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From the Editors
As California’s flora faces an onslaught of threats from a changing climate,
habitat loss, and mass extinction, scientists are working to understand
the code to survival. Which plants will withstand hotter, drier conditions brought on by climate change? Which will evolve adaptations
that allow them to persist amid pests and pathogens such as bark beetle
outbreaks or pressure from invasive non-native plant species? How are
human interventions such as selective breeding influencing the genetic
diversity and resilience of native plant populations?
Few of these questions have easy or simple answers, but as this special issue on plant genetics relates, their answers have profound implications for conservation. The articles that follow describe recent research
on the processes that drive plant evolution in California, including
iconic plants such as the California poppy, dudleya, valley oak, and
sugar pine. Evolution and the formation of new species occur in all
life-forms, but in plants these processes are more diverse and frequent
than in most animals, due to myriad additional, complex mechanisms
for reproduction.
Plants in their present state are the result of countless years of these
processes in context. The tools we now have at our disposal include
the ability to discern differences at the genetic level, to see what was
once hidden. Scientists must also pair these new tools with standard,
long-standing field techniques for observing and documenting plants
in the context of their habitats, as we have yet to possess handheld
gene-sequencing technology that can be used in the field.
We make choices in the taxa we name and recognize that these
choices have implications for conservation. Botanists often grumble
about changes in plant names, but these changes are a reflection of
how our knowledge and understanding of both plants and their context has changed. Likewise, you’ll notice that our journal also bears a
new name, Artemisia, which reflects CNPS’s evolution as a 21st-century organization. (See our renaming news announcement at cnps.org/
artemisia.) The work we undertake and the choices we make now in
naming, growing, and planting plants has more reach and therefore
more impacts than ever before.
—Andrea Williams, CNPS director of plant science,
and Emily Underwood, publications editor
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INTRODUCTION: A PRIMER ON PLANT GENETICS
AND THE CALIFORNIA FLORA
Michael Vasey and Gordon Leppig

I

magine catching your breath after climbing the
High Peaks Trail at Pinnacles National Park. Rustcolored rock formations surround you. Gray pines
(Pinus sabiniana) pop out at odd angles from every
crevice and gully. Along the trail, you notice colorful
wildflowers, humming bees, fluttering butterflies, and
bird calls. A large, dark bird glides by at eye level, and
your heart leaps. A California condor! This species,
brought to the brink of extinction, is now making a
comeback thanks to the Endangered Species Act and
the work of dedicated biologists.
The tapestry of life spread before you contains
several layers of biodiversity. One layer is the number
of different species found in a given area, known as
species diversity. Another is the number of different
kinds of habitats that occur in a given area, called
ecosystem diversity. Underlying both is genetic
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diversity—the spiraling DNA molecules that form
genes and are the foundation for every living organism.
Identifying genetic diversity is challenging because
genes are invisible to the naked eye. In some cases,
two organisms may look alike even though they are
different species: This is what systematists traditionally
call “cryptic diversity,” but we are learning that patterns
of cryptic genetic diversity can be much more complex
than this simple distinction.
Plant genetics may seem somewhat esoteric,
but as this special issue relates, its application to
plant conservation is both timely and necessary. As
we face the emerging crises of climate change and
extinction, plant genetics can provide helpful clues
Above: Pinnacles National Park, Monterey County, contains a wealth
of biodiversity, including the California condor.
Photograph by Michael Vasey
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into how species are able to respond to changes in the
environment and how they might survive. A bedrock
of biodiversity conservation in the modern era has
been legislation protecting threatened and endangered
species. Yet contemporary biologists understand that
the species concept is not as simple as when conceived
by Carl Linnaeus in the early 1700s. Especially for
plants, species boundaries are often porous and modern
molecular tools have revealed a perplexing array of
genetic processes that shapes different evolutionary
lineages over time. Recognition of these processes is key
to successful conservation strategies and precautionary
conservation approaches. Laws that protect species
are one of the most powerful civic tools we have to
protect biodiversity, but—as this special issue of our
recently renamed journal, Artemisia, demonstrates—
contemporary knowledge of plant genetics goes beyond
the species concept, and we need a better understanding
of its subtleties to more effectively protect California’s
botanical treasures.
One critical component is understanding the
often substantial genetic diversity within and between
populations of the same species. For example, on page 52
ecologist Patricia Maloney tackles genetic diversity in
sugar pines (Pinus lambertiana) decimated by drought
and mountain pine beetle infestations in the Lake
Tahoe Basin. Her work shows the power of genetics
to inform more effective restoration and reforestation
strategies, by using local and diverse seeds from trees
that are more resilient to drought and climate change.
In a similar vein, on page 13, Victoria Sork and Jessica
Wright discuss their research on climate adaptation in
valley oak (Quercus lobata), describing how common
garden studies, in which plants from different areas are
grown under the same environmental conditions, can
guide oak replanting projects.
The shuffling and relocation of plants by people
has important impacts on plant genetics and diversity.
On page 25, for example, Kristina Schierenbeck
examines what can happen when different but related
plant populations mingle and create hybrids. There’s
nothing new or unusual about hybridization (plants
have been swapping genes since the first blue-green
algae). But hybridization can lead to the “swamping”
or even extinction of local and rare varieties, a theme
that Matt Guiliams and Kristin Hastenstab explore in
an interview about native California succulents called
liveforevers, or Dudleya, on page 38. Genetic swamping
occurs when rare or less common species hybridize
with more common species and the rare components
of their genomes are replaced (i.e., “swamped”) by the
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common species’ genome, putting the rarer species
at risk. Other introduced plants transform their new
environment so drastically that native plants can’t
persist there (these are considered invasive plants, or
noxious weeds), Katherine E. Brafford and colleagues
(page 19) have found that some native plants can
rapidly evolve in response to introduced species,
developing adaptations that allow them to coexist with
the new plant arrivals.
For an excellent case study of how taxonomy has
evolved since the 19th century, turn to page 30,
where Shannon Still gives an insightful review of
how morphological variation led to the recognition
of nearly 100 species of the iconic California poppy
(Eschscholzia californica). Still relates this perplexing
taxonomy was solved by the fairly blunt decision to
group 90 former species into one species, and how
subsequent molecular genetic techniques are revealing
newly described species formerly hidden within these
subtle patterns of morphological variability.
Achieving a more rigorous definition of species
requires taking a step back and thinking about
how lineages change over time. In animals, species
have traditionally been defined by their inability to
interbreed and create fertile offspring. Scientists have
long recognized that things are more complicated in
plants, which can exchange genes among different
but related species. In some cases plants can duplicate
chromosome numbers in their offspring, leading
to “instant speciation.” As Teresa Sholars and Julie
Kierstead explain on page 36, the decision to name a
new plant species draws on the combination of many
different lines of evidence, taking into account not
only a plant’s genetic makeup, but its morphology
(what it looks like) and phenology (its life cycle
across the seasons), among other factors. The process
of recognizing new “cryptic” species, which are by
definition difficult to tell apart by sight, should draw
on the knowledge of both academic and agency
experts, they argue.
Difficult as it may be to identify cryptic genetic
diversity within California’s native plants, it is critical to
do so. This volume concludes with a review of genetic
considerations and cryptic diversity by Brent Mishler
and Bruce Baldwin (page 43). They emphasize the
conservation value of identifying cryptic diversity, and
the importance of understanding and incorporating
plant genetics into all aspects of native plant policies
and practices, including conservation, restoration,
horticulture, species recovery, and adaptation to
climate change.
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PLANT GENETICS 101
Many readers of this journal will already be familiar
with the vocabulary of plant genetics. For those who
could use a refresher, the following is a quick overview
of some of the more technical terms you’ll encounter
in the following articles. There is still much we don’t
know about the genetics of the California flora, but
one thing is clear: Shifts in plant population genetics
are the precursor to speciation. The evolution of new
lineages is not only still happening but actually may be
speeding up under intense pressures such as invasive
species and climate change. Fortunately, the development of powerful tools for analyzing plant genomes
can provide some insight into this rapidly evolving
flora. We hope this primer is a useful introduction to
our understanding of California native plant diversity
and, for that matter, all life on Earth.
THE BASICS
In plants, as in nearly all other forms of life, genes are
the basic units of inheritance from parents to offspring.
Genes are made up of lengths of deoxyribonucleic acid
(DNA) molecules, which are wrapped into tightly
wound bundles called chromosomes. During sexual
reproduction, the chromosomes in a cell’s nucleus
duplicate and divide, distributing genes among sex
cells called gametes (pollen grains and ovules in flowering plants). During pollination, pollen fertilizes the
ovules inside a flower. The result is offspring, in the
form of seeds.
PLANT SEX
So far, this should all sound familiar to anyone who
has taken a basic biology course. As we delve into the
many different ways that plants can reproduce, however, things get more complicated. Plants have an
impressive variety of reproductive strategies: Some
combine gametes from flowers on different plants, a
process called cross-pollination. Others self-fertilize,
bringing together gametes within the same flower or
between different flowers on the same plant. Still others use both strategies or neither, reproducing asexually
through vegetative reproduction, in which a new plant
grows from a fragment of the parent, such as stolons
or rhizomes. Other plants produce seeds without fertilization, a process called apomixis.
CHROMOSOMES BY THE NUMBERS
This profusion of methods for plant reproduction
affects the way genetic material in individual plants is
organized, the patterns of genetic variation within and
between plant populations, species’ survival, and ultimately, the evolution of species.
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At the level of an individual plant cell, genes are
organized into chromosomes. In both plants and
animals, chromosomes typically come in sets. The
number of sets of chromosomes inside a cell, or in the
cells of an organism, be it body cells or sex cells, is known
as “ploidy.” One might think that the more complex or
“highly evolved” a species is, the more chromosomes
or sets of chromosomes it has. But chromosome
number varies widely across organisms and is generally
not correlated with the age or complexity of an
organism’s evolutionary lineage. For instance, some
adder’s-tongue ferns (Ophioglossum) may have over
1,400 chromosomes, yet the closely related grape fern
(Sceptridium) has about 90 chromosomes. Meanwhile,
humans have 46 chromosomes and coyotes have 78.
Most organisms are diploid; that is, bearing two sets
of chromosomes, one from each parent. Occasionally
the number of chromosomes can double, creating
so-called tetraploids. For example, in manzanitas, it
has been shown that most tetraploids are the result of
hybridization between species that are members of two
different deep lineages, and it is conjectured that this
“polyploidization” re-establishes fertility between these
otherwise infertile species (Parker et al. 2020).
Plant geneticists can see chromosomes under a
microscope, and have used this information for almost
a century to distinguish between closely related plant
species. Many plant groups have huge variations in
their ploidy levels, including diploids, tetraploids (four
sets), hexaploids (six sets), and so on. Ploidy is an
interesting form of cryptic genetic diversity because it
varies across the landscape. For example, in more xeric
habitats in California such as coastal dunes, you’re more
likely to find a hexaploid variant of the common yarrow
(Achillea millefolium), with six sets of chromosomes,
than in places with more moisture such as coastal
prairie, coniferous forest, and alpine meadows. In these
places common yarrow tends to be tetraploid, carrying
four sets of chromosomes (Ramsey 2011).
Polyploidization is an example of an extreme
mutation event. Genetic mutations aren’t usually
as dramatic as the duplication of entire sets of
chromosomes. Rather, most mutations involve
substitutions and deletions of base pairs (structural
segments) of DNA that have minimal effects, while
others are beneficial or harmful. Base-pair mutations
that persist over time are the principal drivers of genetic
diversity, plant diversification, and speciation—the
splitting of an evolutionary lineage into two or more
distinct species.
The patterns of genetic variation within a population
or across different populations of a species are called
“genetic structure.” Genetic structure refers to how
ARTEMISIA

Common yarrow (Achillea millefolium), here on xeric coastal dunes in
Humboldt County, tends to have six sets of chromosomes (hexaploid),
but has four sets of chromosomes (tetraploid) in more mesic sites such
as coastal prairie, coniferous forest, and alpine meadows.

Wolf’s evening primrose (Oenothera wolfii) is a rare North Coast
plant threatened with extinction through hybridization with the
large-flowered evening primrose (O. glazioviana), a garden escapee
cultivar.

Photograph by Gordon Leppig

Photograph by David Imper

genes are distributed among individuals of a species
in different parts of their distribution. For example, an
inbreeding species may have populations with low levels
of within-population genetic diversity but high levels
of genetic diversity between populations. Conversely,
outcrossing species tend to have high withinpopulation diversity and low between-population
diversity (Crawford et. al 1985). Population genetics
is the study of such patterns and their change over
time. Genetic structure plays an important role in how
species adapt to varied and changing environments (See
Sork et al., page 13.) and reflects the genetic diversity
of a species, which includes the different alleles (forms
of genes), within a population.
In addition to mutation and polyploidy, hybrid
ization is the third major genetic process driving plant
diversification and speciation. Many plant species
hybridize often and with agility, but for others, hybrids
appear quite rare. Some plant groups hybridize so easily
that related species from different geographies, and
even different continents, produce fertile offspring.
The Wolf ’s evening primrose (Oenothera wolfii), a rare
plant native to the coastline of northern California
and southern Oregon, is a good example. This plant
is threatened with extinction through hybridization
with a selectively bred primrose cultivar large-flowered
evening primrose (O. glazioviana), a garden escapee.
(DeWoody et al. 2008).

People frequently create hybrids of California
wildflowers, on purpose or by accident. Sometimes,
hybridization can increase a species’ potential to
become invasive by making it grow faster and bigger
(Lee 2002), or threaten native plants by mixing them
with the genomes of non-native plants or selectively
bred plants called cultivars. In this issue, you’ll read
more about both cultivars and nativars—hybrids
or varieties of native plants that have been bred for
purposes ranging from color to hardiness, such as the
“Island pink” yarrow.
All of these genetic changes, passed from generation
to generation, create a historical record that reflects
ancestral relationships among existing plant species.
These legacies tend to be conserved over millennia, and
can be elucidated, at least to some extent, using modern
molecular tools and powerful statistical programs. (See
page 38 for a discussion of the limitations of largescale genetic analyses in Dudleya.) As you read through
this issue, you’ll see references to tools such as Sanger
sequencing, an older method of analysis that uses short
pieces of DNA to compare plant genomes, and highthroughput or “next-generation” sequencing, a faster
tool for sequencing large chunks of DNA, RNA, and
occasionally, entire plant genomes. As Still points out
on page 30, scientists hope to publish the first wholegenome sequence for our iconic state wildflower,
the California poppy, this year. Plant systematists,
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including many of the authors in this issue, use
these and other tools to frame hypotheses about how
flowering plants evolved and diverged into different
taxa, and how geography and environmental change
have driven such changes. Taken as a whole, such work
is revealing the often cryptic relationships of both
plant populations and species.
WHY GENETICS MATTERS
It’s clearly an exciting time for plant scientists with
such powerful tools at their fingertips. But why should
the average person or even a passionate conservationist
care about plant genetics?
Let’s go back to Pinnacles National Park, the gray
pines, wildflowers, butterflies, and that majestic
condor. The richness of that landscape is not due to any
one kind of plant or animal, but countless interactions
between the area’s soil, climate, disturbances,
predators, pollinators, and a myriad of other factors.
The influence of these many components on individual
plants determines whether certain genetic traits
persist from one generation to the next. California’s
spectacular diversity of soils, habitats, ecosystems, and
Mediterranean climate provides ample opportunity for
natural selection, driving plants and animals alike to
respond, diversify, and diverge into the distinct groups
we call species.
Uncovering patterns of cryptic genetic diversity
can point us toward strategies to conserve California’s
native plants and in turn, the species that depend on
them. Ultimately, while special status species help drive
conservation practices, this issue underscores the need
for a finer-grained understanding of how common
desirable practices like horticulture and habitat
restoration can be guided to protect native plant
populations and their future progeny—in other words,
to keep common species common. As the multiple
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effects of the climate crisis deepen, integrating these
new insights into our conservation laws and policies
will become more important.
One takeaway from the genetics research presented
in this issue is the following paradox: A plant will
generally not get any regulatory protection if it does not
have a taxonomic name, be it a species, a subspecies,
or a variety. No name, no protection. Yet below the
surface of what we recognize as a given taxonomic
entity, there can exist a great deal of biologically and
evolutionarily vital cryptic genetic diversity found
both within and between populations. It is this cryptic,
“unnamed” genetic diversity that drives the health,
fitness, and evolutionary trajectory of the California
flora, and which our current botanical practices, plant
taxonomy, and conservation regulations are only
beginning to effectively integrate and address.
Gordon Leppig is a recently retired senior environmental
scientist with the California Department of Fish and
Wildlife; Michael Vasey is an evolutionary ecologist and
manager of the SF Bay National Estuarine Research
Reserve at the SF State Estuary and Ocean Science Center.
mvasey@sfsu.edu; GTL1@humboldt.edu
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AMPLIFYING RESILIENCE TO DROUGHT IN THE LAKE TAHOE BASIN
Patricia E. Maloney

L

and managers are at a critical moment in how
to best manage resources for adaptation and
uncertainty. In particular, the selection of seed
and source material, either local or non-local, for
restoration, has become a fundamental and muchdebated decision for resource and land managers.
Given the scale of ecosystem disturbance and wildland
loss, there is an urgent need to procure native seed
across taxonomic groups, to secure the diversity and
local adaptation in wild populations. This article will
discuss how reforestation strategies using the progeny
of local and diverse sugar pine “survivors” can promote
forest resiliency to changing climatic conditions.
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NATURAL SELECTION PLAYING OUT
OVER CONTEMPORARY TIMESCALES
Five years of drought and bark beetle outbreaks from
2012-16 killed more than 126 million trees in California and 72,000 in the Lake Tahoe Basin. This drought
resulted in significant mountain pine beetle–mediated
mortality in sugar pine (Pinus lambertiana) populations on the north shore of the basin. Despite high levels of sugar pine mortality, numerous sugar pine trees
survived.
Natural selection is the process through which the
environment and genetics determine which individuals survive better than others. Present-day sugar pine
9

Sugar pine mortality on a south-facing slope in Tahoe Vista, CA.
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Mountain pine beetle trapped in a pitch tube.

Photograph by California Department of Forestry and Fire Protection

Photograph by Patricia Maloney

trees face intense selection pressures including severe
drought, climate-driven outbreaks of bark beetles, and
infection by an invasive forest pathogen.
Bark beetles such as the mountain pine beetle preferentially attack drought-stressed trees. Mountain pine
beetles in particular have been a significant cause of
tree mortality, both historically (Evenden, 1944; Perkins and Swetnam, 1996; Taylor et al., 2006; and
Brunelle et al., 2008) and currently, with the severity
of outbreaks reaching unprecedented levels in recent
years (Paz-Kagan et al. 2017, Fettig et al. 2019).
Mountain pine beetle hosts such as sugar pine have
evolved both physical and chemical defense strategies.
Host defense chemistry represents the primary chemical defense mechanism against bark beetle attack, but
can also attract beetles to host trees and signal a tree’s
vulnerability (Seybold et al., 2000; Raffa et al., 2005;
Seybold et al., 2006; and Kelsey et al., 2014).
In 2016, we compared 100 sugar pines that had
survived the 2012–16 drought with 100 sugar pine
trees that had succumbed to bark beetle attack. We
retrospectively analyzed the trees’ water-use efficiency
over the last 90 years, and found that the sugar pine
trees that were more water efficient, and thus better
adapted to drought, had survived the mountain pine
beetle outbreak in the Lake Tahoe Basin. In contrast,
sugar pines killed by mountain pine beetles had used
water less efficiently and were most susceptible to beetle attack.
Such selective events are playing out over contemporary (e.g., present-day) timescales (Hendry 2017)
and include wildfires, insect outbreaks, invasion by
plants and pests, and severe and prolonged droughts
like the 2012–16 drought described above. Many of
these selective events yield survivors across taxonomic

groups and within individual species. Webster et al.
(2017) argue that land managers need to take a “more
comprehensive” view of species adaptation and ecological reorganization, which includes how species acclimate and evolve in response to environmental change
through natural selection.
Lacking this broader perspective, researchers have
focused too much attention and funding on predicting
range shifts and prescribing “assisted migration,” a conservation management tool and a strategy fraught with
risky unknowns, and the likelihood of negative consequences. These species distribution models (SDMs)
often forecast the loss of suitable bioclimatic habitats
and major range shifts (Wiens et al., 2009), yet have
significant uncertainties and limitations including the
assumptions associated with them (Javeline et al. 2015,
Webster et al. 2017, Breed et al. 2018, Bradley et al.
2020). Importantly, these models lack eco-evolutionary mechanisms and data on species demographics,
dispersal, genetic variation, and heritability of traits,
and fine-scale topoclimatic features that could influence survival.
The flora and fauna of California have been experiencing fluctuations in climate, species interactions,
and disturbance events for millennia; some of these
fluctuations are becoming far greater and more extensive, but species are likely still evolving and adapting
to current selective pressures, and hence natural “survivors” emerge.
LOCAL AND GENETICALLY DIVERSE
SEED SOURCES FOR RESTORATION
Common garden studies are used to evaluate important plant traits (e.g., phenology, water-use efficiency, resource allocation, defense chemistry, disease
ARTEMISIA

Sugar pine seedlings at the UC Davis Tahoe City Field Station.
Photograph by Kat Kerlin, UC Davis

resistance, etc.) to estimate quantitative genetic parameters, including heritability and population differentiation, which allows one to assess the ability of “local”
populations to respond to selection pressures. Our lab,
in collaboration with others, found that in sugar pines,
ecologically relevant traits such as water use are correlated not only with climate, but with soil and geography. Such correlations are one type of evidence for
local adaptation.
Common garden studies linked with comprehensive
environmental databases can provide a perspective on
evolutionary potential that can better inform gene conservation activities such as seed collection, seed-banking, and restoration. In 2017, for example, we collected

Box and whisker plots of intrinsic water use efficiency from 1930-35,
1960-65, 1990-95, and 2009-2014 from live (green) and mountain
pine beetle-killed (red) sugar pine trees in the Lake Tahoe Basin.
V O L . 4 8 , N O . 2 , J U N E 2 0 21

seed from 100 local and diverse drought “survivors”
from the Lake Tahoe Basin to use in reforestation. We
used the information from Maloney et al. (submitted)
to guide restoration strategies for sugar pine reforestation for mountain pine beetle outbreak recovery and
to facilitate regeneration in high mountain pine beetle-impacted areas in the Lake Tahoe Basin.
Moving forward, our lab will be studying important
plant traits of the 100 surviving “mother trees” of sugar
pine from the Lake Tahoe Basin. We want to determine, through a common garden study, if these “survivors” carry genes and hence plant traits (e.g., water-use
efficiency, plant defense chemistry to bark beetles, phenology, and resource partitioning) that will allow them
to be more resilient to future drought and bark beetle
outbreaks. To address the drought–bark beetle interaction, we will conduct a drought stress experiment in
which a control group will receive regular water and
other trees will receive no water to mimic drought.
We will evaluate water-use efficiency and plant defense
chemistry at the start and end of the experiment. Preand post-analyses will allow us to identify mechanisms
underlying the trees’ varied responses to drought and
bark beetle pressure—an important interaction that
remains largely unexplored.
Our current data suggests that resource managers
need to take a more spatially nuanced view of gene
conservation activities such as seed collection strategies, reforestation, and seed-banking, as we have done,
within the Lake Tahoe Basin. This may also apply
to other regions of California, and help to guide the
development of new seed source selection strategies for
land managers.

Map of collection sites for sugar pines around the Lake Tahoe Basin.
Credits: Patricia Maloney
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CONCLUSIONS
Our ecological and genetic studies with sugar pine and
other five-needled white pines provide valuable information regarding seed source material for restoration
and reforestation. Thus far, the work provides strong
evidence that using local and diverse seed sources can
promote forest resiliency and provide a form of “insurance” against climate change. California is a biodiversity hotspot, and given the scale and extent of threats
to native plant populations, there is an urgent need
to procure native genetic material across taxonomic
groups to secure the diversity and local adaptation in
wild populations. We are at a tipping point, facing an
unprecedented loss of California wildlands and all the
associated ecosystem services they provide. Collections
from extant plant populations and individuals that
have proved to be resilient to anthropogenic and natural stressors should be prioritized for seed collection.
Novel restoration strategies guided by a better understanding of how native plants evolve in response to
selective pressures such as drought and pest outbreaks
hold the potential to increase not only the pace and
scale of ecosystem restoration, but to amplify population resiliency to contemporary pressures and stressors.
Patricia Maloney is a forest and conservation biologist at
the UC Davis Tahoe Center for Environmental Sciences.
pemaloney@ucdavis.edu
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REPLANTING OAKS? NEW RESEARCH IN VALLEY OAK MAY HELP
INFORM SEED-SOURCING DECISIONS
Victoria L. Sork and Jessica W. Wright

T

ree replanting has become an important
component of ecosystem management and
restoration due to the increased frequency of
fire and other landscape disturbances. Trees
naturally regenerate through seeds produced at the
site, which generally do not move very far from the
maternal tree, and selection over the generations
favors the establishment of seedlings adapted to local
environmental conditions. This natural process is
highly efficient, resulting in well-adapted populations.
However, when the local environment changes faster
than the generation time of trees, such as the current
pace of climate warming, a mismatch can develop
between the environment the trees are adapted to, and
where they are now growing. That mismatch is called
maladaptation.
For human-managed ecosystems, the question
of what seed sources to use when replanting trees is
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important to foresters, conservation biologists, and
restoration ecologists alike, whether their motivation
is to manage forest ecosystems after timber harvests,
or to restore a habitat that has been disturbed by fire
or landscape transformation. Maximum reforestation
success is anticipated when the genotypes of seeds or
seedlings being planted are adapted to the environmental conditions of that project site. The California
Seed Zone Map guides this decision for most reforestation projects in California. Seeds moved within a 500foot elevation band within a seed zone are considered
safely transferred. On average, seed zones are about 50
miles wide, north to south, with each elevation band
depending on local topography (see map in Buck et al.
1970). However, transferring seeds from 50 miles away
Above: Oak savanna landscape of UC Santa Barbara Sedgwick
Reserve showing valley oak and coast live oak.
Photograph by Victoria Sork
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is not accepted by all conservation biologists and restoration ecologists who focus on rare plants. They have
prioritized the use of more local seed sources, which are
more likely to be suited for microclimate, soil, and soil
microorganisms of the new site and their introduction
would not disrupt the genetic composition of the local
population that has evolved over time (McKay et al.
2005). Both approaches are geography-based, which
is highly practical, but historically these approaches
do not take into account how plants might respond to
rapidly changing climates. Going forward, a new, more
nuanced approach to seed transfer, based on an understanding of phenotypic traits and genetics is needed.
Local environments are becoming warmer at a
pace faster than the generation time of trees, jeopardizing the ability of populations to evolve in response
to the new conditions. Evidence for maladaptation is
also emerging (Browne et al. 2019). The strategy of
planting seeds or seedlings collected from warmer
environments into current-day cooler sites (within the
species range), which are predicted to be warmer in
the future, has been dubbed “assisted gene flow” (Aitken and Whitlock 2013). To determine whether or not
this strategy might be effective and to assess the associated risks, we need a good understanding of the extent
of local adaptation and maladaptation in tree species
based on genetic and phenotypic information. In this
paper, using a California oak as a case study, we will
present two approaches to studying adaptation in trees
that will help to inform seed transfer for tree species.

Valley oak acorns in early fall. Photograph by Andy Lentz

NATURAL HISTORY OF VALLEY OAK
Valley oak (Quercus lobata) is an endemic oak of California distributed along the foothills of the Sierra
Nevada and Coastal ranges in oak savannah and riparian woodland habitat. Known to favor the sandy loam
soil of valleys, it is often found in regions favored for
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human use, such as ranches, vineyards, and suburban
developments (Pavlik et al. 1995). Like other oaks, it
is wind pollinated and highly outcrossing, with over
95 percent of the seeds fertilized by non-self-pollen
(Sork et al. 2002). Although most pollinations occur
from neighboring trees, some pollen may arrive from
distances several kilometers away (Sork and Smouse
2006; Pluess et al. 2009). Acorns are dispersed locally
by squirrels and rodents, but scrub jays can sometimes
transport and bury acorns over a kilometer away (Sork
et al. 2015). These and other vertebrates also consume
acorns, particularly acorn woodpeckers that build family territories around acorn-producing trees and store
acorns in granaries (Scofield et al. 2011).
The patterns of gene flow in valley oak allow both
the evolution of local adaptation within local populations and the exchange of genetic variants across
populations. A comparison of regional current and
projected patterns of climate suitability for valley oaks
in the next 50 years indicates that the suitable habitat
for valley oaks will be displaced by a few kilometers in
some regions, while in other regions it will shift hundreds of kilometers (Sork et al. 2010). This disparity
highlights the importance of studying assisted gene
flow as a potential strategy to help persistence of local
tree populations.
PROVENANCE STUDIES
Forestry has a long tradition of documenting differences among individuals sampled from the same locality or population (provenances) in phenotypic traits
through field experiments known as provenance studies (Wright 2014). By planting seeds collected from
a range of provenances into one or several common
gardens, any observed variation in traits found among
provenances within a single garden can be assigned
to genetic variation since environmental variation is
minimized. It is then possible to test for significant
differences among families and populations in traits
associated with response to climate using long-established quantitative genetic designs. It is also possible to
measure traits among progeny from the same families
in multiple common gardens to see how much these
phenotypic traits can vary across environments, which
is known as phenotypic plasticity.
In fall 2012, the authors established the WrightSork Provenance Study. Since then, we have invited
collaborators to investigate various questions using
our 2-ha common gardens located at two California
USDA Forest Service sites: the Chico Seed Orchard
and the Institute of Forest Genetics, Placerville. We
began the study by collecting acorns from approximately 700 trees sampled from 95 provenances
ARTEMISIA

Over 11,000 acorns were collected in fall 2012 from trees throughout
the valley oak species range and germinated in greenhouses at the
USDA Forest Service Institute of Forest Genetics (IFG) in Placerville, CA.
Photograph by Jessica W. Wright

throughout the species range. Approximately 11,000
acorns from those samples were germinated in a greenhouse, and then 7,000 seedlings were outplanted into
the two field sites. The details of the establishment of
this long-term study are described in Delfino Mix et al.
(2015). These plantings are making it possible to assess
the genetic basis of phenotypic variation across provenances and families using the half-sibling progeny
from each maternal tree planted in both gardens. Each
year, a team of volunteers, students, and staff recruited
by Wright and Sork measure traits, such as survival,
growth, and date of bud burst. In addition, investigators work with us on specific studies, often with the
assistance from these teams.
One major study, which examined phenotypic variation in leaf traits, was led by Brandon MacDonald
for his master’s thesis (2017). MacDonald measured
leaf thickness, leaf lobedness, leaf length/width ratios,
and density of leaf hairs (trichomes) on 5,488 saplings,
which included progeny from 672 maternal trees that
were present in both gardens. These traits differed significantly among populations, and, more importantly,
among families as well. Differences among families are
evidence for genetic control of these traits. Because
several of these traits are correlated with climate gradients, the findings provide evidence of local adaptation.
In addition, many of these traits showed significant
V O L . 4 8 , N O . 2 , J U N E 2 0 21

phenotypic plasticity. In fact, populations from sites
that were more climatically variable often had traits
with greater plasticity, suggesting plasticity itself is also
under selection. Thus, this study demonstrated that
valley oak populations have experienced selection both
on genetically based traits and on phenotypic plasticity,
results that will be important in our understanding of
how valley oaks will respond to a changing climate.
In another study conducted as part of our provenance study, Wright et al. (2021) examined the timing
of spring bud burst in 2018 and 2019 in the same two
common gardens. These analyses revealed that families
from warmer climates broke bud significantly earlier
than those from cooler climates. If assisted gene flow
is to be used for tree replanting projects, there may
be a risk that seedlings from warmer climates might
start to leaf out earlier, and not be synchronous with
the local population. Those plants could experience
frost damage, increased herbivory, or when flowering,
less reproductive success (Wright et al. 2021 and references therein). On the other hand, this earlier bud
burst could also result in a longer growing season that
would increase the amount of growth in a given season. Both findings have implications for the choice of
seed sources for replanting projects.
GENETIC AND GENOMIC STUDIES
Landscape genetics, which documents geographic
patterns of molecular genetic variation across a landscape, can provide valuable information for evolutionary and conservation biologists. Using genetic markers
that are not influenced by natural selection (putatively
neutral), landscape genetic studies can document the
evolutionary history of a species, assess the effect of
landscape features on gene movement in plants, or
determine whether habitat remnants are isolated and
possibly at risk for loss of genetic diversity (Sork et al.
2013).

Each year, all young valley oaks are censused for survival and height
at at two USDA Forest Service field sites located at the Institute of
Forest Genetics (IFG) in Placerville and the Chico Seed Orchard. This
photograph was taken in fall 2015 at IFG. Photograph by Victoria L. Sork
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Most importantly for seed transfer, these genetic
markers can be transformed into variables that combine
multiple single-locus markers into new variables that
are more sensitive to detecting signatures of selection.
(In a similar manner, paternity tests based on combined
multiple genetic markers are more effective in identifying a father than when using one marker alone.) In
parallel, it is more accurate to describe the climate of a
location by combining multiple climate variables than
by using only one climate variable. These transformed
genetic and climatic variables can be correlated to test
whether the underlying genetic variation is associated
with climate gradients. Sork et al. (2010) applied this
multivariate approach to a sample of valley oaks from
across the species range and identified spatial patterns
of putatively adaptive genetic variation associated with
specific temperature and precipitation gradients. These
findings were among the first to illustrate the potential of using patterns of molecular genetic variation to
identify geographic regions that are influenced by the
same climatic conditions.
Interpreting the spatial patterns of genetic variation
is not without complications. In another study headed
by a postdoc in Sork’s lab, the 2010 valley oak data
were reanalyzed in the context of both current and
historical climate conditions (Gugger et al. 2013).
Current climate again explained a significant portion
of the multivariate genetic variation, but they unexpectedly found an equally significant portion could
be explained by the colder climates occurring 20,000
years ago. Such findings hinted that the evolution of
adaptive genetic variation associated with climate in
present-day valley oak populations may still represent
the effects of prior cooler climate conditions. To be
sure, it would be preferable for future studies to use
many more loci, especially loci affected by neutral
processes and natural selection that could tease apart
the effects of recent climate, ancient climate, and evolutionary history on the genetic composition of tree
populations observed today.
Landscape genomics, the next advance in the study
of genetic variation in natural populations, uses variation in DNA sequences across the entire genome
sampled from many individuals to generate tens of
thousands of markers. These markers are called single nucleotide polymorphisms, or SNPs, because they
are specific places in the genome sequence (a locus, or
the plural loci) where there is a single change in the
sequence that is variable in the population. Because so
many loci are sampled, it is feasible to identify loci that
are under selection (putatively adaptive loci). Using a
landscape genomic approach, Gugger et al. (2021)
conducted a genome-wide analysis of ~12,000 SNPs
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Members of the Sorklab at UCLA surveyed trees at the Institute of
Forest Genetics in fall of year 7 From left to right are: visiting scholar
Yao Li, post-doc Luke Browne, PhD candidate Alayna Mead, PhD
candidate Scott O’Donnell, PhD student Marissa Ochoa, and Dr.
Claudia Henriquez, lab manager. Photograph by Victoria L. Sork

sequenced from 436 species-wide valley oaks (many of
these trees had acorns collected from them that became
part of the Wright-Sork Provenance Test). Through the
integration of genetic information and climate modeling, this study identified regions of the species range
with similar patterns of adaptive genetic variation
based on current climate, and then identified regions
where a significant portion of the genetic variation
may not be adapted to future climates. This approach
provides more precise information that will be helpful
in informing climate-associated transfer guidelines for
valley oak and identifying regions of concern under
climate change.
Landscape genomic studies offer promise for
informing seed transfer because they can identify geographic areas based on climate conditions and adaptive
genetic variation associated with those climate conditions, and from that, inform seed transfer—both for
the current climate and for modeled future climates.
As the cost of whole genome sequencing drops, this
approach becomes even more practical and efficient.
However, before we wholeheartedly recommend using
these tools to inform seed transfer, we are testing their
reliability for developing guidelines through a variety
of approaches. In particular, the provenance test we
are conducting is central to our efforts to provide a
proof of concept around the use of landscape genomic
studies.
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INTEGRATION OF PROVENANCE AND
GENOMIC STUDIES IN VALLEY OAK
Provenance studies allow the assessment of the genetic
basis of functional traits associated with response
to climate, as shown in the studies described above.
However, perhaps more importantly, they provide the
opportunity to assess the fitness of trees from different climates growing in a common garden. If trees are
locally adapted to their current climate, then the closer
the environment of the planting site is to that of the
maternal origin, the better the trees should grow. While
there are many components of fitness (for example,
drought tolerance), growth is a component of fitness
in trees that directly corresponds to how early a plant
will produce seeds. As trees grow bigger, they produce
more seeds. Moreover, in fire-adapted species, tree
growth is also associated with more quickly becoming
less prone to fire-caused mortality. Eventually, provenance studies can assess the reproductive output of
trees as an additional fitness measure when the trees
mature, but initial growth provides a good surrogate
for later success. Another benefit of examining growth
is that it is a measure of the potential to accumulate
and store carbon.
Using the valley oaks growing in the Wright-Sork
Provenance Study, another postdoc in Sork’s lab measured relative growth rates (RGR) of progeny to test
whether valley oak populations are adapted to current
climate conditions (Browne et al. 2019). Quite unexpectedly, the analysis of RGR revealed that valley oak
populations are actually highly maladapted to present
day climate. In fact, most valley oak seedlings had a
higher RGR when planted in sites around 5o C cooler
than their maternal site. This finding is consistent
with the earlier result that a significant portion of the
genetic variation was associated with climates 20,000
years ago (Gugger et al. 2013), based on molecular
genetic markers. These two lines of evidence suggest
that the current seed transfer practice based on selecting local seed may not result in the most-adapted trees
being planted on the landscape. They also provide support for the idea of exploring assisted gene flow to find
better-adapted seeds to deploy.
Given the need to find additional criteria to select
seeds when seed source location alone may not be
helpful given climate change, Browne et al. (2019)
decided to look for genetic markers that might be helpful in predicting which trees would grow better under
warmer conditions. Using the same SNPs described
above (Gugger et al. 2021), Browne and colleagues
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identified a subset of SNPs that were positively correlated with higher relative growth rates in warmer
climates. This study then showed that, if seeds were
selected on the basis of possession of a large number of
these favorable SNPs, the relative growth rate (RGR)
of the trees would be 9 percent higher than using a
seed that was selected exclusively based on the climate
of the source site. This relatively inexpensive approach
based on genetic markers can be used to identify seed
sources within 50 kilometers of the replanting site that
may also be adapted to local soil and soil organisms.
This study was done on young trees, so further work
will be needed to see whether genotypes selected for
their genetic markers associated with higher RGR in
warm climates will become associated with even bigger
differences in growth and carbon accumulation as the
trees grow older and whether this advantage translates
in increased acorn production.
Despite the limitations of the studies noted above,
the trends observed to date provide compelling evidence that, while the rules of thumb for seed transfer
such as “local is better” or “warmer source site is better” are good first steps, they may not be sufficient to
ensure optimum growth under future climate conditions. As genomic tools decrease in cost and the need
for future healthy populations under warmer conditions increases, genome-informed assisted gene flow
may be an additional useful tool. Valley oak studies,
including the ones described here, will help to inform
guidelines for oak woodland ecological restoration that
integrate both climate-based and genome-based practices for seed source selection.

The provenance test at IFG in spring 2020 (year 8).
Photograph by Courtney Canning.
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CONCLUSIONS
Phenotypic, genetic, and genomic evidence of climate-adapted and climate-maladapted populations
of valley oak points to the importance of the choice
of seed source for replanting and restoration projects. These findings call into question the notion that
“local is better” because the local gene pool may not be
adapted to future climates. However, sampling locally
does address the fact that trees are adapted to biotic
and abiotic factors besides climate. The Browne et al.
(2019) study provides encouraging findings about the
use of climate data in identifying regions for choosing
seed sources in that Tmax [average maximum temperature of the hottest months from June-August]
significantly explained variation in relative growth
performance.
Eventually, it will be important to know whether
any method of seed transfer influences other components of fitness such as survival and seed production.
The findings so far indicate that climate-based sampling may improve predicted seedling performance in
reforestation and restoration projects in oak habitats.
For some species where the success of future populations is particularly important, including genomic
information has the potential for even more effective
matching of seed source to planting site. Moreover,
these genotypes, adapted to future climate, may occur
in nearby populations, allowing for the selection of
some local sources that would be predicted to perform
well, even in the modeled future climate. The decisions
about the sources of seeds we plant today will shape
the health of our ecosystems tomorrow.
Victoria L. Sork is a distinguished professor of ecology
and evolutionary biology and a distinguished professor
at the Institute of Environment and Sustainability at
UCLA; Jessica W. Wright is a research geneticist at the
US Department of Agriculture Forest Service Pacific
Southwest Research Station, in Davis, CA.
Corresponding author: vlsork@ucla.edu.
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RAPID EVOLUTION OF NATIVE PLANT POPULATIONS:
THE BAD, THE GOOD, AND THE HOPEFUL
Katherine E. Brafford, Jennifer L. Funk, Elizabeth A. Leger

I

n 1996, Dr. Geerat Vermeij, distinguished professor
at the University of California, Davis, wrote that
introduced plants and animals might dramatically
change selection regimes and the consequent
evolutionary trajectories of native species. At the time,
he temporized that “these possibilities remain highly
speculative at present” (Vermeij 1996). Now, 25 years
later, the possibilities are far more concrete. Species
introductions are common and increasing across the
world (Pyšek et al. 2020), and introduced species are
particularly well established in productive and highly
populated areas like the California floristic province,
where native plant populations and introduced species
frequently interact.
What are the impacts of these interactions? While
only a small percentage of introduced species have
strong impacts on native systems, some have disastrous effects on native species and ecosystem functions at the individual, population, community, and
ecosystem scales (Simberloff et al. 2013; Strauss et al.
2006). These species with large effects, often referred
to as invasive, are likely to exert strong selective pressure through a variety of mechanisms. In addition to
directly competing with native plants for resources,
invasive plants can also cause significant changes to the
habitats where they grow by altering key habitat components such as water, light, and nutrient availability;
soil structure, chemistry, and microbial composition;
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and fire frequency and intensity (Simberloff et al.
2013; Berthon 2015).
The potential for rapid adaptive evolution in
response to invasive species has been examined in multiple native plant species. While the results of these
studies are still somewhat sparse and the mechanisms
of adaptation are not always well understood, it has
become clear that under some conditions, native plant
populations can adapt to the presence of invasive species in a relatively short time period. The ability to
select native genotypes that are relatively resistant to
the negative impacts of invasive species has profound
implications for management.
Here, we consider the conditions under which
native plants might rapidly evolve in response to strong
selective pressures such as invasive species. We present
some key examples of when evolutionary change has
been observed and the mechanisms that led to higher
fitness when native plants evolve in response to invasive species, and discuss how land managers might
encourage and use this phenomenon to increase the
establishment and persistence of native plant species.
Above: The introduction of invasive annual grasses has increased
the frequency and intensity of fires in many western grasslands and
shrublands. Here, native species (Elymus elymoides and Lithofragma
sp.) emerge alongside seedings of Bromus tectorum, a common
invasive species in the Great Basin, after the second fire in 10 years
burned this location, a former sagebrush-dominated shrubland.
Photograph by Elizabeth Leger
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RAPID EVOLUTION: EXCEPTION OR NORM?
Until the 1970s–1980s, scientists widely believed that
adaptive evolutionary change almost always occurred
over long time periods (Reznick and Ghalambor
2001). Pioneering studies by Peter and Rosemary
Grant on rapid changes in beak size of Darwin’s finches
in response to drought provided one of the first documented changes of rapid adaptive evolution in the
wild (Grant et al. 1976). Since this initial work, it has
become increasingly clear that populations can adapt
to new conditions very rapidly, over only one or a few
generations, especially in circumstances with strong
directional selection, high levels of heritable genetic
variation for fitness-related traits, and relatively short
generation times (Reznick and Ghalambor 2001).
Much evidence for this new understanding of the
pace of adaptive evolutionary change has come from
species introductions, which is perhaps a silver lining
for ongoing invasions across the globe. Many introduced plants are able to rapidly evolve in the face of
new environmental conditions; some scientists speculate that this ability may be an important factor in
the invasion process (Whitney and Gabler 2008). For
example, invasive plants have increased their fitness in
new areas by increasing growth rates or changing their
mode of reproduction, over remarkably short timescales (Whitney and Gabler 2008). Whether or not
native populations can also rapidly evolve in response
to the presence of invasive species is a key factor in
determining the long-term persistence of native plant
populations. (Leger and Espeland 2010).
RAPID ADAPTATION OF NATIVE
PLANT POPULATIONS IN RESPONSE
TO INVASIVE SPECIES
The ability of native plant populations to evolve in
response to competition with invasive species is less
studied than adaptation to environmental variation.
That said, an increasing body of work demonstrates
that native plant populations can evolve in response to
invasive plants (Leger and Goergen 2017; Strauss et al.
2006; Mealor, Hild, and Shaw 2004; Mealor and Hild
2007; Berthon 2015). This is an exceptionally hopeful
finding, as it indicates that native plants can maintain
and expand viable populations even when they face
highly competitive invasive plants, and that the extirpation or extinction of native plants is not inevitable.
Native plant populations may evolve in response
to the presence of invasive plants under three conditions: 1) A native plant population co-occurs with an
invasive plant population; 2) the invasive population
directly or indirectly applies a strong, consistent selective pressure on the native plant population; 3) the
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native plant population contains heritable genetic variation at loci related to phenotypic traits that increase
fitness in habitats impacted or dominated by invasive
species (Strauss et al. 2006, Leger and Goergen 2017;
Leger and Espeland 2010; Oduor 2013).
Thus, for many species, adaptive evolution in
response to an invasive species is not a guaranteed
outcome. Small populations or those that have low
genetic variation are unlikely to evolve in response to
an invasive species, as are populations already highly
adapted to specific, stable habitat conditions (Strauss
et al. 2006; Berthon 2015). Further, in order to rapidly
evolve, a native species must have a generation time
that is short enough for the plant to adapt to the presence of invasive species before a population is rendered
locally extinct (Leger and Goergen 2017; Leger and
Espeland 2010). This is not an exhaustive list: Multiple
other factors affect a native plant population’s capacity
for rapid evolution, including gene flow with unimpacted populations that can reverse local change and
the presence of additional agents of change, such as climate change, altered disturbance regimes, or the presence of multiple invasive species, which can constrain
adaptive responses or reduce genetic diversity (Strauss
et al. 2006; Berthon 2015; Lau and Terhorst 2015).
We provide four examples of native plant populations
that appear to be rapidly evolving in response to invasive species.
EXAMPLE 1: DIFFERENCES IN GENETIC
SEQUENCES, TOLERANCE, AND
COMPETITION BETWEEN EXPERIENCED
AND NAÏVE NATIVE PLANT POPULATIONS
Mealor, Hild, and Shaw (2004) conducted one of
the earliest studies of native plant adaptation to the
presence of invasive species, which remains one of the
only studies to use genetic sequencing to test for differences between naïve (i.e., native plants from areas
without invasive plants) and experienced (i.e., native
plants growing with invasive plants) native populations. Researchers compared the responses of four
native grass species (needle-and-thread, Hesperostipa
comata; Indian ricegrass, Eriocoma hymenoides; alkali
sacaton, Sporobolus airoides; and Sandberg bluegrass,
Poa secunda) to more than 25 years of invasion by
Russian knapweed (Acroptilon repens) and hoary cress
(Cardaria draba). They found that the naïve grass populations differed genetically from experienced populations (Mealor, Hild, and Shaw 2004), and that these
genetic differences were consistent with rapid evolutionary change.
The team followed this observational study with field
transplants of naïve and experienced needle-and-thread
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and alkali sacaton into areas that had established
populations of the invasive plant Russian knapweed
(Mealor and Hild 2007). This field study provided
evidence that experienced individuals of alkali sacaton were more tolerant to competition from Russian
knapweed than naïve populations, meaning they were
better able to maintain fitness in the presence of the
invasive species. In contrast, needle-and-thread did
not demonstrate evidence of adaptive evolution in
response to invasive plants. Further, the researchers
found that alkali sacaton and needle-and-thread plants
from experienced populations were initially smaller,
but had greater increases in size and tiller production
than plants from naïve populations.
Working in the same system, researchers asked
whether native plants that had been exposed to Russian knapweed were better able to tolerate competition from or suppress a new invasive plant, Canada
thistle (Cirsium arvense; Ferrero-Serrano et al. 2011).
Happily, experienced individuals of both native species (sacaton, needle-and-thread) were better able to
tolerate competition from the novel invasive plant
than naïve plants, and experienced alkali sacaton were
also better than naïve plants at suppressing Canada
thistle, meaning they were able to reduce the fitness of
the invasive plants. This result is the first and, to our
knowledge, the only study demonstrating that experienced native plants can evolve a response to multiple
invasive species.
EXAMPLE 2: ALTERED MORPHOLOGICAL,
PHENOLOGICAL, AND GROWTH
TRAITS LINKED TO INCREASED NATIVE
TOLERANCE/COMPETITIVENESS
WITH BROMUS TECTORUM
The extensive spread of cheatgrass (Bromus tectorum) in
eastern Nevada’s Great Basin Desert means that almost
every native plant in the region will encounter this
highly competitive annual weed at some point in its
lifetime. Cheatgrass competes directly with native species for soil resources, such as water and nutrients, and
is highly competitive with native seedlings in particular
(Leger and Goergen 2017). Cheatgrass also facilitates
more frequent fires and makes alterations to the soil
structure, microbial community, and nutrient cycling
that remain even after removal (Leger and Goergen
2017; Zouhar 2003).
The Leger Lab at the University of Nevada, Reno
(UNR), and other researchers have conducted a series
of experiments to measure and describe the selective pressures imposed by cheatgrass, and to observe
the effects of cheatgrass on several perennial native
grass species, including squirreltail, big squirreltail,
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Sandberg bluegrass, and Indian ricegrass (e.g., Leger
and Baughman 2015; Leger et al. 2019).
Some of these native grass populations have
responded to this strong and constant pressure from
cheatgrass by rapidly evolving more tolerant/competitive phenotypes. For example, studies conducted in the
greenhouse found that the second generation of several
native perennial grass species that had been collected
in areas severely impacted by cheatgrass differed in
multiple traits from second-generation plants collected
from nearby, naïve populations, including size, phenology, root form, and root allocation (see photo page
28). In some cases, experienced populations were more
tolerant and competitive with cheatgrass (Rowe and
Leger 2011; Leger 2008; Goergen et al. 2011). These
results are exciting, as they suggest that restoration success could be increased by selecting seed sources from
experienced populations with demonstrated adaptive
responses to this widespread and highly competitive
invasive species. Efforts to field-test this strategy are
ongoing (See photos on page 22, Leger et al. 2020).
EXAMPLE 3: TOLERANCE TO
ALLELOCHEMICALS PRODUCED
BY INVASIVE PLANTS
The first two examples described selective pressures
associated with direct competition for resources
between native and invasive species. Allelochemicals
produced by invasive species may also have negative
effects on native species through direct toxicity or indirect effects on belowground communities. Scientists
think that indirect effects are the mechanism by which
the highly invasive garlic mustard (Alliaria petiolata)
affects native plants in forested areas of the northeastern US (Huang et al. 2018). As its name suggests, garlic mustard produces pungent chemical compounds,
one of which (sinigrin) is known to negatively affect
mutualistic soil fungi (Lankau 2011), which may in
turn limit a plant’s ability to acquire belowground
resources. Consistent with a strategy of rapid evolution facilitating invasion success, this compound is
produced in copious amounts in areas of expanding
garlic mustard invasion (Lankau et al. 2009).
In a series of experiments with the native plant
clearweed (Pilea pumila), an understory herbaceous
plant that fills a similar niche to the related and familiar West Coast plant stinging nettle (Urtica dioca),
Lankau and collaborators demonstrated not only that
experienced native plants are more tolerant of competition with garlic mustard than naïve ones (Lankau
2012), but they identified a unique mechanism for this
tolerance. Specifically, in a set of field and greenhouse
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reciprocal transplant experiments, researchers found
that experienced clearweed plants were able to grow
better in soils from garlic mustard patches and better tolerate competition from garlic mustard because
they have evolved a reduced reliance on soil fungi for
belowground resources. The experienced plants can
also form associations with a more diverse suite of soil
fungi than more naïve plants (Lankau and Nodurft
2013).
Work in this system has also demonstrated, for the
first time, the potential for interactions between native
and invasive species to drive reciprocal evolutionary
change, a co-evolutionary dynamic that could eventually lead to stable coexistence in this system. As an invasion of garlic mustard progresses, it appears to evolve
reduced expression of chemical compounds, just as the
native clearweed evolves increased tolerance (Huang
et al. 2018). Researchers have hypothesized that such
dynamics might occur when there are strong and consistent interactions between native and invasive species
(Leger and Espeland 2010), but have never demonstrated them in the field until these experiments.
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Linking research to find the most competitive, experienced
plants with on-the-ground field trials (Leger et al. 2020).
Researchers at UNR grow seeds collected by Bureau of
Land Management personnel from field sites in the Great
Basin impacted by invasive species or other disturbance.
After UNR examined seed and seedling characteristics to
identify the most promising wild collections, the Bureau
of Land Management sent wild seeds to an agricultural
producer. These seeds were planted in multiple post-fire
locations, including the Rebel fire in Nevada, shown here.
Photographs by Elizabeth Leger

EXAMPLE 4: THE COMPLICATING EFFECTS
OF MULTIPLE INVASIVE SPECIES
While some systems are dominated by a single invasive
species with large and consistent impacts on natives,
in other systems the presence of multiple invasive taxa
may limit the evolutionary responses of native species in two main ways (Strauss et al. 2006; Lau and
Terhorst 2015). First, if the size or genetic diversity
of a native plant population has already been reduced
by the presence of invasive species, the native population will likely have a reduced ability to adapt to
other newly introduced species. Second, the presence
of multiple invasive species may result in conflicting or
fluctuating selection pressures on a native population,
such that a phenotype beneficial in the presence of one
invasive species is not beneficial in the presence of the
other.
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A Nevada biscuit root (Lomatium nevadense) flowers in the midst of
cheatgrass (Bromus tectorum) seedings in the Great Basin Desert.
This early-February photo demonstrates the potential adaptive value
of early phenology in areas with cheatgrass, a characteristic that
has evolved in multiple native grasses (Leger and Baughman 2015).
Photograph by Elizabeth Leger

One example of this complexity comes from a
study of the native annual California lotus (Acmispon wrangelianus), which sometimes occurs with the
invasive plant burr clover (Medicago polymorpha) and
an invasive herbivorous insect, Egyptian alfalfa weevil (Hypera brunneipennis). The invasive alfalfa weevil
consumes both California lotus and burr clover. Lau
(2006) found that individuals of California lotus from
populations that co-occur with both the invasive burr
clover and the alfalfa weevil did not outperform naïve
individuals when transplanted to areas where the two
invasive species were present. However, when the invasive insect was removed, California lotus individuals
from experienced populations outperformed individuals from naive populations (Lau 2006). This was an
important study in that it was the first to demonstrate
the context dependency of evolutionary response to
invasive species.
MANAGEMENT OPPORTUNITIES
AND LIMITATIONS
We have presented multiple examples of evolutionary change in native plant populations in response to
invasion, as well as some of the factors that can limit
the likelihood of adaptive evolutionary change. Armed
with the knowledge that rapid adaptive evolution is
possible under the right conditions, managers may be
able to manipulate these evolutionary processes to hasten the adaptation of native species to invasive species
(Leger and Espeland 2010).
First, we can take care not to “swamp” restoration
sites with genetically homogeneous seed (Leger and
Espeland 2010). Rather, if possible, we recommend
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that practitioners work with researchers to identify
populations that have already evolved tolerance to the
primary invasive competitors at that location and use
these seeds for restoration or, in the absence of this
information, use seed from local sources of native species persisting in the presence of invasive species (Leger
and Espeland 2010). This would be especially useful
if, as observed in the study of native grasses in Example 1 (Mealor, Hild, and Shaw 2004), an evolutionary response to one invasive species confers benefits in
interactions with new ones.
Second, management practices aimed at reducing
invasive plant cover, such as mowing, burning, or
herbicide treatments, may allow native populations
to increase in size and preserve their genetic diversity
(Leger and Espeland 2010). This kind of suppression
without elimination could make it more likely that
native species evolve adaptations that increase their
fitness in the presence of invasive species (Leger and
Espeland 2010).
Third, increasing gene flow and maintaining corridors for gene flow among isolated native populations
may preserve the processes that maintain genetic diversity within native plant populations, allowing adaptive
responses before populations are extirpated (Leger and
Espeland 2010). While too much gene flow could be
counterproductive, as genes from naïve populations
could negate any adaptive change, small and isolated
populations in particular may benefit from maintaining connections among populations (Reznick and
Ghalambor 2001).
Finally, reducing the number of additional novel
pressures on native plant populations could increase
the likelihood of adaptive evolution. Management
actions such as maintaining relatively constant grazing pressure, taking pains to prevent the introduction
of additional non-native species, and maintaining disturbance regimes (like fire return intervals) within the
historic range of variability would reduce the chances
for multiple opposing pressures to limit adaptive
evolution.
Is evolutionary adaptation to invasive species presence the “silver bullet” that will prevent the extirpation
of native species? Unfortunately, the answer to this
question is probably “no.” While some native plant
populations have demonstrated the ability to evolve in
the presence of invasive plants, many will not because
the species, population, or site conditions do not meet
the criteria that favor adaptive evolution. Furthermore,
thus far, no native plant population has demonstrated
the ability to evolve to outcompete invasive plants in
the short term (e.g., less than 10 years). For example,
while some native grass populations may have adapted
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to the presence of cheatgrass, these adaptations do not
currently allow the native grasses to exclude cheatgrass
from native communities over short time frames or at
a landscape scale (Rowe and Leger 2011; Goergen et
al. 2011). Climate change may further challenge native
species, potentially reducing diversity or shifting selection regimes, and managers may find it difficult or
impossible to mitigate these effects.
However, there is some evidence that when protected from further disturbance, natives can regain
dominance in their former habitat. For example,
native species can become dominant on sites previously invaded by cheatgrass over decadal time frames
(Hironaka and Tisdale 1963; Morris and Leger 2016),
and efforts to increase the availability of more competitive seeds for restoration have shown promise (Leger
et al. 2020). In combination with other integrated pest
management practices, seeding or planting tolerant/
competitive populations has the potential to increase
persistence and cover of native species, decrease invasive plant cover, and enhance ecosystem services in
compromised areas.
Katherine E. Brafford is a PhD student in plant ecology
at the University of California, Davis. Elizabeth Leger
is a plant ecologist at the University of Nevada, Reno;
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THE GENETIC CONSEQUENCES OF HYBRIDIZATION BETWEEN
CALIFORNIA NATIVE PLANT SPECIES WITH CLOSELY RELATED TAXA
Kristina A. Schierenbeck

G

enetic variation within populations is
necessary for species to be able to respond
to natural selection. There is increasing
evidence that the loss of local populations
and general declines in abundance threaten genetic
diversity within species (Des Roches et al. 2021).
This decline of genetic diversity is worrisome in the
face of increased climatic variation due to climate
change. Variation within a species can also be critical
in supporting ecological functions such as pollinator
services (Des Roches et al. 2021).
The recognition that habitat restoration can lead to
the revitalization of rapidly declining native flora and
fauna has led to the increased restoration of habitats
from the urban home garden to the landscape scale.
However, little is known about the interaction of range
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shifts, habitat specificity, and genetic diversity in many
of the species used in habitat restoration. Strong evidence suggests that local genotypes have higher fitness
in restoration (Bischoff et al. 2010), while non-local
genotypes introduced into a population may not be
adapted to local environmental conditions.
Genotype specificity can be very important in site restoration. The risk that transferring propagules between
locations will lead to maladaptation is lower in widespread species lacking strong genetic differences among
populations than it is in species with strong genetic differences among populations. Still, every effort should be
Common yarrow (Achillea millefolium), a California native plant with
many different varieties, or cultivars, that have been produced through
selective breeding. Photograph by Dawn Endico (Wikimedia Commons CC
BY-SA 2.0)
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made to assess projected climatic shifts and whether the
reproductive and phenotypic traits of the plant being
transferred are suitable for future scenarios. In general,
species with high levels of genetic diversity within a
taxon dispersed across many climate zones and habitat
types should have some resilience to climate shifts. Classic experiments in Achillea have established, however,
that even widespread species are not interchangeable
among geographically disparate sites (Clausen, Keck,
and Heisey 1948). Unfortunately, taxa with low levels
of genetic diversity or that occur in fragmented habitats
with limited geographic ranges are more in danger of
extinction loss due to anthropogenic change.
Current guidelines for restoration efforts are
designed to reduce the risks of failure by choosing the
best climate-adapted species and increasing habitat
connectivity among populations (Frankham 2015).
The use of local natives adapted to site conditions is
preferred to cultivars of native taxa. Even though the
use of local native plants is often more expensive than
non-native alternatives, their use consistently leads to
greater success (Lesica and Allendorf 1999).
Using local native genotypes in restoration is
important to avoid outbreeding depression (loss of fitness when two genetically distinct populations cross),
which can result in the decline of a resident native population (Aiken and Whitlock 2013). Generally, if gene
flow among populations has been historically high,
the introduction of new individual plants from similar populations is unlikely to be harmful. Additionally, when geographic and climatic range limits among
populations are similar, and for populations at risk
of inbreeding depression and genetic drift, gene flow
can be beneficial, and may be a conservation option
(Havens et al. 2015). Some researchers recommend
augmentation from nearby populations when resident
populations have low genetic diversity (Havens et al.
2015). Conversely, a highly disturbed site with no
nearby remnant populations may be suitable for nonsite-specific cultivars of native plants that have been
selected for their fitness in a given area (as opposed
to aesthetic preferences like flower color). Often, cultivars are hybrids of native plant populations or even
species that have been bred for flower color, phenology, disease resistance, and characteristics associated
with hardiness. The source of native cultivars can vary
widely, including naturally occurring hybrids, breeding programs, and nursery stock of native species that
have been grown under controlled conditions for
generations.
One concern about cultivars is that the genetic
variation found in natural populations will be lost
when native cultivars are propagated at large scales. As
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restoration becomes more common, and the demand
for native plants increases, restoration professionals are
using more cultivars of native plant species or “nativars.” Cultivars can outperform their native counterparts in terms of hardiness and reproduction, but in
some cases do not provide the necessary ecological
resources. When these “nativars” are planted in largescale restoration sites, they can hybridize with local,
native populations resulting in changes in competitiveness and survivorship (Byrne et al. 2011). Not all
cultivars pose the same risk: It depends on the population size and evolutionary history of the natural
population, which affects the potential outcomes of
hybridization between cultivars and their native counterparts. Although hybridization between local species
and cultivars has not been formally documented in
the following taxa, all are known to readily hybridize.
Hibiscus californicus and all the species in the following
genera have many native, local species: Arctostaphylos,
Clematis, Rhododendron, Ceanothus, and Eriogonum. If
a restoration site is within close proximity to native
species, great care should be taken to avoid cultivars
that have the potential to hybridize.

Rose mallow (Hibiscus lasiocarpos var. occidentalis) is a rare
California native plant that readily hybridizes with cultivars.
Photograph by David Bryant

In general, the use of cultivars that have been
strongly selected for horticultural attractiveness should
be discouraged in ecological restoration at any scale.
Restoration practitioners for large- and small-scale
projects often collect seed at or near a proposed restoration site and grow propagules (seeds or vegetative
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offshoots). However, California currently has no formal guidelines for species selection for restoration or
“seed provenances” outside of economically important
species such as those used for timber. Minimally, geographic regions should be designated for restoration
as suggested in Gornish and Shaw (2017), but major
consideration should also be given to the genetics of
local populations.
THE HYBRIDIZATION PROBLEM
There is an increasing number of examples of “swamping” of native genotypes by non-local genotypes or
species, as demonstrated in Spartina and Platanus
(Table 1; Ayres et al. 2008; Johnson et al. 2016). In
these examples, native and non-native species in the
same genus hybridized and hybrid offspring continued
to backcross with the native population. When hybridization is accompanied by introgression, or the movement of genes from one species to another, dilution of
the native gene pool can occur (Abbott 1992; Johnson et al. 2017) and may result in extinction of the
native species.
Although it’s often underrated, human-mediated
genetic mixing is one of the leading causes of biodiversity loss through the homogenization of formerly
distinct taxa or populations (Muhlfeld et al. 2009).
Through introgressive hybridization, populations
become less differentiated, which can limit evolutionary flexibility as locally adapted genes are lost along
with the populations that once contained them (Ellstrand and Elam 1993).
Genetic mixing does not always lead to biodiversity loss, however. In some cases, gene flow between

previously isolated populations can confer genetic
resilience, through new gene combinations that may
be necessary to survive climate change. For example,
populations isolated due to human disturbance may
benefit from mixing with populations in more southern latitudes. Recent evidence suggests that it may be
possible to supplement local genotypes with non-local
genotypes to hedge against unforeseen environmental change (Doak and Morris 2010), and potentially
provide more benefit than harm (Kramer et al. 2021).
These recommendations may be more suitable for
large expanses of homogeneous landscapes than for
the geographically complex landscapes of California.
Regardless of the size of the landscape, more research
needs to be done on the effects of climate change on
seed provenances of native plant species in California.
THE IMPORTANCE OF NATIVE
PLANTS TO POLLINATORS
Pollinators can be important sources of gene flow
within and among populations, and play an important role in preserving genetic diversity in native plant
populations. Native bees generally preferentially forage
on the nectar and pollen from native plants, although
there are some exceptions (Harmon-Threatt and
Kremen 2015), and 40 separate studies have found
that non-native plants compete with native plants for
pollination (Morales and Traveset 2009).
The persistence of both wild and agricultural plant
communities depends on pollinators, with nearly 90
percent of all angiosperms relying on animals such as
bees, flies, moths, butterflies, birds, and bats for pollination (Ollerton et al. 2011). Pollinators depend on

Table 1. Species hybridizing with natives with major influence on native populations
Native Under Peril

Hybridizing Taxon

Reference

Platanus racemosa

P. x hispanica (frmly x acerifolia)

Johnson et al. 2016

Achillea millefolium

A. millefolium cultivars

White 2016

Lupinus littoralis

L. arboreus

Wear 1998

Oenothera wolfii

O. glazioviana

Carlson et al. 2001

Vitis californica

Vitis vinifera

Dangl et al. 2015

Cercocarpus traskiae

C. betuloides ssp. blancheae

Rieseberg and Gerber 1995

Helianthus spp.

H. annus

Rieseberg et al. 2007

Lotus scoparius ssp. traskiae

L. argophyllus ssp. ornithopus

Liston et al. 1990

Rorippa gambellii

R. nasturtium-aquaticum

Mazer 2000

Eschscholzia californica

E. californica cultivars

Needs verification, anecdotal

Spartina foliosa

S. alterniflora

Ayers et al. 2008
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plant biodiversity in turn. Restoring plant biodiversity
around agriculture systems and even in urban environments is now a well-established way to improve populations of both native and domestic bees (Nicholls and
Altieri 2013; Blaauw and Issac 2014).
Ecosystem restoration is of vital importance to provide soil conservation, successional processes, and pollinator services, in particular the latter, because over
40 percent of insect species have declined in the past
decade. Habitat loss and fragmentation are among the
most important drivers of this decline, in addition to
non-native plant species, pathogens, pesticide use, climate, and pollution (Potts et al. 2010). The decline of
bee species in the genus Bombus in Europe (Goulson
et al. 2003), for example, has been linked to intensive
agricultural practice, while in North America, four
Bombus species have lost 23 to 87 percent of their geographic ranges and their abundances have declined up
to 96 percent (Cameron et al. 2011). In the past 100
years, small crop fields surrounded by diverse meadows, woods, and wetlands in the United States have
been replaced by mechanized, large-scale, homogenous landscapes (Dimitri et al. 2005). A synthesis of
23 studies of 16 crops found a rapid decline in native
pollinator richness as distances from natural habitat
were increased (Ricketts et al. 2008).

Common yarrow (Achillea millefolium, left) and the cultivar A.
millefolium ‘Red Beauty,’ left. Photograph on left by SAplants, Wikimedia
Commons CC BY-SA 4.0; photograph on right by James St John, CC BY-SA 2.O

California sycamore (Platanus racemosa, left) is a native species of
plane tree that hybridizes easily with the widespread London planetree
(P. x hispanica (formerly x acerifolia)), right. Photograph on left by Eugene
Zelenko; photograph on right by MONGO, both obtained Wikimedia Commons
CC BY-SA 4.0
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In sum, it’s now fairly well-established that native
pollinators need diverse, native plant species to regrow
thriving populations, but this is not yet reflected in
urban and suburban gardens in the United States.
Burghardt et al. (2009) found that gardens in the US
consisted of 80 percent non-native species. Although
gardeners may be thinking they are supporting pollinator diversity by planting non-natives, this is not always
the case. Some plant species compete with native plant
species for pollinators, as noted above, and can even
harm their insect foragers.
WHY DOES PLANTING LOCALLY
NATIVE SPECIES MATTER?
Consumers are becoming more aware of the importance of even small-scale restoration to native insect
communities. Unfortunately, there is very limited
research on the efficacy of cultivars of native plants
as pollinator hosts, compared to their native counterparts. The phenology of native cultivars may differ
from their native counterparts in addition to flower
color and abundance, all of which influence pollinator
visitation (Davis et al. 2008).
A comparison of 11 pairs of native species and their
cultivars for pollinator preference was investigated at
two sites over two years. Of the 11 pairs, pollinators
preferred 6 of the native species over their cultivars,
4 equally, and 1 cultivar over the native. Researchers
found statistically significant preferences for the native
species between: Achillea millefolium and A. millefolium “strawberry seduction”; Baptisia australis and B.
x varicolor; Helenium autumnale and Helenium “Moreheim Beauty”; Symphyotrichum novae-angliae and
S. novae-angliae “Alma Potschke”; and Tradescantia
ohiensis and Tradescantia “Red Grape” (White 2016).
In another study of pollinator preference, researchers found that foraging bee pollinators visited Echinacea purpurea (purple coneflower) more than three
cultivars. Purple coneflower occurs throughout the

Listed as endangered by the federal government and threatened in
California, Gambel’s watercress (Rorippa gambellii, left) is under threat
of hybridization with the fast-growing watercress species Rorippa
nasturtium-aquaticum (right). Photograph on left by John Chestnut; on right,
by Paul Venter (Wikimedia Commons, CC BY-SA 4.0)
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Central and Eastern United States and is selectively
bred for flower color and inflorescence form; there
are now over 200 Echinacea varieties available (USDA
2015).
In short, with all these genetic and ecological factors
to consider, what is a native plant gardener to do? The
best advice is, when in doubt, visit your local native
plant nursery, and ask about their geographic sources
and their method of propagation.
Kristina Schierenbeck is a professor of botany at
California State University, Chico.
KSchierenbeck@csuchico.edu
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A PROFUSION OF POPPY CONFUSION
Shannon M. Still

T

he California poppy (Eschscholzia californica)
is a resilient and widespread species, native
to the west coast of the United States, Baja
California of Mexico, and the islands off both.
This enigmatic species also flourishes in disturbed
sites, along railways and roads, in locales as far-flung as
Chile, South Africa, Australia, and the Mediterranean
region. At present, systematists may recognize 18 taxa
within the genus, with ranges that extend into Utah,
New Mexico, and northern Mexico. These taxa exhibit
a rich nomenclatural history that can help explain how
and why plants get their names, and how the early
descriptions influence—and at times muddle—our
current taxonomic outlook.
In this article, I present a brief history of taxonomy in the genus, explore how it has changed over
the years, and explain how that history influences
species descriptions today. While botanists worked
hard to organize species relationships in the past, we
are still working to sort out the tree of life. Molecular
work can help to clarify or even radically change our
understanding of species relationships, and there have

30

certainly been cases when, based on genetic analyses,
we split or join species and give them new names. For
the most part, however, molecular taxonomy has confirmed previously established relationships, with a few
surprises at the higher levels of taxonomy.
In some cases, early categorizations have prejudiced
botanists in favor of one set of distinguishing characteristics over other features. Sometimes these preconceived notions are warranted, but earlier descriptions
can also prevent, or at least inhibit, our ability to find
other characteristics that may be more helpful. Botanists have been overcoming such biases for decades.
First, we can revisit old species descriptions and characteristics with a critical eye. This often happens with
the writing of new floras and diagnostic treatments
such as Flora of North America or The Jepson Manual.
Coupled with these efforts are genetic analyses which,
when compared with morphological data, can point
to new morphological characteristics that help to
Above: Eschscholzia californica on a southwest-facing slope in
Antelope Valley. All photographs by Shannon Still
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describe species. While revisiting treatments may seem
obvious, this practice can also present pitfalls. When
I first undertook studies to examine the relationships
within the genus Eschscholzia, for example, I struggled
to break from some inherent biases I’d absorbed from
the perspectives of previous experts.
POPPIES FROM THE PAST
On a voyage along the west coast of North America in
1816, Adelbert von Chamisso collected and described
the type species for California poppy in the hills of the
Presidio in San Francisco Bay. Chamisso’s close friend
Johann Eschscholtz was on the journey and inspired
the plant’s name. The California poppy became the
official state flower in 1903 and has always played a
role in the iconography of the state. Many of the most
famous botanists of the early 20th century collected
and named other members of the Eschscholzia genus
and sent them to the most famous botanical institutions in the world.

While Greene certainly had an eye for subtle differences among lineages, the 112 taxa he described led
to a century of taxonomic confusion. In the early 20th
century, other botanists also joined in the merriment
of naming new poppy species, often without following
consistent standards. German botanist Friedrich Fedde
added 12, bringing the total number of Eschscholzia
described to 126 by 1906 (Fedde 1906 a, b, c, d).
Greene and those who followed in his footsteps
described more new taxa. Later botanists demoted
them to subspecies or varieties of poppy species that
had already been published, mainly E. californica and
E. caespitosa. Occasionally, they designated a taxon
that had already been described as a new combination
of previously described species.

The iconic California poppy (Eschscholzia californica).

Over time, this iconic wildflower’s names have also
proliferated: Of the 187 named taxa historically recognized within the genus Eschscholzia, more than 90 are
now recognized as synonyms for the California poppy
(Still 2011). While a handful of species were trickling
in through the late 1800s, the naming of new poppy
taxa took a leap forward in 1905, with the publication
of Edward Lee Greene’s “A Revision of Eschscholtzia”
(Greene 1905). With this publication, Greene recognized 112 Eschscholzia taxa and did not hesitate to
criticize other botanists who did not see the subtle differences he used to distinguish them: “As to the leaves
of Eschscholtzia [sic], the phytoptically blind will say
they are all alike,” he wrote. In retrospect, however,
there was little basis for many of his distinctions, particularly as he regularly described new taxa based on
only one specimen sent to him by another collector.
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Eschscholzia caespitosa on Zim Zim Falls Trail in Napa County.

According to the traditional rules of botanical
nomenclature, new taxa must be described in a publication and distributed to the general public or scientific
institutions with accessible libraries or, more recently,
made publicly available online. A new taxon should
not use the name of an already validated taxon, and
its description should identify the traits that distinguish the new taxon from those previously described.
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Anyone can name a new species if they follow these
rules, but whether others agree that the new species
should be recognized is another matter. If two taxa
are described, but another botanist believes that the
two are not different, then the more recently described
taxon is treated as a synonym of the other. In the case
of Eschscholzia, modern botanists consider many of the
taxa that had previously been described as synonyms of
E. californica. This process, known as synonymization,
is how the nearly 190 Eschscholzia names were reduced
to only one dozen. While many of Greene’s species are
now synonymized, however, many of his taxonomic
distinctions stand to this day.
Poppies certainly vary morphologically, and the
profusion of described species helps illustrate how past
taxonomic circumscription can lead to a great deal of
contemporary confusion. The addition of each set of
new names and descriptions added more characters for
future botanists to consider, even though some are not
relevant to heritable traits passed along the lineage.
There is no question that Greene had an eye for the
different and unique. And while it cannot be argued
that most of the names he published were valid, and
that they followed the code for describing new species,
many of the taxa he described should not have been
described as different. In essence, Greene described
new taxa on definable differences in specimens, but
these differences could often be explained by morphological plasticity due to ecological site variation and the
weather and not on genetic differences among species.
The morphological characters of plants in a population can vary due to differences between dry and wet
seasons, the amount of sunlight, the temperature, or
the geologic substrate. It is common to have progeny
from the same mother poppy that look decidedly different depending on whether they were collected in
late winter or early summer. In the end, Greene’s eye
for subtle differences helped to define our flora, but he
also missed some of the local variation that might have
been evident with more thorough study.
JEPSON’S INTERVENTION
In 1922, Willis Lynn Jepson produced the first edition of A Flora of California, and with it brought a
little order to the proliferation of poppies. “It should
be emphasized that the amount of variation in
Eschscholtzia californica is not by any means as great
as would naturally be supposed from the large number
of specific segregates which have been published,” he
wrote. In the new flora, Jepson consolidated most of
the previously described taxa into Eschscholzia californica, reducing the total taxa in the genus from roughly
120 to 12. This bold step refuted the expansive work
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of Jepson’s mentor, E.L. Greene. Greene had died in
1915 and was living on the other side of the country
for several years even before his death. Perhaps this is
why Jepson felt freer to be critical of his mentor and
to more objectively evaluate diversity in the genus.
Regardless, this consolidation helped to reshape the
way that we now consider morphologic and taxonomic
variability within the genus.
WHERE WE ARE NOW
In the 99 years since Jepson’s revision, the number
of described taxa in Eschscholzia has remained fairly
steady. Once the traits that described the species were
explained by Jepson himself, there has been relatively
little taxonomic activity. Currently, botanists use 187
names and 160 type specimens to describe Eschscholzia (Still 2011; unpublished data). Of these names, 94
are considered synonyms for E. californica, 9 are synonyms for E. mexicana, and 20 are synonyms for E.
caespitosa (Still 2011 and unpublished data).

Eschscholzia californica at Tejon Ranch in spring of 2016.

While Jepson was correct that Eschscholzia is not as
diverse as had been described by Greene, likely taxa
could be resurrected from this long list of previously
published names. More recent methods of molecular genetic analyses should prove useful at deciphering real species out of the variable poppy melange. To
date, published molecular genetic research on variation
within E. californica has been sparse.
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THE LIKELIHOOD OF CRYPTIC SPECIES
Several studies during the past half century have shown
that more differences may exist within some species of
Eschscholzia, particularly the California poppy, than
currently recognized. But clear, conclusive evidence
has proven difficult to acquire.
Much of the work attempting to tease apart the differences in the California poppy over the past half-century has been inconclusive. In the 1960s, for example,
Stanton Cook conducted population studies on the
California poppy and discovered some incompatibility
between populations (Cook 1962) that could lead to
eventual speciation. Although Cook found too much
variation within and between populations to show any
definitive differences in their morphology, he was using
characters established a century prior, not the tools of
molecular biology.
In the 1970s, Curtis Clark’s hybridization studies
within and between populations of E. californica and
E. mexicana (Clark 1978; Clark and Jernstedt 1978)
provided some insight into these two closely related
taxa and showed that these allopatric species could
hybridize. This was, in part, why Clark placed E. mexicana as a subspecies of E. californica despite some
small but consistent differences in morphology. Clark
also helped to clarify relationships between the desert taxa, especially those related to E. minutiflora, the
small-flowered poppy (Clark and Faull 1991). With
this work Clark named a new diploid taxon and placed
it with tetraploid E. covillei and hexaploid E. minutiflora, all as subspecies of E. minutiflora. While the individual subspecies have some consistent morphological
differences, the range of the species did partially overlap, and Clark considered E. minutiflora to be a series
of subspecies of different ploidy.
In the late 1990s to early 2000s, Erin Espeland
helped to show that ecotypes from the sand hills in the
Santa Cruz Mountains display leaves with distinct color
patterns (e.g., purplish and white spots on leaves) and
a different torus (receptacle rim) width when grown in
common gardens (Espeland and Myatt 2001).
In another example of differences that may arise
between populations, Leger and Rice (2003) showed
that naturalized poppies in Chile grow more aggressively than the populations native to California when
grown in a common garden.
Despite the apparent differences between populations, however, Sanger sequencing (Still and Potter
2013; unpublished work) did not show the sand hill
ecotype to be genetically different from any other
E. californica. Samples from populations used in the
Leger and Rice paper were also included in the same
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While there are some morphological differences between the basal
leaves Eschscholzia androuxii (a) and E. papastillii (b) basal leaves,
this is not always clear in the field. The cauline leaves (c and d,
respectively) are distinctly different between the two. Much like E.
minutiﬂora, the bud of E. androuxii (e) typically has a shorter tip
than E. papastillii (f) and the expanded receptacle and flared rim
(g) for this taxon is diagnostic. Lastly, Eschscholzia androuxii (h) has
anthocyanin spots marking the base of the stamens that is lacking in
the E. papastillii (i). Illustration by Shannon M. Still

studies by Still and did not show distinguishable differences between those populations and the native ones
in California. This doesn’t mean there is no difference
between the sand hills ecotype and the Central Valley ecotype or the plants that have become invasive in
Chile, only that it was not apparent in molecular analyses used.
More recent work conducted by Nabeeh Hasan
(2012) suggests that there may be additional distinct
lineages of poppies than are currently recognized.
While not unexpected, that hypothesis deserves further examination, to help narrow down which populations might be distinct. Hasan also speculates that
the introduction of widely cultivated introduced genotypes near native populations could have contributed to loss of distinctive genetics. These introduced
genotypes might genetically “swamp” native, distinct
populations, which occurs when the genes of a genotype begin to reduce or replace unique genes of a more
localized or native population.
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Eschscholzia papastillii from Joshua Tree National Park. Plant displays
the diagnostic characters of expanded, almost-conic, receptacle and
cauline leaves dissected into one to few segments.

Eschscholzia androuxii from Joshua Tree National Park. The plant
displays the diagnostic characters of short bud tips on drooping buds
and cauline leaves dissected into many segments.

THE PAST IS THE FUTURE
Botanical history influences our current understanding of plant taxonomy, and thus our future decisions
as well. Once botanists have identified the main traits
that define a taxon, subsequent researchers may have
a hard time looking at things differently. In Eschscholzia, all native species have yellow or orange flowers (or
a combination thereof ), and the ternately compound
(consisting of three leaflets) leaves are fairly similar
among species. So it is the small differences that can be
difficult to notice and interpret, especially when you
factor in phenotypic plasticity.
A recent example of where small differences and
past biases have caused confusion comes from the desert taxa of Eschscholzia. Differences between the taxa
can seem apparent in species descriptions or existing
dichotomous keys, but eventually any botanist will run
into specimens that defy the key and have characteristics that confuse identification.
Distinguishing between E. parishii and the three
subspecies of E. minutiflora, as described by Clark,
has proved difficult because of overlap between morphological characteristics including basal leaves, buds,
and flowers. These characters were not definitive, and
even accomplished botanists had trouble with identification. When later researchers completed further
sequencing of the four species mentioned above, it
became obvious that there was some cryptic speciation
within the genus. These molecularly distinct samples
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Eschscholzia papastillii displaying the diagnostic character of
expanded, almost-conic receptacle and an often-scarious rim.

led to our identification of two additional morphological characteristics that botanists had not previously
considered, including leaves on the stem, and a pigmentation called anthocyanin marking the base of the
stamens. This is a great example of how molecular data
can focus the botanist’s eye on the right characters.
This approach helped sort out a case of taxonomic
confusion in Joshua Tree National Park, where poppies had been identified as E. californica due to having
a flared receptacle rim, normal for that species, but
based on the new characters, those plants have now
been identified as a new species, E. papastillii.
CONCLUSION
What botanists did in the past influences what we do
now. Had we started anew and examined all of the
11,478 Eschscholzia specimens in the Consortium of
California Herbarium portal without the biases and
taxonomic categories inherited from past researchers, we almost certainly would have arrived at different species descriptions than they did. Yet botanical
knowledge is built on the past, and historical species
ARTEMISIA

descriptions largely define our current ideas about
what morphological characters matter for definition.
While California poppies are iconic—the news coverage of the 2019 super bloom is a good example—it
is not difficult to imagine that the species could be split
into two or more species, subspecies, or varieties. Even
popular or well-known plants are not exempt from
taxonomic change. Other cryptic species could likely
be described, especially with more complex molecular
analyses helping identify morphological differences.
Help, or more likely change, is on the way. As with
much of science, sometimes the pace of progress can
feel slow. Botanists get pulled into other projects and
areas of research which delays progress on other topics. This is certainly true with Eschscholzia. But there is
momentum. Researchers in Germany aim to complete
a whole-genome sequence of Eschscholzia californica,
to help with their studies of the evolutionary development of dissected leaves. California also recently
funded a large grant, the California Conservation
Genomics Project (www.ccgproject.org), to examine the conservation of genomes across the state for
150 species of flora and fauna, including Eschscholzia.
Thus, in a few years, we should have whole-genome
sequences for roughly 150 individuals of E. californica
from different populations and ecoregions of the state.
In combination with the work spearheaded by Jenn
Yost from Cal Poly, San Luis Obispo to digitize our
native flora (https://www.cch2.org and https://www.
capturingcaliforniasflowers.org/), we may have further
insight into the evolution of morphological characters
that help distinguish our plant taxa. Imaging our herbarium specimens will allow us to combine genomic
and morphological studies with phenological studies.
As an example, I would love to see how the weather
patterns in the months leading up to a collection influence the phenological and morphological traits of the
specimens from herbarium sheets. That analysis alone
could tell us a lot about phenotypic diversity, and
maybe even a little about how we describe our plants.
The efforts discussed above, along with other projects by researchers in the state, may not identify all
differences between species, nor find all instances of
cryptic speciation, but these efforts will definitely provide better resolution of the relationships within and
between species.
Our knowledge advances like the genes of the
plants that we study—typically through slow, ongoing
evolution.
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GUIDELINES FOR RESEARCH AND PUBLISHING
NEW CRYPTIC SPECIES
Teresa Sholars and Julie Kierstead

C

ryptic species are not obviously different
from other species that look like them.
Often they are “hidden” or “lumped” into
other common taxa. Thanks to a revolution
in molecular analysis, it is now easier to determine
genetic relationships among some related taxa.
Unfortunately, the new genetic work has not always
been coupled with field study to determine what a
plant looks like (its phenotype) and the ecological
characteristics of its habitat, which conservation practitioners need to focus protection on a rare gene pool.
Effective conservation of rare plants is much more difficult when botanists cannot readily identify them in
nature.
Much of the taxonomic work to determine the
relationships and to describe new species, varieties,
and subspecies is done by graduate students, whose
focus often shifts quickly upon completion of their
degrees. It’s not reasonable or realistic to expect that
these academic plant systematists, under the pressures
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of finishing a thesis or dissertation, will also be knowledgeable about state and federal laws, regulations,
and policies regarding rare plants. Plant conservation specialists from agencies and non-governmental
organizations (NGOs) should work with plant taxonomy practitioners to ensure that the result is an integrated understanding of the named plants. Academic
researchers can benefit from the knowledge offered by
agency and NGO specialists who often hold a wealth
of unpublished knowledge about “sketchy” taxa. Many
of these specialists are adept at plant identification in
the field and herbarium, and eager to participate in
rare-plant research.
When academic researchers publish a new, apparently rare cryptic species with no accompanying
identification markers or habitat information, one
negative outcome is that the conservation professionals tasked with protecting the species are left with
Above: Teresa Sholars observing velvet lupine (Lupinus leuocophyllus)
in the field. Photograph courtesy of Teresa Sholars.
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little information to identify these cryptic species. It is
impractical and expensive to restrict the management
of large areas of a common species to protect the hidden gene pool of the embedded cryptic species, and it
erodes the credibility of the agency botanists with their
decision makers.
We’ve prepared the following guidelines, first presented at the 2019 Northern California Botanist conference, for publishing cryptic taxa—especially those
that may need protection as rare plants under law, policy, or regulation by state or federal agencies.
1. Before publishing a cryptic taxon, contact agency
or other knowledgeable field botanists who can
help find your research subject in the field. The
California Native Plant Society (CNPS) state
office or California Natural Diversity Database
(CNDDB) staff can provide names of people who
may be able to offer help doing field surveys, identifying suitable habitat, and issuing collecting permits for public lands.
2. Discuss the proposed cryptic taxon with the most
current authority(ies) on the species complex of
the group in The Jepson Manual, eFlora, and Flora
of North America.
3. Visit the cryptic taxon in nature several times
during the growing season and make careful
observations of the plant and its environment,
identifying the plant and/or habitat characters that
distinguish the cryptic taxon from related taxa.
4. Cast a wide net to document additional populations, and determine whether the taxon grows
near its look-alike relatives. Ask the community of
practicing field botanists in your region for help
with this.
5. Submit complete label data and plant specimens
that include all the characters used for determination in that plant group to participating institutions in the Consortium of California Herbaria.
Include descriptions of habitat, plant characters
that don’t show or may change in the specimen
(plant height, fragrance, flower color), and GPS
coordinates to allow for the precise location of
the individuals cited as type specimens and/or as
genetic sample sources.
6. Take photos of your cryptic taxon and its habitats,
at multiple points in its life cycle.
7. If you think your new taxon is rare and needs conservation measures, write up population reports
for CNDDB and/or the agency that manages the
land where it grows.
8. Provide information during the California Rare
Plant Rank status review process.
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9. If the cryptic taxon has no apparent morphological traits that differentiate it from other similar
taxa, make your best attempts to co-author your
publication with a taxonomist who can do a morphometric analysis. At the very least, attempt to
get the taxon reviewed by a morphology expert in
the species group prior to publication.
10. Review and compare similar taxa from multiple
herbaria including herbaria within the region
where most similar taxa occur. Provide an appendix in your manuscript listing all voucher specimens that you examined. This step is helpful for
other scientists working to determine the distribution and conservation status of cryptic taxa. If
they know which specimens have been reviewed
and found to not be the new taxon, they can rule
those out as the potential cryptic taxon. This is
important to include because reviewed vouchers
don’t always get annotations if the original determination is correct, meaning that there’s no way
to know which specimens have been examined
already. The list also shows how much effort prior
researchers spent reviewing existing specimens.
If only 10 vouchers are listed, that’s not so good,
but if they reviewed a few dozen to hundreds of
vouchers, that’s obviously better. Simply stating that “voucher specimens of similar taxa were
reviewed” is not good enough.
When researchers do not follow the guidelines
above, they can seriously hinder the conservation work
of protecting rare cryptic species. In the face of environmental degradation, climate change, and extreme
wildfire, we need to have clear identification of these
rare taxa so we can protect them in this ever-changing
environment. Let’s help each other and rare plants!
Teresa Sholars is an author for Lupinus in the Jepson
manual treatments and the upcoming FNA treatment;
Julie Kierstead is a rare plants botanist who from 19892019 served as forest botanist for the Shasta Trinity
National Forest. tsholars@mcn.org;
daffodil.jones@gmail.com
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DISTINGUISHING DUDLEYAS: AN INTERVIEW WITH
KRISTEN HASENSTAB-LEHMAN AND MATT GUILLIAMS
Emily Underwood

F

or botanists Kristen Hasenstab-Lehman and
Matt Guilliams, there’s no “typical” day of work
at the Santa Barbara Botanic Garden (SBBG).
On some days, work might mean scrambling up
a rocky volcanic slope in the Santa Monica Mountains
to study the impacts of fire on a rare species of
California succulents known as liveforevers, or Dudleya
(Crassulaceae). On other days, it might mean isolating
DNA in the lab, then spending hours at the computer
trying to understand the evolutionary history of this
beautiful group of plants. Still others might be spent
working in the greenhouse with the SBBG team to
grow plants and bulk seeds for restoration efforts.
In recent years, Hasenstab-Lehman and Guilliams
have been working to untangle the complex genetics
of California’s more than two dozen native Dudleya
species, more than half of which are ranked as rare.
Recently, this group of plants has faced new pressures
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in the form of poaching, which a bill introduced by
Assemblymember Christopher Ward (D-San Diego)
would make explicitly unlawful. In an interview with
Artemisia, Hasenstab-Lehman and Guilliams share
how studying the genetics of a plant group like Dudleya can inform efforts to protect these charismatic and
beloved plants—and lead to a greater understanding of
how California became a biodiversity hotspot.
How did you end up focusing on Dudleya among all the
other California native plants you study?

M: What got us into studying Dudleya is a federally
listed plant called Verity’s liveforever (Dudleya verityi)
that grows on volcanic cliffs above the valley floor in
the Camarillo area [in Ventura County]. We worked
Above: Guilliams on Santa Cruz Island’s Frazier Point, in a field
dominated by the federally threatened Santa Cruz Island liveforever
(Dudleya nesiotica). Photograph by Kristen Hasenstab-Lehman
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with our partners at the U.S. Fish and Wildlife Service (USFWS), whose mission is rare species recovery,
to gain a better understanding of whether or not this
plant is hybridizing with a more common plant, lanceleaf liveforever (Dudleya lanceolata) in the same area.
Our work supports the mission of our partners at the
USFWS to recover species on the brink of extinction.

bulk seeds from individual populations. The second
finding was that Dudleya verityi is indeed hybridizing
with Dudleya lanceolata. A conservation action recommendation would be to remove D. lanceolata plants
growing directly in and among verityi individuals to
help preserve their unique genetics.
In the Dudleya verityi project, you were able to get pretty
clear-cut answers. I understand it’s not always that straightforward in this plant group.

K: Dudleya are notoriously difficult plants to study
from a systematics perspective. Taxonomic circumscription has been difficult since the very earliest students were trying to put names on the morphological
variation that they were observing out in the field.

Federally Endangered Verity’s liveforever growing at the SBBG
greenhouse. Photograph by Kristen Hasenstab-Lehman

In 2013, the Springs Fire ignited in the western
Santa Monica Mountains, burning adjacent to the
volcanic cliffs to which Verity’s liveforever is restricted.
This might not have affected the average Dudleya very
much, but in this case, the fire destroyed most of the
lichens that were present on these volcanic cliffs. Dudleya verityi relies on the presence of a bed of lichens
and mosses to catch the tiny seeds it drops and provide
suitable conditions for germination and establishment.
Destroying the lichens in effect wiped out most of the
habitat for this species, reducing the population by
about 99 percent.
What did you find? How did your research impact management plants for this rare species?

K: We found evidence that each of the three Dudleya
verityi populations that we sampled are highly differentiated from each other. This is what we would expect
to find in a plant that grows on isolated outcrops of a
specific type of rock. It’s similar to island plants that
are separated by the physical barrier of the ocean. In
this case, these Dudleya are found only on the Conejo
volcanic cliffs separated by more common soils and
developed land. Our results showed that you could
actually, just by looking at the genotype, know which
patch of rock a plant came from.
For conservation management, that means that if
you were going to actively add plants or seeds back
out to a population, you would want to source and
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M: These plants often make terrible specimens. The
three-dimensionality of the leaves that seems so
important in the field is completely gone in an herbarium specimen. Similarly, the petal features that are
important in the field, their orientation, their shape,
their color, all of those things, for the most part go
away when you dry a Dudleya specimen in a press.
What does that mean for your work in practice? How do
you establish differences between Dudleya species?

M: For any plant group, botanists have looked at the
landscape and tried to partition biodiversity into units
that make sense. They’re doing that based on, usually,
several lines of evidence. For example, a botanist may
become curious about a plant that grows in the Coast
Ranges and the Sierra Nevada. That disjunct distribution might provide some motivation for further study
in the field and lab. Next, that botanist might observe
and collect the plants in nature to determine if they are
morphologically different. Perhaps they note that one
plant has green leaves and is in a shady spot, while the
other has a white-waxy surface on the leaves, and is in
full sun. Now you’ve got some potentially genetically
controlled morphological features that may correlate
with ecology. In this hypothetical example, geography,
ecology, and morphology all line up together and perhaps hint that we’re dealing with two species rather
than one.
Since the late 1980s or so, botanists have been
analyzing DNA sequence data to reexamine previous
taxonomic hypotheses that were made on the basis of
morphology. That’s where we’re at with Dudleya at the
present time, trying to use genetic evidence to understand the evolutionary history of the genus and taxonomic circumscription of certain species. There are
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certainly a number of competing taxonomic hypotheses in the literature. In general, when botanists have
used DNA sequence data to reassess taxonomy of their
focal groups, it’s not uncommon to recover strong support for one or the other of the competing taxonomic
systems, or to find an altogether new pattern that then
sends you back to the drawing board to reassess.
In Dudleya however, botanists have had what I
would describe as only partial or limited success using
DNA sequence data. When we looked at the Dudleya
verityi example, the high throughput sequence data
answered some of the questions we wanted it to answer.
But for other questions in Dudleya, results have been
more mixed. I would like to hand it over to Kristen to
see if she wants to agree or disagree with that.

can produce fertile hybrids in many pairwise combinations. Even a big rosette-forming Dudleya that grows
two and a half or three feet tall can produce viable offspring with some of the much smaller dudleyas.

K: I agree with that. In 2013, Jenn Yost and collaborators published an evolutionary tree broadly sampled
across the genus. They did not find support for Dudleya cymosa as a species, as some of the eight subspecies
of Dudleya cymosa did not form a single evolutionary
group in their tree. A general goal of many scientists
who study and name biodiversity is to have plant names
that reflect our best understanding of the tree of life.
This would mean every plant we call Dudleya cymosa
should be more closely related to each other than, say,
plants we include in Dudleya abramsii. With advances
in sequencing technology, we can generate an order of
magnitude more DNA data—millions of As, Ts, Gs,
and Cs. However, with our broad geographic sampling
and bigger dataset, we found a complicated story. The
evolutionary history in liveforevers might be more
netlike in pattern, rather than our typical expectation
of a branched pattern. A netlike pattern could have
formed through past gene exchange between Dudleya
species. This could be having a big effect on our genetic
work. For example, if the same two taxa came together
and hybridized historically in different parts of their
respective ranges, it could be the case that they formed
morphologically similar plants totally independently.
These morphologically similar plants resulting from
separate hybridization events might later unwittingly
be called the same species by earlier botanists, even
though they have separate evolutionary origins. With
genetics we might just be starting to detect those patterns for the Dudleya tree of life, which is exciting.

Santa Monica Mountains liveforever in fruit.

M: It’s a really fascinating part of the natural history of
the genus, but for folks who are accustomed to thinking of the diversification of plant lineages in California
as proceeding in a bifurcating tree pattern, I think it
can be pretty frustrating. When you grow these plants
in cultivation and attempt to cross the species, they
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Photograph by Kristen Hasenstab-Lehman

Despite the complexity, you have made some interesting
discoveries. Can you share a few of the things you’ve
learned from the Dudleya cymosa project?

K: One important finding from the Dudleya cymosa
project concerned the federally listed ssp. ovatifolia. It
occurs in the Santa Monica Mountains and was also
reported from Orange County. That’s a fairly large
disjunction for a rare taxon. When we looked at the
genome across all of our samples, Dudleya cymosa ssp.
ovatifolia from the Santa Monica Mountains did not
form a group with those from Orange County. This
supports morphological observations originally made
by our collaborator Stephen McCabe, and confirmed
in repeated fieldwork. For example, Stephen was one
of the first to note that the undersurface of the leaf is
bright red in the populations that we’ve seen in the
Santa Monica Mountains, and not in Orange County.
The flowers of the plants in Orange County have
upright petals; in the Santa Monica mountains they
curve back toward the plant. There are also differences
in the color of bracts and flower stalks. This list goes
on, but in this case, our genetic analyses support Stephen’s observations, providing further evidence that
the plants in these two regions are different.
Is there a reason you wouldn’t call this Orange County
population a new species or subspecies quite yet?

K: We don’t want to commit yet to how and when to
name the Orange County plants, as that work is collaborative and involves a multifaceted approach beyond
genetics. As Matt said earlier, we are in the stage of
refining how we describe liveforevers across the landscape with genetics as one tool. Regardless, the most
important conservation implication is that what has
ARTEMISIA

been called ssp. ovatifolia in Orange County appears
to be different from the plants growing in the Santa
Monica Mountains, possibly a new species to science.
A surprising result from our work is that the broadly
distributed Dudleya cymosa ssp. cymosa comes out in
two separate groups in our current tree that broadly
reflect geography. Plants collected from the Sierra
Nevada down to the Transverse Ranges form a group
with each other. Plants of the Coast Ranges from the
Bay Area to the Santa Monica Mountains form a separate, distinct group. I don’t think that is something
that’s ever been discussed by previous Dudleya experts.
That was a clear pattern that now is prompting us to go
back out into the field to try to see if there are differences in morphology to distinguish these two groups.
These genetic results, similar to other plant groups in
the California flora, might be revealing cryptic diversity. This potentially leads to greater understanding of
liveforevers.
What are some of the implications of this work for Dudleya
conservation?

M: Our work has provided support for the idea that
geographically restricted morphological forms occur
fairly regularly. If you look across the whole span of
the genus, there is a small handful of common species
that are widespread, but it seems to me that the real
story of the genus is the evolution of a large number
of highly local, endemic taxa, plants that are endemic
to one small mountain range or one small canyon, for
example. At the same time, when widespread species
like Dudleya lanceolata, Dudleya cymosa (in the broad
sense), or Dudleya pulverulenta come into contact with
these narrow endemic taxa, they could exchange genes.
That was the whole basis for the Dudleya verityi study.
In that case, a very narrowly restricted species was
heavily impacted by a fire—do we also need to worry
about genes from the common D. lanceolata impacting
the remaining plants?
K: Another important point is that the genus is quite
diverse with many of these narrow endemics occurring
in areas where people want to live. These geographically
restricted taxa are in places that have been developed,
with remaining populations in spaces for recreational
activity. Our genetics work suggests that the ssp. ovatiflolia is more geographically restricted than originally
suspected, making the places it occurs in the Santa
Monica Mountains that much more important for
conservation. However, part of our basic botany work
needs to involve relating the stories of these special
microendemic plants to a diverse group of people, not
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just those already interested in native plant conservation. The more people we have at the table, the greater
the likelihood that we’ll generate creative conservation
solutions for these plants.

The extremely rare, federally threatened Agoura Hills dudleya.
Photograph by Emily Thomas

Are you concerned about the effects of poaching?

M: In the last 20 years of being a California botanist,
I never thought about poaching until Dudleya. We’re
not in Florida where we might be concerned about
people poaching orchids, for example. I was under
the impression that it would be nice if people paid
more attention to California native plants—it wasn’t
too much attention that was the problem, it was not
enough attention. So, the poaching issue creates an
opportunity to think about a whole suite of things that
I’m not accustomed to thinking about.
With the increase in poaching pressure on Dudleya, I’ve heard many ideas centered around creating
poaching disincentives through, for example, greater
community awareness or by legislative means. With a
greater public awareness of the poaching issue, community members can help detect and report suspected
poaching by contacting the U.S. Fish and Wildlife
Service Office of Law Enforcement at 1 (844) FWSTIPS, or the California Department of Fish and Wildlife’s CalTIP at 1 (888) 334-CalTIP. These calls can
be made anonymously.
There’s also the idea that undercutting the Dudleya market could remove economic incentives. It’s
complicated. Recent papers by Jared Margulies have
confronted the idea that demand is driven by, in the
words of the popular press, “housewives and hipsters.”
Instead, his research suggests that the overseas market for dudleyas is largely composed of well-informed
succulent collectors. And, they are not just in East
Asia, but also in Europe. One other result of Margulies’s research provides a hopeful message. He found
that collectors reportedly prized large plants, but not
necessarily wild-collected plants. This could mean that
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when the horticultural trade is saturated with plants
that are of a desirable size, the poaching pressure here
in North America could be reduced.
When you talk to people about gardening with dudleyas,
what messages do you think are important to get across? Is
it risky for people to plant rare species of Dudleya in their
gardens?

K: You have to have a nuanced message, just like everything with Dudleya. If you live in Westlake, where
you’re right up against some of these really locally rare
taxa, if your backyard is right below populations of
the endangered Agoura Hills dudleya (Dudleya cymosa
subsp. agourensis), you don’t want to go out and plant a
huge rock wall of Dudleya. But to me, the likelihood of
someone who has plants out on their balcony, of that
having an impact in a wild setting, seems low.

Santa Cruz Island liveforever blossoms.
Photograph by Kristen Hasenstab-Lehman

Can you tell me about your work with this group on the
California Channel Islands?

K: There are seven island endemic species of Dudleya,
and also a few taxa that are undescribed across the
archipelago. We are working in the lab to include all of
the known island species into our larger evolutionary
tree of these plants from across the California flora.
There is a good chance that between our fieldwork and
genetics work, new biodiversity will be discovered and
described out on the Channel Islands.
M: You don’t have to get very far from the boat to see
a plant that exists nowhere else but on one of our California Channel Islands. Kristen mentioned that there
are a number of endemic Dudleya taxa on the islands:
D. gnoma; Santa Cruz Island liveforever (D. nesiotica);
Trask’s liveforever (D. traskiae); Santa Rosa Island dudleya (D. blochmaniae ssp. insularis); candleholder dudleya (D. candelabrum); Greene’s dudleya (D. greenei);
and bright green dudleya (D. virens ssp. hassei). There
are about 100 Channel Island endemic plants in total,
and we just named seven of them that are dudleyas.
That’s incredible!

Candleholder dudleya on Santa Cruz Island.
Photograph by Kristen Hasenstab-Lehman

Earlier we talked about how it’s tough using genetic
techniques to evaluate taxonomic hypotheses in Dudleya. But, on the islands it might not be so hard.
Dudleyas on certain islands are very morphologically
distinct, there’s nothing else they can be confused
with, and no reason to suspect that historical interactions have added confusing variation to their genomes.
Unlike some of the other mainland dudleyas that we’re
working on now, we feel like at least some of the questions about island dudleyas will be amenable to genetic
analysis. In those cases, Kristen and I are ready to see
the results and celebrate. Stay tuned!
Emily Underwood is publications editor at CNPS:
eunderwood@cnps.org
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BEYOND SPECIES: CRYPTIC DIVERSITY AND ITS IMPORTANCE
Brent Mishler and Bruce Baldwin

S

ince well before the Darwinian revolution,
species have been commonly understood to
be the discrete building blocks that make
up the sum total of biodiversity. Despite the
availability of extraordinary quantities of genetic and
genomic data, and advances in evolutionary theory
and methods, biodiversity is still nearly universally
viewed through this Aristotelian lens, measured
simply as a count of how many species are present.
But we know now that biodiversity is far more than a
count of species—there is significant variation within
traditionally named species, and important, differential
phylogenetic relationships among them.
Named species are not special or equivalent building blocks—they represent arbitrary “cut-offs” on the
phylogeny of living things (i.e., the tree of life) that
may be recognizable to humans, but have widely
varying ages and morphological and genetic distances
from their closest relatives. A valuable insight from
these new data is that we need to consider lineages

V O L . 4 8 , N O . 2 , J U N E 2 0 21

at multiple nested levels within and above the species
level. In other words, our definition of biodiversity
needs to include the whole tree of life (Mishler and
Wilkins 2018; Mishler 2021).
Conservation decisions, therefore, need to consider
the whole tree of life, not simply species, and to consider all of this diversity in a landscape context. To
implement this, a new field called “spatial phylogenetics” has been developed, which essentially turns the
tree of life into a GIS layer (see map from Thornhill
et al. 2017, next page). This approach combines two
main elements, a phylogeny and a spatial dataset showing the geographic distribution of the organisms at the
tips of the phylogeny. Diversity and endemism are
measured based on phylogenetic relatedness (i.e., how
closely organisms share a common ancestor), branch
or lineage length (e.g., inferred genetic change from
Mt. Hamilton Range, identified as a hotspot of phylogenetic endemism
and a top conservation priority in recent studies. Looking southeast
from Coyote Ridge in April 2010. Photograph by Ron Horii
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their common ancestor), and geographic range size of
each lineage on the phylogeny (Thornhill et al. 2017,
Kling et al. 2018). This evolutionary approach to the
definition of biodiversity greatly advances the study of
many questions in ecology and evolution, as well as
providing practical, quantitative metrics to facilitate
conservation and management decisions.
Based on the above considerations, one cannot
assume that a plant bearing the same taxonomic name
as another is the same in any particular way. For example, in restoration, just because a plant from a nursery
bears the same species name as a plant that was historically present at a restoration site, we can’t assume that it
has the same properties or is otherwise a good replacement. There are important differences among lineages
below the traditional species level, and these are very
often correlated with the ecological or geographic distance between them (Joshi et al. 2001; Becker et al.
2006; Macel et al. 2007; Leimu and Fischer 2008;
Twyford et al. 2020). Gene flow is often limited across
larger distances and ecological space, and local plant
populations tend to develop distinct attributes by
adaptation to the local environment and genetic drift.
This is the basis of long-established arguments that it is
essential to use local genotypes for restoration purposes
(McKay et al. 2005).
Results of fine-scale phylogenetic studies in a broad
selection of Californian plants indicate that cryptic

diversity (i.e., distinct evolutionary lineages warranting taxonomic recognition that are difficult or impossible to distinguish morphologically) is of widespread
occurrence across our flora and the Californian landscape (see Baldwin 2000, 2019; Whittall et al. 2020).
These findings are not surprising, given the exceptional
levels of Californian plant diversity and endemism and
our understanding that the environmentally heterogeneous and dynamic California landscape has long
been favorable for evolution and persistence of plant
lineages (Raven and Axelrod 1978; Lancaster and Kay
2013; Baldwin 2014; Sork et al. 2016). Indeed, many
diverse genera and families of California plants are
noted for species that can be difficult to distinguish
from one another morphologically, as expected in
young, actively evolving clades. Cryptic lineages represent irreplaceable diversity that may not be ecologically
interchangeable with other such lineages and are critical to consider in conservation planning.
Unfortunately, few phylogenetic studies include
a sufficient sampling of populations to identify previously undetected or unrecognized evolutionary lineages of plants in the California flora. Even the most
careful studies may have missed important lineages
that now-feasible genome-wide studies could reveal.
Additionally, results from the few detailed studies that
have been performed indicate the difficulty of reliably
predicting where evolutionary or genetic diversity may
reside on the landscape. Such difficulty applies even to
closely related plant lineages, with their unique histories and characteristics (Riordan et al. 2016). However,
a strategy of sampling across ecological and geographic
axes of variation has been useful for discovering cryptic
diversity (Baldwin 2019).
A considerable amount of fine-scale variation
within named species is correlated with geography
and ecology in plants (e.g., Riordan et al. 2016). Thus,
geographic and ecological distance can be a reasonable
proxy for relationships if phylogenetic studies are lacking. Furthermore, geography and ecology play a part
in evolutionary processes affecting biodiversity; plants
are often locally adapted geographically (Leimu and
Fischer 2008) and in different microsites within a location (e.g., Schemske and Bierzychudek 2001; see Richardson et al. 2014). For these reasons it is important to
Significant centers of phylogenetic endemism (PE) in the California
flora, categorized into areas dominated by neoendemism (in red),
paleoendemism (in blue) and a mixture of the two (in purple). Within
the latter category, areas with a very high significance level in PE are
darker purple. b. A graph with the endemism categories shown in
the same colors arrayed on the vertical axis, and annual precipitation
on the horizontal axis. Interestingly, centers of high PE are strongly
associated with more arid regions, with the exception of the North
Coast Ranges. From Thornhill et al. 2017
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conserve ecogeographically distinct populations, even
if they have not been phylogenetically studied or do
not bear a taxonomic name. It is similarly important
to avoid introducing plants from ecogeographically
distant populations into resident populations because
of the risk of diluting local adaptations or endangering
local endemics.
Such findings and limitations in knowledge reinforce the importance of protecting species across their
ecological and geographic ranges and using the most
local and well-sampled seed sources possible when
engaging in restoration or other conservation actions
involving active seeding of sites. To date, most concerns about loss of plant populations across their
ranges and the importance of locally obtained seed
for restoration efforts have been based on population
genetic considerations, such as the potential for loss of
local adaptation and outbreeding depression (i.e., fitness reduction in progeny from crosses between distant
relatives) with introduction of non-local plants (e.g.,
Vander Mijnsbrugge et al. 2010). Although critically
important, these concerns assume that current plant
classification accurately reflects the true diversity of
evolutionary lineages that warrant taxonomic recognition. A so-called species may include multiple evolutionary lineages worthy of taxonomic recognition that
are potentially vulnerable to extinction via hybridization and genetic swamping, reproductive interference,
or competition by introduced, related species.
Another underappreciated concern regarding cryptic diversity is the wealth of untapped scientific information that is represented by wild plant lineages that
remain to be sufficiently sampled and understood. We
are on the cusp of affordable whole-genome sequencing
on a mass scale, and powerful new methods to analyze
genomes that could revolutionize our understanding of
the evolutionary, ecological, and biogeographic history
of California plants, including the discovery or reinterpretation of both young and ancient lineages. Restoration or genetic enhancement approaches involving
extensive redistribution of germplasm across the state
could easily erase or hopelessly muddle this wild evolutionary signal (e.g., Turner et al. 2018), which, if
it remains available, could prove critical to responding intelligently to climate change and other anthropogenic impacts on the flora. We risk losing a major
opportunity for discovery and access to an extraordinary amount of knowledge about plant diversity in this
global biodiversity hotspot. For all of these reasons, any
use of non-local seed in conservation efforts should be
a last-resort strategy. When used, it should be tracked
and documented in a central repository of such information, creating a record of where human-distributed
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seed has been introduced, and from which sources it
originated. This information could greatly benefit
efforts to salvage historical genetic signals from future
field collections by focusing attention on populations
that are relatively isolated from translocation sites, or
by aiding interpretation of genetic data confounded by
the human movement of plants.		
We are all concerned about the effects of climate
change on the California flora, and there is a natural
temptation to take the responsibility of moving plants
to predicted or assumed safe sites outside their current
ranges. There have been many well-meaning, conservation-based proposals to move plants, now or in the near
future, to mitigate climate change. However, assisted
migration or other efforts involving the redistribution
of plants on the landscape in response to anthropogenic change requires much greater knowledge of the
situation than we have at present. For example, different studies indicate idiosyncratic and complex plant
responses to climate change (Harrison et al. 2010;
Rapacciuolo et al. 2014) and potentially lower vulnerability to climate change of plants on infertile soils
(Harrison et al. 2015), which harbor a sizable proportion of endemics.

Prior to phylogenetic studies, common goldfields included both
Lasthenia californica subsp. californica (top) and L. gracilis (bottom),
which are ecologically distinct and not closest relatives, despite being
difficult to distinguish morphologically.
Photographs by Matt Berger (top) and Kyle Nessen (bottom)
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Another issue of concern is the scale of climate
change projections and the potential for refugia that
may be overlooked with coarse-grained studies (Franklin et al. 2013). Human movement of plants does not
have a good track record (Cronk and Fuller 1995; Silcock et al. 2019). The adaptive and dispersal potential
of native plant populations may be greater than often
assumed, as well. For example, microenvironmental variation within a given location may be ecologically and evolutionarily significant (e.g., Scherrer and
Körner, 2011), meaning that genotypes already present in some microsites may be able to tolerate emerging environmental conditions (Ackerly et al. 2010,
2020). Another consideration is ecological release or
competitive release, where variation not ordinarily
seen among plants in the field is expressed in the
absence of competitors or under other novel ecological
conditions. This is a documented phenomenon that
has been experimentally demonstrated in Californian
Lasthenia (Emery and Ackerly 2014). In other words,
standing genetic variation may be greater than would
be estimated from plants observed under ordinary field
conditions, after natural selection has acted on seedlings. The capability of plants to disperse effectively in
response to anthropogenic climate change may also be
underestimated. Improved understanding from studies
of historical biogeography of post-glacial landscapes,
for example, has indicated more rapid animal-mediated plant dispersal and colonization than was earlier
thought to have occurred (Phillips et al. 2008).
The extent of habitat fragmentation and decimation
of some native plant populations, and lack of environmental heterogeneity in some Californian landscapes,
undoubtedly will pose challenges for native plant survival under climate change and may warrant the use of
aggressive conservation interventions. Assisted migration or genetic augmentation might become necessary
in some dire cases, but should be used only as a lastditch measure with a sound scientific basis (Ricciardi
and Simberloff 2009a, b). Other interventions such as
the strategic removal of non-native plants, although
energy intensive, have tremendous potential for restoration of native plant populations, e.g., in the Berkeley
Hills Skyline area (https://www.skylinegardens.org/).
These interventions also have much less potential for
unintended negative consequences on native plants
than redistribution of plants outside their native ranges.
The precautionary principle is always warranted when
considering irreversible actions that may result in the
loss of irreplaceable natural diversity and of invaluable
knowledge about California’s biodiversity.
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Land managers and restorationists may be faced
with a cleared site or a mitigation measure necessitating creation of a new plant community or rare plant
population. Rare plant populations may have lowered
genetic variation due to habitat loss and decreased connectivity. How, then, do we weigh the risks of inaction
against imperfect action or action based on incomplete
knowledge? What can we do now to create solutions
to commonly encountered barriers when attempting
planting with locally appropriate materials?
Past and current examples of human-mediated
selection and dispersal shed light on realized and
prospective benefits and drawbacks from restoration
plantings. Special considerations about rare plants—
possible inbreeding vs. outbreeding depression, the
reduced pool of individuals and populations due to
habitat destruction, and the need or desire to establish
or reestablish populations—require specific study and
understanding to appropriately resolve. The collection
and amplification of wild populations for restoration
must follow best practices to support, not swamp,
local adaptations and to ensure preservation of cryptic
diversity.
We come to the decade of restoration with an
increased urgency because of anthropogenic stressors
such as climate change, invasive species, and land use
shifts. The temptation to manipulate natural systems,
to improve them or fix them, has long been present.
Our ability to do so at massive scales has never been
greater, but our understanding of the potential impacts
is also better. Nonetheless, understanding of new
impacts continues to emerge such as widespread introduction of invasive plant-disease agents (Phytophthora
spp.) from Californian ecological restoration efforts
(Sims and Garbelotto 2021). We can look to the wetland draining and filling prevalent in the early 1900s,
or the rampant tree planting of the 1930s and 1940s,
and see corollaries to today’s sea level rise mitigations
and rampant tree planting. Being someone’s bad example is something we should strive to avoid and build
into our considerations for restoration or any other
movement of native plants.
Brent D. Mishler is director of the University and Jepson
Herbaria and a professor of integrative biology at the
University of California, Berkeley; Bruce G. Baldwin is
curator of the Jepson Herbarium and a professor of integrative biology at the University of California, Berkeley.
BMishler@berkeley.edu; bbaldwin@berkeley.edu
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BOOK REVIEW

Driven by Nature: A Personal Journey
from Shanghai to Botany and Global
Sustainability by Peter H. Raven
Reviewed by Matt Ritter

A

nyone even cursorily interested in plants
has heard of Peter Raven, the world’s most
famous living plant biologist. Now, because
of his fascinating new memoir, Driven by
Nature, we can learn the details of his multifaceted
career, personal life, motivations, and conservation
efforts.
I met Peter Raven 20 years ago, shortly after Time
crowned him “Hero of the Planet.” Our university
had invited him to speak, and it was my job to drive
him around campus. As a young botany professor, I
was star-struck. I learned plant biology from studying
Raven’s textbook, Biology of Plants. I’ve heard it said
that the more you know about plants, the less you
know about social skills. If that is true, Peter Raven is
a true outlier—he was both encouraging and generous.
In a strikingly authentic tone, Raven begins his
book by reflecting on his own life, and deeper insecurities that have led him to succeed. Raven’s enthusiasm
for storytelling and his fascination for world events
come through clearly on each page of the book, and his
writing is as infectious and inspiring as his speaking.
Raven weaves stories of his own life with the history of California and broader world events. His own
family history spans the Hawaiian Islands to Shanghai,
and includes tales of the Pony Express, the Donner
Party, and San Francisco during the Great Depression.
Pushed by his mother to succeed and bolstered by his
father’s acceptance of his curiosity about nature, Raven
started his first collection of plant specimens at age 13.
Collecting plants gave him “a feeling for the patterns
that plants formed on the landscape,” he writes, along
with an intimate knowledge of the California flora, all
while having “a great deal of fun.” He would go on to
collect thousands of plants, discover many new species,
and have over 30 plants named after him.
Raven spent his teens roaming California, looking for plants, and going on Sierra Club outings with
Dr. Ledyard Stebbins. His formal education led him
to the University of San Francisco, UC Berkeley, UC
Los Angeles, and a postdoc in London followed by his
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appointment to the faculty of Stanford. While there,
Raven turned his attention to more theoretical ideas
and conservation efforts, resulting in collaborations
with Paul Ehrlich on coevolution and with Helena
Curtis on Biology of Plants.
Raven became the leader of The Missouri Botanical
Garden, where he remained for nearly 40 years, elevating it to an internationally recognized center of botanical and conservation science, horticultural excellence,
and education. Though most of his narrative focuses
on his interest in the natural world and his career, he
intersperses that information with honest stories about
his personal life, recounting the start and end of raising
four kids, health issues, and family travel.
Raven states in the preface that “encouraging [others] should be a central purpose of our lives.” He
returns to that theme in future chapters as well as the
epilogue, rallying readers to support environmental
causes and help young people achieve their passions. To
read Driven by Nature is to be inspired by the intimate
journey of a passionate man who has left an indelible
mark on the fields of botany and conservation biology,
while touching the lives of many colleagues. Raven has
connected scientists around important initiatives for
humans and the biosphere, and we all share the benefits. He writes, “Throughout my life, I have taken great
joy in learning about and encouraging other people in
any way that I could.” I can attest to having been supported, encouraged, and even undeservedly bolstered
by him many different times in my career. Driven by
Nature is a testament to how an ambitious and wonderful person has positively affected the people around
him and the world at large.
Driven by Nature: A Personal Journey from Shanghai to
Botany and Global Sustainability
Peter H. Raven. 2021. Missouri Botanical Garden Press,
408 pp., hardback. $35. ISBN: 9781935641193

Matt Ritter is a botany professor and director of the Cal
Poly Plant Conservatory: mritter@calpoly.edu
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CNPS FELLOW

Betsey Landis
By Kathy Morrison

F

or more than three decades, Betsey Landis has
dedicated herself to the mission of CNPS at
both the chapter and state levels. Serving in
many official roles, she has had an enormous
influence on the organization, and her devotion to
the conservation of floristic resources in the state
has benefitted many Californians. She’s written two
books, generously giving the copyrights for them to
CNPS, and her long-term commitment to the student
research grants program has had far-reaching effects on
the future of native plant science.
Landis studied physics and electrical engineering
in college. In 1971, she moved to Mandeville Canyon
in the hills above Brentwood, Los Angeles, a wildlife
corridor that gave her an intimate view of old-growth
chaparral habitat and sparked her interest in California native plants. When her son left for college
in the late 1980s, she joined CNPS and threw herself into Los Angeles conservation issues, working to
keep the nearby canyons from being used as landfills.
She expanded her involvement to nearly every type of
CNPS effort, from rare plants to horticulture, education to advocacy.
As a member of the Los Angeles/Santa Monica
Mountains Chapter of CNPS, Landis worked on Significant Ecological Areas as well as the landfill issues.
She was involved in education and school gardens,
and for several years edited the chapter newsletter.
She served as chapter president from 2003–2005, and
has also served as program planning chair and co-vice
president.
At the state level, Landis served on the chapter
council as the LA/SMM delegate from 2003–2015,
and was on the board of directors from 2002–2003.
As a member of the Bylaws Committee, she worked to
reconstruct, fine-tune, and improve the CNPS Bylaws.
Beginning in 2003, she has served on the Educational
Program/Educational Grants Subcommittee, taking
an active role in promoting and awarding the CNPS
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student research grants each year. She also maintained
the CNPS directory for many years. Her other committee work covers areas including horticulture, school
gardens, education and outreach, habitat conservation,
fundraising and membership, and chapter council program policy.
Landis has written many publications about native
plants, including Care & Maintenance of Southern California Native Plant Gardens, with Bart O’Brien and
Ellen Mackey. Her other publications include Recommended List for Landscaping with Native Plants in the
Santa Monica Mountains (1996, revised 2007), Southern California Native Plants for School Gardens (2011),
and articles, plant surveys, contributions to general
plan revisions, and comment letters. Her involvement in Southern California plant and land use issues
include the Los Angeles and San Gabriel watersheds,
Malibu Bluffs Park, Santa Susana Field Laboratory
cleanup, Chatsworth Reservoir Preserve, and Sullivan
Canyon. “She sticks with things and gets them done,
and CNPS is much the better for her considerable
efforts and dedication,” says O’Brien, her co-writer on
Care & Maintenance.
Betsey Landis is devoted to education, note her Fellow nominators, Snowy Dodson and Halli Mason. She
has done numerous consultations with school gardens
and continues to serve as a judge for local school science fairs. “She has worked tirelessly to make sure that
California native plants are given recognition and preserved for future generations,” Dodson and Mason say.
“We are proud to have her as a native plant colleague
here in Southern California, and know that she is a
major asset to the CNPS statewide organization.”
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IN MEMORIAM

Dean Wm. Taylor
By R. Douglas Stone

T

ruly a giant of California botany, Dr. Dean
Wm. Taylor passed away late last year after an
outstanding life and career as a scientist, plant
collector, consultant, and mentor. Dwelling
on his massive legacy, the images that come to
mind include not only “data-driven,” but “walking
encyclopedia,” or even “one-man agency.” Yet what
best epitomizes Dean’s spirit is a line from Kipling’s
famous poem “The Explorer” (1898): “Something lost
behind the Ranges. Over yonder! Go you there!”
Back in the 1980s, Dean and I worked together on
several projects including a field survey of rare vernal
pool endemics in the Central Valley. A mat-forming
annual called Hoover’s spurge (Euphorbia hooveri) was
one of our target species. One day, as I was relating to
him my unsuccessful effort to rediscover this plant in
Tulare County, he grabbed an aerial photograph and
pointed to one especially large vernal pool. “Yes, but
did you go to that one?!” he asked. Lo and behold,
when Glenn Clifton and I revisited the site a few weeks
later, there was Hoover’s spurge, and in full bloom!
A prime example of Dean’s botanical prowess was his
co-discovery of the Shasta snow-wreath (Neviusia cliftonii), a rosaceous shrub that has to count among the
most phenomenal finds ever made in California (see
Fremontia 21(3):3–10, 1993 and 33(2):24–26, 2005).
His approach defied the conventional wisdom that the
California flora is more or less completely known. In
the course of his extensive field work, he made over
22,000 collections including many documenting new
localities of rare taxa. As he was fond of saying, when it
comes to botanical discovery in California, “The frontier is still here.” This theme first appeared in the title
of a paper (co-authored with Jim Shevock) that he presented to the 1986 CNPS Rare Plant Conference. Fast
forward 30 years, and he made the same point at the
2019 Southern California Botanists Symposium. Others had similar conclusions, including Dr. Barbara Ertter in her 2000 article on “Floristic surprises in North
America” (Annals of the Missouri Botanical Garden 87:
81–109), which drew from Dean’s statistical analysis of
the rate of species discovery in California.
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Dean’s enduring love of the Sierra Nevada was
rooted in his boyhood experiences in Yosemite. His
work on the plants of this region culminated in his
discovery of the Tioga Pass sedge (Carex tiogana) and
his 2010 book, Flora of the Yosemite Sierra. He also collected the type specimen of the Pilot Ridge fawn lily
(Erythronium taylorii), a Yosemite regional endemic
that was named in his honor. The Klamath Mountains
were a major focus of Dean’s botanical excursions, due
to their remarkable topographic and substrate diversity
(Fremontia 35(3):3–11, 2007). From this region he
co-authored further novelties including Shasta ageratina (Ageratina shastensis) and Shasta fawn lily (Erythronium shastense), and discovered the recently described
Shasta limestone monkey-flower (Erythranthe taylorii)
that also bears his name.
Dean was an active contributor to the California
Natural Diversity Database and to CNPS’ Rare Plant
Program, serving on its Scientific Advisory Committee
in the 1990s. Since 2005, he was by far the most frequent contributor to the rare plant status review forum
(proposing a total of 81 reviews and posting 413 comments). He was instrumental in identifying research
priorities for rare plants in California (Madroño
42:211–241, 1995), and in highlighting poorly collected areas of the state for further field investigations
ARTEMISIA

(Phytoneuron 2014–53:1–8, 2014). In his later years
especially, he played an active role in admonishing
early-career botanists to study and “know the flora”
and to make voucher collections. But he always led by
example. He pushed himself hard and never demanded
anything less from others.
Those who knew Dean for his work on floristics
and rare plants may not realize that he also made
important contributions as a vegetation scientist,
including his 1976 doctoral dissertation at UC Davis
on the ecology of timberline vegetation around Carson Pass (Alpine County). His 1982 report to the Inyo
National Forest was the first to document the impacts
of stream dewatering on riparian vegetation in the
Mono Basin.
Friends and colleagues will remember Dean for his
colorful manner of speaking. Here was his take on the
odds of finding an extirpated or very rare plant: “Better chance of finding fur on a rattlesnake.” On finding
such a plant: “Rarer than a hen’s tooth.” And on the
difficulty of keying out a Navarretia: “One must have
a sufficient amount of Scotch on hand.”
Dean Wm. Taylor may be gone, but his botanical
spirit lives on, and as he said, “The frontier is still here.”
R. Douglas Stone is an associate rare plant botanist
at CNPS, research associate at the California Botanic
Garden and senior research associate at the University of
KwaZulu-Natal, South Africa.
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IN MEMORIAM

Michael G. Barbour
(1942–2021)
By Jennifer Buck-Diaz, Julie Evens, and Todd Keeler-Wolf

D

r. Michael Barbour, Professor Emeritus at
University of California, Davis, Department
of Plant Sciences, lived a full and generous life
that ended peacefully at his home in Winters,
California, on January 7, 2021. A longtime leader in
vegetation conservation, he was a widely published
author and researcher, a cherished educator, and a
passionate spokesman for plants. More than 30 years
ago he was recruited to lead CNPS’s Plant Communities
Committee, now known as the Vegetation Committee.
Michael’s role was to assemble and guide a group of
California scientists and conservationists to develop
definitions for all vegetation types in the state—no
small feat! During the committee’s first few meetings,
Michael orchestrated consensus around a single
classification concept that would eventually develop
into an inductive hierarchical classification system.
Michael remembered those meetings as some of the
most challenging he ever experienced as a leader.
Michael and the committee established a sampling
protocol for vegetation throughout the state, developed a database to contain vegetation transect and
plot data, and trained many CNPS chapter members
on the sampling of rare communities. Most importantly, he and the committee guided the development
of the 1995 CNPS publication A Manual of California Vegetation, co-authored by John Sawyer and
Todd Keeler-Wolf. This first systematic classification
of California’s immense diversity of vegetation types
was adopted by California state agencies and conservation groups. As envisioned by Michael and members of the committee, it initiated a rapid expansion of
standardized data collection, analysis, description, and
detailed vegetation mapping. In the years to follow, the
classification system was vastly expanded in a second
edition (Sawyer, Keeler-Wolf, and Evens, 2009), and
is currently a web publication (vegetation.cnps.org/)
maintained and updated by a consortium of ecologists
representing both non-government and government
programs including CNPS and the California Department of Fish and Wildlife.
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Michael not only was a state leader in vegetation
conservation, but a national leader. He was the first
chair of the Ecological Society of America’s Vegetation
Committee, which published the first U.S. National
Vegetation Classification in 1998. He also participated in the International Association for Vegetation
Scientists (IAVS) and often welcomed international
vegetation scientists to work with him on refining California’s vegetation classification. Michael’s research
interests took him to all the continents of the globe
(except Antarctica). He brought these experiences
back to California to compare, contrast, and apply his
knowledge to our state.
Michael was born in 1942 in Jackson, Michigan.
He subsequently moved to Southern California where
his love for nature began while he spent time in the
San Bernardino Mountains east of Los Angeles. A
year-long course in introductory botany during his
sophomore year at Michigan State University sparked
a deep interest in plants and ecology. Michael attended
Duke University, spending 1964 as a Fulbright Fellow
in Australia studying seed banks associated with eucalyptus forests. He completed his doctoral dissertation
on creosote bush of the Southwest deserts.
In 1967, at age 25, Michael became one of the
youngest professors to be hired by the University of
California, Davis (UCD), where he remained for his
entire career. Within UCD, Michael was known as an
engaging speaker and an effective teacher and mentor. Over the course of his career, he sponsored more
than 50 graduate students. His research interests varied
from the coastal ecosystems surrounding Bodega Bay,
where he wrote a flora of the region and focused on
salt-tolerant vegetation, to the red and white fir (Abies
magnifica, A. concolor) forests of the Sierra Nevada.
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Relatively late in his career, Michael initiated an
in-depth study of California vernal pool vegetation
that led to a fine-grained understanding of floristic
composition and conservation strategies. This research
also influenced the assessment of vernal pool restoration success by defining quantifiable metrics to
describe deviance between created vernal pool communities and naturally occurring ones. The Environmental Protection Agency and other regulatory
agencies have adopted this methodology for guiding
mitigation success.
Michael was a prolific and highly collaborative book
author and editor, with more than 25 books covering
botany, plant ecology, landscape ecology, and vegetation to his credit. Michael edited and wrote portions of
the first two editions of the extensive compendium on
California vegetation ecology, Terrestrial Vegetation of
California, the second edition of which was published
by CNPS in 1988. Other CNPS book publications
include California’s Changing Landscapes: Diversity and
Conservation of California Vegetation (1993), and California’s Botanical Landscapes: A Pictorial View of the
State’s Vegetation (2016), and numerous articles in this
journal.
Beyond his work as an academic and conservation
leader, Michael spent more than 20 years performing
with the Winters Theatre Company. He sang with The
Raggedy Ramblers, an informal singing group, loved

dancing, and spent his last three years in Pamela Trokanski’s Parkinson’s Dance Class. Among his memorable performances was a haiku-style reading of selected
plant names and succinct habitat descriptions, which
he delivered at a CNPS chapter council meeting with
his friend, co-conspirator, and Pulitzer Prize–winning
poet, Gary Snyder.
Those of us who knew him remember Michael
as a kind and honorable citizen. He calmly listened,
soothed our concerns, and would gently reflect and
replace frustration and confusion with sensibility and
broader perspective, often with humor. He was open
to many ideas and interested in exploring new experiences. He was always a gentleman, expressing genuine
interest, empathy, and concern. Michael led by example, never by force, and as a result engendered great
respect and love.
His family requests that donations in Michael’s
honor be made to the California Native Plant Society, with a note “in memory of Michael Barbour” via a
check or online. For online donations, see the donate
page (cnps.org/donate) where there is a checkbox for
honor/memorial gifts.
Jennifer Buck-Diaz is a vegetation ecologist with CNPS,
Julie Evens is CNPS’s vegetation program director, and
Todd Keeler-Wolf is senior vegetation ecologist at the
California Department of Fish and Wildlife.

Michael Barbour in Argentina. Photograph courtesy of Valerie Whitworth
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“It’s gratifying to know that more of my overall contribution is being
used to protect the plants and special places that I love.”
—CNPS Perennial member, joined September 2020

Each CNPS member is unique, and so are their reasons for
deciding to go Perennial, making sustaining monthly contributions.

WHAT’S YOUR REASON?
Become a proud Perennial member today:
www.cnps.org/perennial-membership
With a perennial gift, your membership is always
current and you’ll never miss an issue of Artemisia.
Enroll now and receive this exclusive bookmark
with our appreciation.
Call us at (916) 447-2677 to learn more.

Navarro Point Preserve. Photograph by Alexis LaFever Jackson
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