnd viso.aquiy

svadeI[Y  (qInQ) QY d  — Yol> %€ %l1> %¥TL %l'11 19¢ Auyyy ysiy 55 000[[3 wunijofiun w1y
x£oquamQ %
TeINOIA E:tEUM.SQQ\\QN\/

9BadRI[Y  (qInq) IOy od — %11 — %0001 %9°C 8¢ BUSS uE RRISHN oudIDy umjnsuiuad winijjy

AJruueJ wIoj 9JI | S[10s S[10S 10 aunuadidog oiqqen  sjood Kepd PassaIppe pauruexa Auiyge Ke)) uoxe]
ONIdA  UIS I[BY[Y [PUIDA  UQ 2IN31X9) 10§ SPI0OAY
AINNILNOD

Downloaded From: https://bioone.org/journals/Madrofio on 29 Aug 2025

Terms of Use: https://bioone.org/terms-of-use



FRYER ET AL.: CLAY AFFINITY AND ENDEMISM IN CALIFORNIA’S FLORA 147

2025]

1dpauuay “Ien

QraORI[I] qy 1R — — — %1 — % L9] %0°$C STl JjueIo[o) AB[D  I0)I0J 1Mpauuay sniioy20in)
#STIDAD]D "TeA UOSIBM 'S

oBOORIIT  (qINQ) qIOY 10— — %¥C — — %688 %S°Tl [ Auyye ysry SHIDAD]D SN10YI0IDD)
UosIBM\ 'S

9BORIIT  (q[nQ) Iy 1o — Y%l> %l - —  %LIL %581 119 Auyye ysiyg IDUIDIDD SNLLOYI0ID)
P T'd
% 119997 (19A00H)

opoRI]  (qInq) qloy 1o — - %TC — — %0001 %¢°ST L8 Jlwepua 1oLS SNSO[IZAD $11140Y20]D)
Opay % 298§
‘SBSIBA"d ‘OIIRABN "D
‘010sEP[Y ("Uly 7% JOOH)

9BOORIURIID qIoy "Uuy %% %1 %T % l> — %96 %S°T1 143 oropu vy do.ovuu viuLo i)
yeq

orOOBPIWRYL  (qINQ) QIO 1J  — — %1 % %61 %VLL %L 81 991 Auyje ysig (susa1D) 1131240 vaVIPOIG
SNBYRIN'A" L

oBROEPIWRYL  (qnq) qloy g — — — — — %00 %00 9¢ — ('sdo) swusisui vavipotg

9BAOBPIWY L, (qnq) qI9Y Iod %I %6 — — %01 %STL %9°LT Syl Auyye ySty  uosiem 'S vijofijyf vovipolg
I19A00H

9BOOBPIWAY |, qy g — — — — %y %S8'LL %I'L 9zI Auyye ysry vpjroipuaddp vavipo.g
ZBQUaYS-TV

oBIORBIISSEI qy g — — — — — %0001 %S L€ OIWAPUD OIS (ZUnjN) nuosuyol n.iayr20g

apaOEPILRYL  (qInq) gIdY Y — - — — %9 %688 %6°CS L1 Auyye ysig 19AOOH Siyjiwny vlLiowoo]q
UuosIBM ‘S

QBaoEPIULY L qiy ed  — - - — %Il %6'8L %9°C1 (44! Auyjye ysig Hpuv]add]s DLIWOolq
Quaaln) (330110

QBIORIAISY QU uuy 96 — %t — — %0°001 %9°L1T S8 JIWIPUD LIS vsownyd prozrwydajg

SBNLIANSY qloy uny  — %l %S - —  %SI8 %661 9¢l Luyge ysiy AURDID) DXD] DIUOZIIDYdI]G
L2gpos ~dsqns

JBIORIDISY Qloy ‘uuy  — — — — — %0001 %€ €8 9 JIWAPUD OIS YOO 12gvos snddpdiivyda)g
TRYL (ssnDy) pdan20.00 py

aroorIpodouay) qly g — %6¢ — — —  %LS8 %0°0S 4! Auyye ysry "dsqns sLm3pna viog
#1093 °d"d (IlPH

SB30RIANSY qloy ‘uuy %€ - %S — —  %Ct6 %01y 001 Stspuy “IN'H) $1[p1uap1o20 vojiusg
142.110] "TeA UOSIBA\ °S

Jedoripodoudy) qQloy ‘uuy  — % T — — — % 0T %8C VL1 juela[o) A8 (UosIeM\'S) 14a.L10) XopdLI Y

JeaorIipodouay) qIoy uuy  — %9T — — %ST  %EPI %L L6 jueId[o) KD uosie 'S nystivd xapdiiyy
uoIsaIg

Jeaoripodouay) qQloy ‘uuy  — — — — — %001 %001 4 JIWAPUD IS g vjydosdds xapdriyy

aeadoerpodouay)) qQly g  — %1€ %1 — %6 %9°69 %G1 0S1 Kjurgye 9JeIdpPoON sdaf wsopnonn.f xapdry

JeaorIipodouay) qIoy uuy  — %9¢ — — %TT %0001 %9°0C €9 JTWAPUD 101G ‘sdof pssa.udap xapdLiy

Apiure w0y Iy S[10s S[10S 10 ounuadidog oiqqen  sjood Kepd passaippe paurwexs Aurge Kep) UoxXe],
dNIdA  UIS I[BY[Y [PURA  UQ 2IM1xX9) 10§ SPI0OAY
AaNNIINOD

Downloaded From: https://bioone.org/journals/Madrofio on 29 Aug 2025

Terms of Use: https://bioone.org/terms-of-use



[Vol. 72

MADRONO

148

AT INT

QBAOR[NAJOAUOT qlay uuy %L %l %< %C %< %0°L6 %¢°CS Ice STuspuy SUD[UUIS SNNAj0AUO )
nuvwijjy "IeA

9BIOBUWO[D qiey "uuy - %T %l - — — %0°9L %18 Y01 Auyye YSIH  UOS[AN'V Hupijjiy vjjauioa])

9BAJBWO[D) qloy uuy - %1 %l - — — %0708 %0°LY 81 Aruyje ySiH  UOSN'Y Hupijiy vjjouioa))
[JOOH 29 Jou3ep\
qloy T M (8307193]) stutiofion.io

JeaoRISRUQ ed oy uuy . — % — — — %6°0€ %1°0€ €81 Auiyye yeopa  dsqns suiofianyd piusidy)
#+ABIDY %

QBORUOTA[O] qIoy ‘uuy  — %€ %t — %1 %6°0€ %S PE L61 AIuijje YeoA\ 110 ] DIDISLIDIUN dYIUDZLIOYD)
ZUnjA
(uewpoon)) nurdsi3uo] “1ea

aeaorU03L[0d QI "UUY %[ %1 — %3 %v  %I1'9L %0°St 1ST Auyje ysig sopiouo3Ajod ayunziioy)
sdor
(uosiep\"S) putpuvIdf

QBORUOTA[O] qIy uuy  — — — — — %69 %0°6S €8 A)JIuijje 91RIOPOA “TeA 14.010d 2yjunz1.10Y )
weypIieq
2 [BOADY DO

9BIORUOTA[OJ qIy uuy  — — %8T — — %0001 %08 ST JIWAPUD 011G “TRA DGOJ1q dYIUDZ1I0Y )
fe1n'y (1eunQ)

JeddrUR[OS qy 1y — — — — — %6°8¢ %9°€T SS AJTurjye Jeop sndouo.10d pyoID.IDSIVUIDY )

QvdRUWERYY qnuyg  — — %2 — — %0°0S %1P 6% A)IuIjje 9JRIOPOJN  JOAOOH SHUILIDUL SNYIOUDI))
I LA

JeaoRUWERYY qnuyg = — — %001 — — %00 %0°0 I — STINUIOIIP SNYIOUDI))
#xU0SKe( (MOOH)

QB2OBIISSEIY qQIdy ‘uuy Y%t — %L — — %S8°LL %E Y1 681 Ayuiyye ysig SU22S24D]f SNYIUDINDY)

JedowaIsseIg QIay ‘uuy 9| %G — — — %0°9L %L'SE 16C Ayurgye ysiyg uosAed sdoouv sniyjunjnnyy
1840y 29 WSS IN[ 1p

9B3JBPUBQOIO qloy "uuy - 9%¢l %€l %€l %¢l %8¢ %0001 %S°LE 8 OIWAPUD WM -DIUL “TeA DRSIGUID DID]J11SD)

oeaorvradA)  (ziyr) qloy g — — %0 %1 — %008 %78 Tl Ayuiyye ysiyg «A0RIS S1SU20dS1G0 X2.4D))
YoOH %
1ouSep\ T M (uoaeyY 'H' d)

JvORITRUQ qly uny — — — — — %6t % 0p 90¢ JURIS[O} AB]D 11851M2] S15d01U0SSIUD))
nwwnag sypdoosida

QBOOR[NA[OAUOD)  (‘ZIYI) qIoy 1o  — — %P1 — — %L99 %€ 91 6 Ayurjye 91e1opolN  dsqns synvopgns p13aisdin)y
POOM

QBRI qRyd  — — — %1 - %1°CS %091 88¢ Autjye 1eIopo N qdry upaos snpioy20m)y

9BORIIT  (qINQ) Q1Y Idd % %SV - - %1 %0°0S %ST SOI1 Aruyye a1eIPON YSLed SnIDLIS $1110Y20]D)
SNIDQGIPQISU0]
“TBA UOSIBM 'S

9BAORIIT  (qNQ) QIoY 1o — — — - %¢ %¢°e8 %8°C1 8¢ Auyje ysig SNIDGUDGIFUO] SNIL0YI0[D)

AJruueJ wIoj 9JI | S[10s S[10S 10 aunuadidog oiqqen  sjood Kepd PassaIppe pauruexa Aunyge Ke)D uoxe]
ONIDA  UIS I[BY[Y [PUIDA uQ 2IN1X9) 10§ SPI00Y
AaNNILNOD

Downloaded From: https://bioone.org/journals/Madrofio on 29 Aug 2025

Terms of Use: https://bioone.org/terms-of-use



FRYER ET AL.: CLAY AFFINITY AND ENDEMISM IN CALIFORNIA’S FLORA 149

2025]

*WOSIN"T'D
QBIORIAISY qnuyg  — — %L %> — %0701 %8°¢ €9C jueIoo) Ae[D)  (ARID)'Y) 10U2.3 DIIWDILIT
seled'IN'A
Jrom d-D) sisuauiay
QBADBA[RIA Qloy ‘uuy  — %9 — — %1 %6°8T %€°6C 65T JURIS[O} AB]D “dsqns 1d.Lind ayopuwa.ag
PUSEM T M % UOOH
9BAORITRUQ qley uuy - 9%1 %l %l — %LT  %L18 %C1 SS9 Aruyge ysty  (sdop) aazsadwnd wimqopdg
qnuys ysibuoi)) nw3n.ioo
JBIORINSY 0] qI9Y "19d — % — — — %009 %9 %1 S0C AJIurjje 9)RIOPOIN “TeA s1npoipnu s18doijadusy
ueIOJA (UOSIBM'S)
SBIOBINSSBIY qey Ied - %1 %l - — %< %0°¢6 %L’LT Sel Jnuspuy DID32LIDA DLIIPR
uospIAR
QBIOR[NSSBID) QY g — — — — — %0001 %L9 0€ OTWAPUD JO11IS 2 950y paund vdajpng
UBRIOIN
QBIOR[NSSBID) qQloy g — — — — — %L'S8 %61 9¢ Ayuigye ysiyg (urIOIN) Po1o1s9U DAIIPNC
UBIOIN
QBIOR[NSSBID) qQloy g — — — — — % S %P 6T 61 Aurjye 91BIOPON (9s0Y) synvornuw vAapng
4+ x2DIUDUIYD0]q
‘dsqns urIOJN (‘mISeY)
9BIOB[NSSBIT qiy ed - %Cl - %€ %688 %01 4! Auyje ysig apuuiy0]q vAdjpnd
WIV'VD
2 19[[moug Q[dweg (Fualn))
JBIORIAISY QY g — — %€E1 — — %0°0S %6°C 0L Ajuijje 91RI9POJA DIAGD)S DLI23UI]I0T
WOSON"T'D (WUBIDT'Y)
9BAORWAIYJ qiey uuy  — %¢ — — %Cl  %0°SL %0%C 0S Auyje ysig snavwsAd snovjdiq
WOoSaNT'D (JudaI1n)
BIORWAIYJ qIy uuy  — — — — %T %8°LT %81 86 JjueIo[o) AB[D X0 MAI(]) snyjayand snovydiq
x*WOSIN"T'D
9BAORWAIYJ qioy uuy  — — %1 %1 %0 %6'TH %v 01 SOy fAuuygeyeop  (yqrudg) usvpsnop snovjdiq
uemy
arddR[NOUNURY [CREIVRAEY B %o 1> % 1> — — %71°SS %1 'Sl €Th AJ1urjye 91eIOPOIN winjiydosdA3 winnurydjoq
#xUIMPreg D'd (P A’ A)
SBIDBIANSY qloy "uuy - %yl Y%ll %¢ — — %¢'18 %6°CC 0L Auyye ysig buvijppy vApuvuloq
auRIN('DA)
SBI0RIASY qloy ‘uuy - 9% 1> Yo l> %C %I1>  %C %68 %L'61 L6S1 Aruyje 9eIopoN DIDINOIISHf DApUPUIIQ
umpreg o'g (oY a d)
JBIORINSY qIoy ‘uuy 9G] — — — %S %9°L6 %6 Y 86 oruapuyg SU28Nn[10d DAPUPUIIJ
suoy (Sunoy)
JradRIISSRIg Qg g — — — — — %0708 %S L L9 Ayurgye ysig DIDISOILIPYND D]]21Y21SN)
AISUYOL'IN'T
oeadRUISRIOY QoY uuy 99 — — %€ %Cl %918 %8'8L €€ Auyyy ysiy nsu S pyuv)dLa)
Aqruueq wIoj 9JI | S[10s S[10S 10 aunuadidog oiqqen  sjood Kepd PassaIppe pauruexa Aunyye Kep) uoxe]
ONIOA  UIS [[BY[Y [PUIDA uQ 2IN1X9) 10§ SPI00Y
AINNILNOD

Downloaded From: https://bioone.org/journals/Madrofio on 29 Aug 2025

Terms of Use: https://bioone.org/terms-of-use



[Vol. 72

MADRONO

150

9vaoRI]  (qINQ) qIoY Iod %l — %S %1 %868 %8S 991 Amuyje ySiH QU0 S1S2USD DLID]IIIL]
s IUOY

JeaorIoARded qIy uuy  — — %T — %0°S¢ %€l 00€ AJTuIjje Jeom $ap1022d Ay DI1Z]OYISYISTT
B3RI]'S'N 2 WOSINT'D

QBAORWAIYJ qQloy ‘uuy  — — — %8 % 1Y %P SE N Aurgye yeop\  (Aeiny'y) vnsixa aypuv.ayidig

g1y

qeooeldy d oy uuy . — %1C — %IT %0001 %9 € 6€ JIWAPUD IS sdaf wnsowtaov.4 umiSud.i;g
uosdwig n A 29 USPSIBIN

oeooerdy qiey lod  %T — — %97 %L'SS %L 'St 9% Auyge ysty 1Y osuouosapuad wimsulig
ENON i

aeaorldy qiey Ied - %€ — %€ %01 %0001 %S5 83 OIWAPUL JOLNS N0 N[ Huosdof wnmSudizy

orooru03kjod qloy uuy o, > %€ % —  %S86L %l'Ly 01¢ Auyye yStH  UOSIBAN'S P10 wnuoSoLr]
winpiyda’o.y20
“IBA UOSIBM 'S

QBAORUOTA[OJ QY 1R — — — — %0°0 %1°€T €1 — winpyda’0.4y20 wnuo 3oy
«5BAY ('sdar) wnopun

QBAORUOTA[OJ qQloy g  — — %1 — %S°9L %SG 011 Ayurgye ysryg “JRA WNPNU WNUOSOLIT
sIopunes’y
2 [BOADY 18.1n-SNJD]

9BIORUOSA[OJ quiys — — — — %0°ST %0001 % JuRIS[O) AB]D “TRA DDYJ0UD1U LUNUOSOLITT
[eaAdy pyooud

9BAJRUOSA[0] qQly g — — — %L %0001 %E 1 Il — “TRA 14poundy wnuosong
SOY01S'S 2JDIUIP1II0

9BIORUOSA[OJ quiys — — %11 — %579 %T'81 s AJIurjye 9)RIdPOIN “TRA NUUDULIDIY WNUO0SOLIT
ue1n))

9BAIRUOSA[0] qQloy ‘uuy  — %1 — — %7T'SS %9 ¥T 811 Kjiurgye 9JeIdpoN winuldAsso3 wnuo3oLLy
[[PMOH L'

9BIORUOSA[OJ qQloy ‘uuy  — — %9 — %00 %T €l 159 — WNUDIPOOMISDI UWINUOSOLIT
SOUO[ N X

9BAIRUO3A[0] QIoy ‘uuy 97 %1 — — %8 P8 %S°SH 101 Ajnuyge ysSiy  SOYO0IS'S Wnuijjod wnuo3oLly
s [[BUS

9BIORUOSA[OJ qQIay ‘uuy 9| %< % — %0.°99 % T PP 061 AJIurjye 91RIdPOIN WINIDAD]D WnUo3oLIg
#x[[PMOH" L[

9BaJRUO3A[0] QIoy ‘uuy 9 ¢ — — — %0001 %6'CT Se JIWAPULD OLIIS wnsoj13.40 WNUo3oLIg
[eoADY 29 ApRID) ([e2AdY)

9BIORUOSA[OJ QY g — — — — %0001 %€°8S 9¢ JIWAPUD 101G DUIPUDXI]D WNUOSOLITT
anysp.y ~dsqns

QBORWEN qnuyg — — — — %0001 %0°S€E 02 OIWAPUD OIS "MISRH aDIYSD.A] UOL1IIPOLIT
PATeYT"D % WOSIN"T'D
(uosiopuy D)) SISU20ysVM

QBIORIAISY qnIys  9%/.¢ — — — %676 %9°€9 < orwuopuyg “TRA DSOISNDU DIIDUIDILIT

Ajnwue g w0y 91 S[10$ S[10S 10 Junuadidg olqqen  sjood Kepo PassaIppe paurwuexa Knuige Ke)D uoxe],
dNIdA  UIS I[BY[Y [PUIOA uQ 2IM1xX9) 10§ SPI0OAY
AINNILNOD

Downloaded From: https://bioone.org/journals/Madrofio on 29 Aug 2025

Terms of Use: https://bioone.org/terms-of-use



FRYER ET AL.: CLAY AFFINITY AND ENDEMISM IN CALIFORNIA’S FLORA 151

2025]

oBOBSOY qIy 1 — — — — — %0°0S %E P LY — KRID)Y 112Gqam visaa]
#KB1D'Y

QBIOBSOY qIy 1R — — %LE — — %0001 %¢€°€ 09 — X0 "110 ], 113ur1ayo1d visaaf
nsury

oBOBSOY qIy 1 — %ST — — — %b'S1 %811 011 JjueIo[o) AB[D  "IBA UOSIRA\ 'S 118u1Y DIsad]
11S1ZUIU
“TeA WOSIN"T'D (‘ury

JBIORIAISY qniys — %1 — — — %€ TT %8°TT 69S JURIQ[O) AB]D 29 "YOOH) 1ISIIZUIUL DULOIOS]
WOSAN "T'D 121

JBIORINSY qniys = — — %61 — — %6°88 %161 Ly Ayunje YSIH -/0gpip “IeA 11S21ZUdUL DUIOIOS]

9BIOBSOY qiy Iad - - %38 %Il %L99 %691 IL Aruyjge 91eIopoN “QpAY pvoun.iy viYAOH

9BIOBSOY qRyd  — — %LT — — %0001 %L1 9L1 — xUOSYBAN'S DIDILIIS DIJo10

oBOBSOY qIy 1R — — — — — %9°SS %0°8 €11 A)Jurjje 9)eIOPON QU1 1d.ind DIJIYIOF]
"qQpPAY

9B30BS0Y qidy Ied - %¢e - %C %0001 %0°S 09 - (ouoa1D) 120y PYIYIOH
[eoAdY
% 11y (csdar) vropur

BI0LSOY qy Ry — — — — — %0°0 %0°0 L — “TRA DIJOJioNDp DIIYIOF]

9BJLOJ plouiely  9%¢ Yovl - - %Il %CTLS %L 0¥ L6S Aruyge yStH  D{SAON SUapad.a1ul WnapL0H
vaund.ind “TeA I (A ¥
J0[Ae ' M [ (993opuriyg)

QBAORARTY qoy Ry — — — — %1 %696 % 1Sy 1L orwepuy pa.nd.ind p1L2400 ]
ausa1D (‘D)

JBIORINSY QU uuy  — — — — — %€°€6 %1l vl oruapuy viuapn.ovUL DYd.IDI0]0 ]
[o11eg (“sdor)

Jeaoessardn) QI  — — %T — — %L"99 %S°6 8¢ AJTuI}je 9JRISPOIN 1s52q.10{ stpdAd0.12dsafy
QUAID)

9BAORIANSY quuys - — — — — —  %E€€8 %T9 L6 Auygeysiy  (Ke1D'y) #pmo.o vipwzog
Ke1y'y

oeaoRUIZRIOY QIay ‘uuy 9| — %> %9 %0 %GS°76 % 1Ty ws oruRpuyg rwypd vjjouo3vdin [y
wox UV

SBOLNSY qRyd  — %l %¢ — %0 %018 %L01 (4544 Aujje 91RIOPOIN % NOOH pjmns.iy vijopuiy
‘31oeg 2 UOSBIA

JraoRUISRIUR[] QU uuy  — — — — %t %L99 %P 11 6L AJTUI}je 9JRIOPOIA “H pjpdaso.a1ay pjonn.i0
10117 2% [BAYY

980BUOFAI0] qlyuuy - — % 8% — — %9 %0°C¢ YT ol Aytutjye yeap (K1req) pjoasny viupuipoon

9BORIIT  (q[NQ) QIdY ¥ — - - - - %0001 %8Sy 99 OIISpUS I0LIS “MIS®Y DIDLUS DD
o PIUOY

9BORIIT  (qINQ) Q1Y I3d  %T - %l - %C %086 %8°6¢ €Cl owuepuy X9 Lo PAojfimyd LD

opaoeIl]  (qInq) qIoy o — — %9 — %¢ %0001 %¢°6 IS1 OIWRpUD 19LI S wx [PULT D2IDII] DLD]IILLL

9BOORIIT  (qINQ) Q1Y 1dd % 1> — %3 %T %I1> %068 %1+C 9T Auyye ysry [PUIT DL0]fiq DL

Aruueq w0y 9JI ] S[10s S[10S 10 aunuadidog oiqqen  sjood Kepd PassaIppe pauruexa Aunyge Ke)) uoxe]
ONIdA  UIS I[BY[Y [RUIOA uo 2IN1X9) 10§ SPI0OY
AINNILNOD

Downloaded From: https://bioone.org/journals/Madrofio on 29 Aug 2025

Terms of Use: https://bioone.org/terms-of-use



[Vol. 72

9BAOBINSY qioy "uuy %€ %t %€ — %l %EP8 %6t 9S1 Auyye ysry 3301103 pvipvL DIPPIN
snsout1of - rea
JBORqE qIy 1 — — % 1> — — %%€6T %L'81 8¢ jueId[oy e[ QUOAIL) snsouLiof smudny
Q0UBISUO)) 29 UBWISSI[YIS
oroorldy quoy 1o  — — — — — %00 2%0°0 0z 1SUIGGaIS WNIIDUIOT
3stbuoi)
oroorldy qIay ‘1o  — — — — — Y%y %€ 9 vl Aungye yeap WNUDISOL WNLIDULOT
1U2AD.L “TRA QOUBISUOD)
orooeldy qIy 1 — — — — — %0001 %8LL 6 OIWOPUD JOLINS 2 SBIYIRIA] HUIAD.L WNIIDUIOT
PRYSUBA
2 uospe) A asuarnivd
ordoeldy qQny Ry — — — — — %L 9 %¢€€€ Sy AJTurjye Jeopm TRA HUIADL W IDUIO]
50y ¥
MO A [ (950 % I[N0D
seaoeidy qley Ied - — %< - - — %00 %CL1 8¢ Aruyye ysStH  N[) Huosiopudy winivuo ]
uBwWSSAIS (Aeiny'y
¥ "110]) wind.nr01da)
aeaorldy qiey Ied  %I1> Y%l> - — %¢ %L'99 %E91 9LT Kyruyyje 2eIpoA IBA L0]091q W DULOT]
qnjoH
o) BAORIASY qQloy ‘uuy  — — — — %1 %606 % T Eh 65T oruapuyg (Ke10y'y) voroziw vif307
Z 9BAOBIANSY qioy "uuy %€ — — %t %l %9'8L %11 86 Auyye y3ry Ke1Dy puvu viSuissoy
m SBOLNSY qley uuy - — %< %91 — %l %¢°e8 %9°01 0L1 Auyye ysig #QUAID) DINIJOJOY DISUISSI T
a feiny
AMn OEDRINSY qloy uuy  — %S %1 — %l %I6b %1vT 6ty Auyge yeaps  ((OQ) voprsdoyypo oudsorday
I19A00H
JedoRIISSLIg QIay ‘uuy 9 /¢ — — — — %L98 %6°8L 61 Ayugye ysiy  wingpp ~dsqus upaunl wnipidog
nupaapl -dsqns
QpAoLIISSBIY qloy uuy - %I¢ %8¢ — — —  %CS'L8 %S°19 el Auyje ysty  oa3opuelq ipa.vl wnipiday
9LIORIISSRIG qly Uy — %6€ — — %1 %S8"LL %0°ST [ Amuyye ysty  eoSopurlg upa.nl wnipidog
SBALINSY qloy "uuy - %S %ST - — Yob %9°8L %S'1T o€l Auyye ysig N Hzunut vidvy
QBIORIASY qIoy ‘uuy  — %S — — —  %LY6 %S'LY 0F orepuyg Yo' 'd pddpdoona) vidnT
SBOLNSY qley uuy - — — %CE — — %0001 %581 18 Jluepu9 1oMS #Ke10yy Hsauol vidvy
Uy % 3OOH
SBALNSY qloy "uuy - 9%¢ %< %l — — %Vl %8'LE 88¢C Auyye ysig (D) vyorizota1ay vido Y
fe1n'y (DA)
QB0LNSY qloy uuy - 9% 1> %¢ %1 — %P %¥°06 %0°Cl Sey olwapuy Soprowayupsd.y> vy
SBOLIANSY qloy uny  — - %<l - — %0001 %811 143 “uag puiojoyoip vjjydospy
umpred D'd
SBOLIASY qlay "uuy - %61 - %9 - — %0001 %C'TC 9¢ OIWLPUS LIS sisuajoqvip vjjydosny
nyos
9B30e0d plouruel, — — Y l> %¢ %1> %I>  %8'EC %0°Cl [49 44 weid[o) e[y ('qOPIT) Dy uUD.IIVUL D142]20Y
Aruueq w0y JI] S[10S S[10S 1O ounuadidog oiqqen  sjood Aepd passaippe pauruexd Ayurgye Kep) UOXR],
ONIdA  UIS I[BY[Y [RUIOA uo 2IN1X9) 10§ SPI00Y
o
= AENNLLNOD

Downloaded From: https://bioone.org/journals/Madrofio on 29 Aug 2025

Terms of Use: https://bioone.org/terms-of-use



FRYER ET AL.: CLAY AFFINITY AND ENDEMISM IN CALIFORNIA’S FLORA 153

2025]

Yo0H
29 Touse T M (MINND)

oraorISeuQ qioy ‘uuy %1 — — % %L'LS %SG°G1 891 Kuigge 0JeIOPON DUIPUD DIUDLSULOYOIN

9BIVBIUOWL[O] qly uuy - — - %<C — %< %S Sy %68 9rC Kruyye yeapm qiueg vpnplosia vHILDADN

SB30RIUOWS[O] qloy uuy - %1 %< %l %l Y%b %688 %CYs €8 Auyge ysiy SIIAOD Pqoj1198 DHILIDADN
s WV 79 OOH

JBORILOWR[OJ QIoy ‘uuy 9| — %P — %1 %908 %01 €89 Anuyge ysiy  (‘qyuag) suaosagnd p1jaLmap N
UoSuUYo[ 'y ] 29 U9MOD)

9BIIRIUOWD[O] qQIdy ‘uuy %49 — — — — %0001 %606 1 OIWAPUD 101IIS " s1suay>ound p1jaLIDADN
uosuyo[ 1 2 IO A [

9BAORIUOWI[O] qy ‘uuy  — — — — — %0001 2%9°GS LT SIWOPUD JOLIIS UIA[ SISUAIDIO D1JOLIDAD N
e D'V (1lomoH
“L°[) suvipp. ~dsqns

QBIORIUOWA[O] qIay ‘uuy 9,9 %< 9%,9 — %11 %0°001 %1°6€ +9 JIWIPUD OIS SIULIOJi]]231U D1JALIDADN
stut0fijjasu ~dsqns uadID)

9BIVBIUOWL[O] qleg uuy - — %< %Pl — %vl  %E£T6 %81Y 8S olwepuy SIULLOfi]]231U DI LIDADN
«'sdor xo Aorreg 1A

9BIORIUOUWR[OJ qloy uuy  — %1 Y%L — %T %688 %8'LT 101 Auyje ysig Huosdal v112.LIPADN
UOSBIN'H

9BIOBIUOWL[O] qloy uuy %] %l %C — %Il %CTT6 %L'1¢ 191 olwepuy Dipupiajay vH2LIDADN
uosuyo[ ]

QBORIUOWR[O] qIay Iod % — %P1 — —  9%0°001 %IL L JIWAPUD JOLNS 1NUIMOS DIJ2LIDADN
QUARID) (ABID)'Y

9BIORIUOUWR[OJ qloy uuy  — — %1 %€ — %688 %9 St Auyje ySty - X2 L0 L) Synpujf vi2LnanN
UOSBIN

QBIJRIUOWA[OJ qloy ‘uny — %€ % T — %9 %0°001 %801 S9 JIWIPUD OIS "H pjpydasoria pija.Lmanp

9BAORIUOWI[O] QY ‘uuy  — — %1 — %T %0°ST %8 0r9 JURIQ[O} B[  QUOAID) DIVILIDAIY DIIALIDADN
“ury 2 ooy (‘yrudg)

SBI0BIUOWIS[O] qioy "uuy  %¢ %L Y%¥ — %9 %0001 %'l 691 OIISpUS I0LIS DI]0Ji1) 00 D2LIDADA

QBAORIAISY qQIoy ‘uuy  %¢ %9 — — —  %6'SS %€°6T 6T Kurjye 0)eIOPOIN wni) vioLus vidojouo

SB30RIANSY qloy uuy - 9%1 Y l> Y%¥ - %I1> %LSY %S¢l 09¢ Aruyge 9eIpoN "0 Hofvwi vidojouo jy
UWIA[] 78 SIOPUBS D'V

Sea0RIWE] qloy "uuy - 9%9¢ - %6 - — %0001 %0708 [44 OIISpUS I0LIS (1101) PSouaa vjjapwUO Jy
SIOpURS™D'Y 2 $saing
"V CUIA[Y SDIUIPLIL0

QBORIWIE] qy e — — — — —  %I'LS %0001 L Ayurjye 9JeIOpOIN  dsqns Syp.aIsnp vjjapIUO Py
sIquIRyD) Y H8Ul1op

QBIORIAISY qIay Iod %9 — — — — %796 %S°9L ¥€ orwapuyg “dsqns pv1u1oD] $11250.101

QBAORIAISY qoy ‘uuy  — %€ — — %Il %619 %1€l 091 K)IULjJe 0JRIOPOJA  OUILD) DIDUILUNID S1IISOUIL A
‘MIseq

9BAOBSBO| Qloy ‘uuy  — — — — — %9°69 %0°6€ 6S AJ1urjye 91eIdPOIN putiadso.ard vijozjua

Aruueq w0y 9JI ] S[10S S[10S 10 sunuedidg oiqqeny sjood Kep passaippe paurexs  Ajuije Kep) uoxe[,
OIIOA  YUIS [[BY[V [BUIOA uo 2IN)XA) [0S SPI0OY
QINNILNOD

Downloaded From: https://bioone.org/journals/Madrofio on 29 Aug 2025

Terms of Use: https://bioone.org/terms-of-use



[Vol. 72

MADRONO

154

Isuyo NI (uaaln)

JedoRUIZRIOY Qloy ‘uuy  — — — — %Pl %781 %0761 NS JURIS[O} AB]D snydrids s€1y10qo13v] g
ISUYOL NI
oeodRUISEIOY qloy "uuy %8 — %S — %Il %0001 %l'1¢ 19 OIWLpUL 19§ snaigrafur sd.110qor3v]d
ISUYOL IN'T
(QUoa1D)) nupLYDIY “TeA
oraorUISRIOY qIy ‘uuy  — — — — %IT  %9°8C %69 101 jueIo[0) AB[D snupis110Yy sL4y10qo13v]g
suygo AT (1odiy)
ordRUITRIOY qley "uuy 9%¢ %S Y 1> %I1> " %0€  %L68 %1°6C 10§ Auyge ysty  sndwooyiupop sLuy10qo1sv)d
ISUYOL IN'T
(sweiqy) psojuauio)
9BIOBQE qniys - — — — %¢ — %8'LL %9°L 611 Auyje ysig “TeA DUDJUOW DISULDYL]
oraoe[[AydoIpAH qQIdy ‘uuy %7 — — — %8 %TT9 %9¢ $01 A)juijje 91RIOPOA QUAQID) SIDULIDY] DI]2IDYJ
[[PMOH L' (puelq) 123up
oeraoe[[AydoIpAH qQIay ‘uuy 97 %7T — — — %6°8T %LE €Tl JuelId[0) KB[D  -po0os “1eA vjjaysnd vijaovy g
oraoe[AydoIpAH QY "uuy %401 %TC — — %l %08 %LbE [ Kruyye sypom Ke1n v nysind vijaovyq
oraoe[[AydoIpAH qIoy uuy  — %1 — — — %1°CI %I1T $S1 JURIQ[O) AB[D  SQUO[ T A P129]3u D1]aIvYJ
Jeaoe[[AydoIpAH QU uuy %6 — — — — %0°001 %0°0p St JIWAPUD 101N IS[RH SISUOUOU DI]IOVY J
UOSIBM'S X2
oeaoe[[AydoIpAq qiey uuy  — %S — — —  %LTL %0 ¥ 0S1 Auyje ysSty 10 L, nppprowds viyjaovyd
ordor[[AydoIpAH qloy uuy o — Yol> %l %Nl> %l> %T8 %6'€C 901y 1ueI[0) AB[D s UIUSY SUDISIP DI]2IDH
oraoeAydoIpAy QoY uuy 9% | %t %1 %I> %1 %I8L %¢E°ST 865 Kuyye ysig “qyudg DIDIID DIIDY
#x 1QOBIN'A [ % UOS]ON'V
(050 % NOD'IN L)
ordorIdy ql_y Id % I> — %01 - %I1> %E19 %6'¢E Ice Aruge a1eIPON 1915uad vIpLidpLIaG
EaliaNi(ve)
2 Sueny) [’ I vInLonjoaur
aedorIdy qRyd  — - %9 — — %0001 %¢'CE 33 oruepud o -dsqns Liapuvjog vipriaplad
QBIORIAISY qIy uuy  — — — — %T %0706 %681 %9 orwopuy Ke10y'y 1nuod] vjavyovjuag
udISW[OH H'N
JedorUISRIUR[] qQloy g  — — — — — %0°0L %8°8T +01 Kyuiyye ysiyg anrysiuvl uowasua g
udISW[OH H'N
(P A Q) S1su2IsLYS
JBAORUISRIUR[J qny Ry  — — — — — %0°0T %8t SOT JURIQ[O) AB]D  "IBA SNXOPO.12]dY UOUUIISUIJ
[ rd
9BDRYOULQOI qny Ry — — — — — %0°0 %0°0 L — oDISUIZSLL SLIDNOIPI ]
owaoe[[AydoiIe) qIoy uuy  — — — — — %L°99 %0°SL % KJTuLjje 91eIdpOIA  1o1eyD) »Injnuiy2a viydLuong
eaodeqe] qQlay R  — — — — — %0°0% %l 9.1 Aurye yeop\  ArID)Y pjiydoa.o sido.jdxo
JrddRUISRIOY qQly g — — — — — %0°0% %78 €81 Ajuijge yeap  uosAed wsojnuing pAivi0a.40)
‘UIy 2 JOOH X2
JvaoRISRUQ qIRy 1R — % 1> — %I>  %I>  %99C %L1 976 JuRIQ[O) KB[D  SQI[[ID) DS0J1dSIND DAdYIOUI ()
Apuueq w0y 9JI | S[10s S[10S 10 aunuadidog oiqqen  sjood Aepd passaIppe pauruexa Auyyge Ke1) uoxe],
ONIdA  UIS [BY[Y [eUIOA uo 2IN1x9) 10§ SPI0oY
AINNLLNOD

Downloaded From: https://bioone.org/journals/Madrofio on 29 Aug 2025

Terms of Use: https://bioone.org/terms-of-use



FRYER ET AL.: CLAY AFFINITY AND ENDEMISM IN CALIFORNIA’S FLORA 155

2025]

& 110

QB2OBIISSEIY qIy 1  — %1 %01 — — %L 1Y %658 Al Auiyge yeop  windinddyov.aq wnipoddjoy |
UOoOH % IouSe T M
(‘u1y % ooH)

JBORITRUQ QoY "uuy 9[> — %S — %1 %C LY %LTT 76€ AJTurjye yeopm win.10fij1on.43 10.421dp.ja |

JvaorISRUQ qRy IR — — — — %1 %869 %801 66€ Auijje 9JRIOPOIN  [[eWS ("INN]) PIDA0 DIXDID ]
PRYION

QBORIAISY qloy uuy  — — — — — %0001 %€t 9% — Winajo.j1o au1r0]A1§
[PMOH " L[ S1suapmd

QB2ORBIISSEIY qIRy IR — — — %> — %0001 %9°0% € OIWAPUD 10LIIS “TRA SNIDP.A0D SNy jun1da.s
UOS[ON'Y ("110])

QBAORIAISY qQIay 1dd % %1 — — %1 %T'8 %TTT 69€1 JuRId[O} AB]D .01 f1onpd vrWOUPYda)S

QBIORIAISY QY g — % 1> — — — %0°ST %11 6SS jueIo[o) Ke[D NN ((NNN) SynvIv snjoudls
‘uqLg
(Kase ) vonwiofiipo ~dsqns

Jv20ROJ plourern 9,17 — — — — %0001 %0001 6 JIWRPUD 011§ pidn.iiaul sijoydoudayds
sisuav)d
TRA [ZUd (“ssequie)))

Jeaoe[jAydoAie) qloy ‘uuy  — — — — %L9 %00 %070 ¢ — sisua1vyd vrLpm3.iadg

QBIOBA[BIN qley uuy - %l — %<l - %1 %6°C6 %6'L1 8L Jluepuy #xSUIBBIAN 114093 D2DPIS
SSOU'S'L%®

QB2ORBIISSEIY qQIay ‘uuy %9 — — %0€ — %0001 %9°€9 €€ OIWAPUR OIS pAog S minuuny sisdoanqis
3stbuoi)

ovoorIwe]  (‘ZIYI) qIoy Iod %€ — — — %I>  %IPS %9°LT 5S¢ KJTuIjje 91BISPOIN WNI01ULSUL]0Y DLID]]IINIS

JeaorLenydoIdg Qloy ‘uuy  — — — — — %0001 %€ 1€ 9] JIWAPUD OIS 1 vurisa.ad vrwnydo.og
++UOSIBA\'S

ordoeldy Q1Y g — — %11 — — %0001 %L 9% Sh OIWOPUD OIS X3 IO PudLvUL DINIIUDS
£90UBISUOD) 2 UBYS H Y

oeaoerdy qy g — — %1 — —  %SLL %L 44| Amuyye ysSty  (zunjN) nuuvuffoy ninotung

Jeaoripodouay) qniyg  — — — — — %00 %00 w — "YoSIoq PuUIISHUIDP D]OS|DS

JradR[NOUNURY Q1Y g — %0 — — %1 %108 %811 9Ly Ayurgye ysryg YU SNUDD SHINOUNUDY

SLERLELR | qoiys  — — %l Y% 1> - %¢°6¢ Y%L’L ISTI Aruye yeap NN psownp sno1angd
1ypuen % zsarey| (oo

SBOLIANSY qiey ed - — %< - - %S %0°0S %0°L LS — A’ Q) vpon] puod0LIq

QBIORIAISY qQIy uuy 9 — — — — %026 %7 €S 6 oTwmepuy  ZUnN nuos.diad viypqopnasg
P&y (yruag)

SBIBIANSY qyuuy - — — %1 — %C %16 %11 L6 1ueIa0) AB[D) vijofiypq viypqopnasd

QBIOBIWET] qlay uuy - 99 - - — %9C  %L’S8 %¢°0C 69 Auyge ysSiy  1s1eyof ppunqLiojf udsosoq

9BAOBUITLIUR]] qloy ‘uuy - 9% 1> Y%l> %S %1 %< %S'LY %S'1T 0€ST AIULJe YOA 44 SLION Y 119242 05DJuD]q
douadS Yy [ (1opie))

ovaoeAlg SSOIN — — — — — %€°9¢ %8°ST 79 AJ1urjje 91eIdPOIN pjnsouia sap104.4qorsn]J

AJruueq wIoj 9JI | S[10s S[10S 10 aunuadiog oiqqen  sjood Kepd PpassaIppe pauruexa Auiyye Ke)D uoxe]
JNIOA  UIS [[BY[Y [BUIOA uQ 2IN)X9) [10§ SPI029Y
AINNILNOD

Downloaded From: https://bioone.org/journals/Madrofio on 29 Aug 2025

Terms of Use: https://bioone.org/terms-of-use



[Vol. 72

o
Z
Q
~
A
<
=
QBIORIAISY qIy 1 — — %9 %€l — %0001 %111 $S OIWAPUD 1OLIIS QUAAID) PInNIIIL DIYIdL
QBIOBIYIUR[IIA QY 1R — — %6 — — %0708 %€°6 801 Ayurjye ysryg ‘sdo wnjrjosur win.y.ua 4
ZeqURYS-TV (22qURYS-TV)
QB2OBIISSEIY qIRy 1R — %9% — — %8 %0001 %6°8¢ €1 OIWOPUD OIS wnd1uiofind wnd.ipioprdo.d |
PURISH N %
QBOBPIWAY [, QY 1R — — — — — %00 %00 I — Jouuoyq stsuainid p12jajLL]
QBAJEPIWLY L qiey Ied — %¢ — %I1> %LE9 %0711 8evl Aruyje 9eIopoN ‘qyueg vxv] viojoILL
U210 (POOM
SB30EpIWLT ], qy Ied - %61 - - %b'9¢ %9 IL1 Aruyge syeom qdiy) paso.o viajar L
I2qIeq TV 29 UBSION
RAECLELE | qloy uuy  — - - — %¢£8 %00 %00 9 — ‘puey pysmodyoid winijofil
ould "youes (‘A|0
SQI0[] % ould "Youes)
dedRHUBIEWY qiey uuy - %01 — — — — %00 %0°0% S - DUDIUOSSDI]o DIUO1ISIPL]
ApureJ w0y Iy S[10$ S[10S 10 aunuadidog oiqqen  sjood INI] passaippe paurwexs Aurgge Kep) UoXe],
ONIdA  UIS I[BY[Y [PUIOA uo 2IN1xX9) 10§ SPI0OAY
% AINNILNOD

Downloaded From: https://bioone.org/journals/Madrofio on 29 Aug 2025

Terms of Use: https://bioone.org/terms-of-use



