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Abstract

Ecological Genetics of Stipa pulchra in Environmental Restoration
by
Kathleen Ida Rassbach
Doctor of Philosophy in Wildland Resource Science
University of California, Berkeley

Professor Lynn Huntsinger, Chair

Ecological restoration has become a large enterprise driven by regulatory policies and by
public and private initiatives. Regulatory agencies and ecologists call for use of propagules that
are adapted to project sites, compatible with other species, and genetically diverse. This project
uses a native California grass, Stipa pulchra, to ask whether the cost-management practice of
collecting seeds from dense stands of target species can have unintended selective effects on
species used in restoration. Absolute cover, standing biomass, species composition, and S.
pulchra density and culm count were recorded on plots in three central California sites. S.
pulchra seeds from these plots were sown in pots allocated to two watering groups and three
temporal blocks.

Pot-study plants grown from seed collected from plots with greater S. pulchra density and
absolute cover had significantly higher basal diameters, tiller counts, and root: shoot ratios.
Plants derived from less-competitive plots set seeds earlier and gave rise to more culms. These
results indicate that distribution of S. pulchra genotypes in the field may reflect a competition:
colonization pattern, with more fecund S. pulchra plants inhabiting less-competitive patches than
those occupied by their more-competitive conspecifics. Other aspects of pot-study plant growth
appeared to correlate with background vegetation of the field plots. Although plants grown from
seeds collected at the three sites were significantly different, there was no evidence that
ecological distance reflected geographic distance. Plants receiving more water had relatively
greater aboveground growth and lower root: shoot ratios. Statistical interactions of blocking and
watering treatments with site may reflect plant adaptation to climate and soil at the various sites.
Implications of these results apply to environmental restoration and extend to ecological
research, where nonrandomly collected propagules are often used to represent genetic
characteristics of entire populations.
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Chapter 1. Introduction

Every year, thousands of seed-company workers, public-agency employees, volunteers,
and enthusiasts fan out across American wildlands to collect native seed. Their goal is the
restoration of habitat in places ranging from roadsides and urban streambanks to vast areas
devastated by fires, mining, flood-control projects, and development. Restoration projects
require huge and growing amounts of seeds at substantial cost. The questions of whether seed
collection costs and convenience directly and unavoidably impinge on capturing the genetic
variability of wild populations, and whether this results in nonadaptive genetic selection,
prompted this project. While this study focuses on seeds, many of the issues discussed apply to
cuttings and other propagule types as well.

Little information is available on quantities of native seed used nationally, but a few
figures may provide a sense of scale. The ecological restoration industry employs an estimated
126,000 workers and generates nearly $10 billion in economic output annually in the United
States alone (BenDor et al. 2015). In the western United States, the largest revegetation need is
post-fire rehabilitation, where action required on short notice often leaves little opportunity to
prepare ahead. In 1999, at least 1.7 million acres of land burned in the Great Basin (BLM 1999).
Over five million pounds of seed were dispersed over burnt rangelands in Nevada, nearly a third
of which came from native plant species (Christensen 2000). The 2007 Murphy Fire complex in
Idaho and Nevada charred 650,000 acres, requiring an estimated 1.4 million pounds to reseed a
third of the area. Hundreds of volunteers were sent into the desert to collect part of the seed,
despite the drought-induced reduction in seed availability (J. Miller 2007). In Utah, reseeding
25,000 acres of the 47,000-acre Wood Hollow Fire restoration area required 352,000 pounds of
seed at a cost of $3.2 million (Prettyman 2012). An examination of over 1200 USDA Forest
Service Burned Area Emergency Response reports taken in the western US during four decades
(1970s-2000s) found that the area burned annually by wildfire increased several-fold over this
time, and that the rate of increase accelerated after 1990 (Robichaud et al. 2014). From 1997 to
2012, the total area of US land that burned annually continued to increase, to over nine million
acres (Bracmort 2013). In recent years, the US Bureau of Land Management (BLM) has
purchased an annual average of 1.4 million kg of seed annually, mostly for post-fire use, and has
often needed much more (Oldfield & Olwell 2015).

Native seed is costly, ranging from $10 to over $4000 per pound (Olwell 2002; Agrecol
Native Nursery 2015). Source-identified® grass seed costs roughly $15-40 per pound for species
such as Elymus glaucus and Danthonia californica, to as much as $800 per pound for
Calamagrostis canadensis (Earth-Source, Inc. 2013; Heritage Seedlings, Inc. 2015). During the
period 2000 to 2007, Forest Service emergency seeding expenditures increased 192 percent
compared to the average during the previous 30 years (Peppin et al. 2010). The BLM native
plant program budget has experienced similar increases (Figure 1). An average of 21 percent of
burned area was seeded in the 1970s, compared to only four percent between 2000 and 2007.

! Seed identified as to species and location of the parental population.
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US Bureau of Land Management Native Plant
Program Budget 2001-2012

Data from Olwell 2012

The increased per-acre seeding cost likely reflects increased use of native species and sterile
hybrids (Peppin et al. 2010).

The business of providing seeds and plants for restoration has grown rapidly. Dozens of
companies, most of them small businesses, market native plants through revegetation trade
journals and on the Internet (A. White et al. 2017). Native-seed producers are steadily expanding
production (Strategic Marketing Services 2002); one seed-collection and contract-growing
company, Bitterroot Restoration, reported 40% per year growth for 10 years (Fitzsimmons 2002).
Unscrupulous or poorly informed seed harvesters have been caught harvesting hundreds of
pounds of seeds illegally from public lands (Bragg 2000; Stark 2009). Seed companies often buy
seeds from many individuals and have to depend on the collectors' integrity and knowledge, thus
taking the potentially ruinous risk of selling mislabeled seeds. As a result, some seed companies
actively avoid local-ecotype seed (S. Smith et al. 2007).

Against this backdrop, concerns have been raised about native herb and shrub germplasm
that is transferred from one location to another (Handel et al. 1994; Helenurm & Parsons 1997;



Hufford & Mazer 2003; Knapp & Rice 1996 and 1997; Montalvo & Ellstrand 2000; S. Williams
& Davis 1996). Gustafson et al. (2004a and 2004b), for example, found that restored grass
populations established with presumably local seeds shared greater genetic resemblance with one
another than with nearby remnant populations, and that populations spread over 200 km that had
been restored by the same restoration practitioner were genetically more similar to each other
than to nearby populations. Y-Y Li et al. (2005) found that artificial populations of the
endangered dawn redwood (Metasequoia glyptostroboides) were more similar to one another
than to remnant wild populations. The limited genetic variation in these restored populations has
resulted in reduced seed mass and germination rates (Y-Y Li et al. 2012).

The debate continues today, indeed, the number of scholarly journal articles about
restoration genetics has increased exponentially (Mijangos et al. 2015). Issues discussed in the
literature include maladaptation to abiotic factors such as fire (Falk 2006), soil (Bakker &
Berendse 1999; Mahieu et al. 2013; Ohsowski et al. 2012), and climate (Johnson et al. 2010);
and biotic factors such as arthropod consumers, mutualists, pollinators, and pathogens (Cox et al.
2013; Dixon et al. 2009; Gibbs et al. 2008; Halpern et al. 2007; Kardol & Wardle 2010; Ritchie
& Johnson 2009). Insufficient genetic variation may lead to poor long-term adaptation of a
restored population (Hufford & Mazer 2003; Kettenring et al. 2014). Where basic adaptation can
be assured, there remain concerns about genetic compatibility, including introduction of invasive
genotypes and genetic inundation of small local populations by larger introduced ones (Byrne et
al. 2011; Millar et al. 2012). The potential for inbreeding depression, which can affect
outcrossing species, must be balanced against potential outbreeding depression, an issue for
inbred species that may not become apparent until the F2 or subsequent generations (Bowles et
al. 2015; Edmands 2007; Frankham et al. 2011; Lloyd et al. 2012). Critics worry that fitness of
existing local populations can be reduced by germplasm introductions, through breakup of
adaptive gene complexes (Hufford & Mazer 2003; Pélabon et al. 2005); genetic swamping
(Byrne et al. 2011; Handel et al. 1994; Hufford & Mazer 2003; K. Rice 1995); differing
flowering phenology (Montalvo et al. 1997), and mismatched ploidy in species with multiple
ploidy levels (Delaney & Baack 2012; Hufford & Mazer 2003). Ample disagreement exists on
these topics (e.g., Cronn et al. 2003; Frankham et al. 2011; Larson et al. 2001).

Population genetic data is lacking for many wild species. Critical factors such as mating
system, gene flow, and ploidy may vary among subpopulations of a species in time and space,
limiting the applicability of available research (Booy et al. 2000; Coates et al. 2013; Delaney &
Baack 2012; Etterson et al. 2016; Gehring & Linhart 1992; Knapp & Rice 1996; Liston 2003;
McArthur & Tausch 1995; Severns & Liston 2008). Inbred species in particular show variation
among populations in allele diversity and effective neighborhood size (Schoen & Brown 1991).
Natural plant populations frequently feature small-scale genetic differentiation in a wide range of
characters, often reflecting limited gene dispersal and spatial heterogeneity in environmental
characteristics (Lara-Romero et al. 2014; Linhart & Grant 1996; McLeod et al. 2012; Vekemans
& Hardy 2004). Genotypes can be extraordinarily localized, even differing over a few meters
(Bennington et al. 2012; Bockelmann et al. 2003; Knapp & Rice 1998; Krauss et al. 2013; Y.C.
Li et al. 2000; Linhart 1988).



Data available to guide restoration practitioners and policy makers is limited.
Conservation genetics studies generally focus on rare or threatened species, which, because of
factors related to their rarity, may have population genetic characteristics quite different from the
community dominants commonly used in restoration programs (Aguilar et al. 2008; Cole 2003;
Honnay & Jacquemyn 2007). Rare plants, moreover, may not contribute substantially to
ecosystem productivity, while the diversity of community dominants, including genetic diversity
within species, may regulate ecosystem function and composition (Barbour et al. 2009; Grime
1998; Gustafson et al. 2004b; Seliskar et al. 2002; Whitham et al. 2006).

The genetic unknowns interact with the practical elements of restoration, which include
who is carrying out the restoration and why, applicable regulations, and funding. Public and
private agencies often ask producers to meet specific requirements in collection, agronomic seed
production, and handling of propagules based on limited information about genetic
characteristics of individual species and populations, all of which can affect the genetic
characteristics of restoration plantings (Clewell & Rieger 1997; Dorner undated; Knapp & Rice
1994, 1996, and 1997; Lippitt et al. 1994; Montalvo et al. 1997; S. Smith et al. 2007). Seed-
source requirements in turn may increase restoration project cost and complexity (Mustoe 2014;
Richards et al. 1998; Scianna 2003; Strategic Marketing Services 2002). While many native-
plant seed companies and nurseries claim to provide seeds for specific, site-appropriate ecotypes,
source population and genetic background of planting stock is often unknown (Cronn et al. 2003;
Gehring & Linhart 1992; Gibbs et al. 2012; Gustafson et al. 2004a). At worst, seeds are
sometimes of the wrong species or are interspecific hybrids (Dunwiddie & Delvin 2006; Gibbs et
al. 2012; Pendleton et al. 2008).

The cost and viability of seed may depend on how it is harvested or otherwise produced
for planting. Commercial seed collectors are paid based on the amount of seed collected, and
may be motivated to collect when and where it is easiest. Contract growers grow out, or
"increase," wild-collected, sometimes site-specific seeds and cuttings. Cultivars of native
species have been developed for restoration and revegetation. Growing native plants under
agronomic conditions, however, may allow selection, drift, and inadvertent cross-pollination
with other genotypes to shift the means and variances of plant genetic characteristics (A. Dyer et
al. 2016; Ferdinandez et al. 2005; Montalvo et al. 1997; Schroder et al. 2013; Soleri & Smith
1995).

Intent of This Study

Little data apparently exists on actual among-microhabitat collection practices for native
herb and shrub germplasm. The need for cost control may prompt harvesters to seek out and
harvest from patches containing relatively high densities of target plants, which greatly simplifies
and speeds collection of herb and grass seed. This study asks whether this practice may affect
the genetic characteristics of collected seeds. If subpopulation differentiation can occur in the
absence of obvious abiotic environmental variation, it may be wholly unapparent to seed
collectors. If adaptive genetic differentiation can occur at the subpopulation level, and if some
subpopulations are inherently difficult, unpleasant, or time-consuming to harvest, harvesters may



encounter substantial difficulties capturing adaptive differentiation within the practical
limitations of seed collection.

This research question emerged from a seed collection trip | took with a reputable
commercial seed supplier that allowed me to observe some aspects of the economic forces in
seed collection. Early in the trip, we examined a site that included the target species Danthonia
californica mixed with the undesirable species Bromus tectorum, each at roughly 40% relative
dominance. The culms of both grass species were erect, ripe, and about the same height. As we
collected a few ounces of seed, I quickly found that Danthonia seeds had to be harvested stem by
stem with careful attention to species identification to avoid collecting Bromus. The seed
contractor rejected the site as too "weedy" for economical harvesting. We later visited one of his
work crews camped out nearby. The contractor gave them a sample of the Danthonia seeds, and
instructed them to look out for dense Danthonia patches to harvest. Danthonia was a new
product for this contractor, and | later learned that he missed an important factor: Danthonia
carries much of its seed as cleistogenes at the base of its culms, and restoration harvesters
generally take whole culms to winnow later (Kathleen Kraft 2002, pers. comm.). This illustrates
another issue in commercial seed collection: seed suppliers don't always have the luxury of
adequate information. Their workers, moreover, are by no means professional botanists. The
camping-out crew members were indigents recruited from city streets, and other harvesters we
visited included the children of local ranchers.? Like the seed contractor, all of these harvesters
were paid by the pound. Seed harvesters need to meet purity requirements, which ensures they
avoid weed species, but they may have little financial incentive to harvest from a wide range of
subpopulations within a collection area, and substantial motivation to collect large quantities of
seed as quickly as possible. If subpopulations vary in their genetic characteristics, then the
understandable human tendency to collect seed where doing so is easy and efficient may produce
unintended selection among genotypes.

This study examines inherited differences between Stipa pulchra (purple needlegrass)
plants originating in relatively dense patches versus conspecifics growing sparsely intermixed
among other species, and focuses on traits that might affect plant performance in restoration
projects. The contrast of dense versus sparse patches may bring to light cost-driven, unintended
selection by seed harvesters among genetically different subpopulations. This study assumes
there may be unintended impacts from translocation of inappropriate genetic material in the
effort to produce new populations or augment existing ones. The study species is the most
widespread native California grass species today, and is therefore relatively well-studied and
often used in revegetation projects (Corbin et al. 2004). The study sites are natural populations
in the San Francisco Bay Area that evidently have not been substantially disturbed for at least 20
years.

Chapter 2 explores population genetics theory as it applies to this study. Chapter 3
discusses seed collection and production for restoration in light of concerns about restoration

2 Some restoration projects, including seed collection, are carried out by specially-trained prison inmates (Carl
Elliott 2016, pers. comm). Mr. Elliott is Conservation Nursery Manager of the Sustainability in Prisons Project
(http://sustainabilityinprisons.org).



genetics, and Chapter 4 discusses regulatory approaches to these concerns. Chapter 5 describes
the study context and the challenge of restoring California grasslands, and presents the study
hypothesis. The study sites and experimental methods, including field observations, seed
collection, and a common-garden study, are described in Chapter 6. Chapters 7 and 8 present the
detailed results of the field and common garden study. The implications of the study results,
both for ecological theory and environmental restoration, are presented in Chapter 9.



Chapter 2. Role of Population Genetics in Ecological Restoration

Ecological restoration is the effort to produce natural ecosystems by artificial means, in
order to secure ecosystem services such as erosion control and water filtration, ensure habitat for
rare species, and maintain wildland species out of respect and appreciation. Restoration efforts
are thus controlled both by human preferences and the exigencies of nature. This chapter
reviews scientific efforts to define what is needed and what is best avoided in providing plants
that are genetically adapted to restoration sites. Key restoration-genetics goals that may
sometimes come into conflict are local adaptation, adequate genetic diversity, and ability of
restored populations to adjust to altered conditions such as climate change. The second part
discusses how patchiness in populations may be reflected in their genetic composition.

Defining Restoration

Environmental restoration may be defined as manipulation of natural processes of
ecological succession to create self-organizing native ecosystems, including viable populations
of native species that are well-adapted to current conditions and possess enough genetic variation
for continued evolution (Bradshaw 1996; Hobbs & Norton 1996; Knapp & Rice 1994). The
BLM Integrated Vegetation Management Handbook defines restoration as “implementation of a
set of actions that promotes plant community diversity and structure that allows plant
communities to be more resilient to disturbance and invasive species over the long term" (BLM
2008, p. 3-12). While this definition does not specify indigenous species, BLM policy and
practice, as discussed in Chapter 4, have increasingly emphasized native species. The Society
for Ecological Restoration (SER) describes an ecosystem as successfully restored "when it
contains sufficient biotic and abiotic resources to continue its development without further
assistance or subsidy," can "sustain itself structurally and functionally," and will "demonstrate
resilience to normal ranges of environmental stress and disturbance™ (SER 2004, p. 3). The SER
Primer specifies that the restored ecosystem will be comprised mostly or entirely of indigenous
species.

Other forms of revegetation do not make a goal of recreating the original ecosystem.
BLM, for example, defines post-fire rehabilitation as the "repair" of a wildland fire area using
native or nonnative plant species to obtain a stable plant community that will protect the burned
area from erosion and invasion by weeds; and defines "revegetation™ as establishing desirable
plants in areas where they are absent or of inadequate density. The US Department of the
Interior (DOI) defines "reclamation™ as the process of reconverting disturbed land to its former
or other productive uses, a definition commonly applied in the context of mined lands (DOI
2013). DOI notes that the definition of "restoration™ and similar terms varies among authorizing
and implementing agencies. Stahl et al. (2006) observe that definitions of ecological restoration
and land reclamation have become more similar since the 1970s, perhaps due to the recognition
that disturbed sites cannot often be restored to pre-disturbance conditions, and due to legal
requirements for remediation of planned disturbances that increasingly call for use of native
species and reestablishment of certain levels of diversity.



The effort and expense required for restoration ranges from limited management of
relatively unmodified sites, to "building of ecosystems from bare ground” on devastated places
such as mines (Montalvo et al. 1997). The aim in all cases is to develop a sustainable, essentially
natural system within limitations of time and budget. Physical site restoration is sometimes
enough to allow establishment of native species from the soil seed-pool or through immigration
from nearby populations (Hobbs & Norton 1996). Native plants, however, may be seed- or
recruitment-limited, or prevented from site dominance by invasive species (Kettenring &
Galatowitsch 2011). Where disturbance is more severe or native species cannot return on their
own, restoration extends to planting seeds, cuttings, or other germplasm of one or more species.
The long-term goal is creation of self-sustaining communities that will support ecosystem
functions and processes in turn requires plants that are well-adapted to current and future site
conditions, and will thrive without damaging surrounding ecosystems (Lesica & Allendorf
1999). In sum, restorationists need germplasm that is genetically appropriate and fits within
project budgets.

The Call for Local Germplasm

Restoration researchers and practitioners have generally preferred local genotypes for
restoration purposes (Bischoff et al. 2010; Hancock & Hughes 2012; Hufford & Mazer 2012,;
Johnson et al. 2010; Jones 2013; Krauss et al. 2013). Restoration guidelines often call for seed
collected near the restoration site to avoid negative impacts of maladaptation, inbreeding and
outbreeding depression, and spatial genetic homogenization or genetic swamping (Krauss & He
2006; McKay et al. 2005; Mortlock 2000). Preference for local germplasm reflects a substantial
body of research demonstrating that plants are commonly adapted to their habitat of origin. This
"home-site™ advantage is particularly apparent in reciprocal transplant experiments where the
sites used differ in important environmental characteristics such as climate regime, and where
experiments have continued for a number of years, allowing differences among plants to become
more apparent (J. Anderson et al. 2011; Bennington et al. 2012; Hufford & Mazer 2012; Ishizuka
& Goto 2011; K. Rice & Knapp 2008; Vander Mijnsbrugge et al. 2010; Verhoeven et al. 2011).

Using local germplasm may reduce risk of restoration-project failure, and can help
conserve the genetic diversity represented among populations (Sackville-Hamilton 2001). Local
seed may be most important for species with high degrees of population differentiation, such as
species characterized by short lifespans, small dispersal areas, and self-pollination (L. Garnier et
al. 2002; Handel 1985; Krauss & He 2006; Levin and Kerster 1971; Loveless & Hamrick 1984;
C. Williams 1994). Where a species has limited gene flow, its populations may have long
genetic memories of initial colonization patterns and subsequent site variations such as climate
or disturbance (Loveless & Hamrick 1984); Schmitt 2007).

Use of local germplasm can help ensure compatibility among species on a restoration
site. An ecosystem is not truly restored unless it supports a normal complement of reference-
system species in full interaction with one another and their environment. As restorationists can
only plant a subset of an ecosystem's component species, success of a restoration may depend in
part on genetic compatibility between the restored species and other suitable species that are



already in place or are likely to colonize from adjacent areas. Vandegehuchte et al. (2012)
studied arthropods living on local and introduced genotypes of the beach grass Ammophila
arenaria, and found that the diversity of the invertebrate community decreased with increasing
geographical distance from the plants’ location of origin. Longcore (2003), working in
California coastal sage scrub, found that while plant diversity, percent cover, and structural
complexity did not differ between undisturbed sites and sites restored 15 years earlier, arthropod
diversity remained lower at restoration sites than at undisturbed or even disturbed sites.
Longcore et al. (1997), citing unpublished data showing that non-local ecotypes of otherwise
local plant species may fail to support local insect species, comment that, "a restoration is not
successful if the plants kill the organisms that depend on them."

How local is local enough? The value of using local germplasm varies among species,
populations, and restoration projects; it also varies among the differing perspectives of
restoration researchers. Adaptation can vary sharply, even over a few hundred meters in areas
with strong contrasts in edaphic conditions or effective climate regime, such as salt-marsh
salinity gradients, or snow fields as they ascend to windy ridgetops (Bennington et al. 2012;
Bockelmann et al. 2003; Lara-Romero et al. 2014). Plants growing along such gradients can
vary in flowering phenology, and hybrids derived even from closely spaced populations could
miss the pollination window (Lara-Romero et al. 2014). Individual traits may vary in spatial
genetic structure; for example, traits controlling seedling size may be correlated with temperature
regime, while root growth may correlate with moisture availability (O'Brien et al. 2007; St. Clair
& Johnson 2004).

Restoration using nonlocal genotypes can produce mixed populations that can replace
distinctive populations with hybrids, a process called genetic swamping (Todesco et al. 2016).
Hybrid populations may be unusually vigorous and unduly competitive (Gustafson et al. 2004a
and 2004b; Schierenbeck & Ellstrand 2009). Conversely, even where population mixing
increases fitness via heterosis in the F1 generation, chromosomal recombination may disrupt
intrinsic coadapted gene complexes (positive epistatic interactions), potentially reducing fitness
in the F2 generation and beyond (Keller et al. 2000; Tallmon et al. 2004). Fenster and Galloway
(2000) found that in some species, making crosses among populations separated by only
hundreds of meters can result in disruption of fitness components across all phases of life history.
Finding no linear effect of distance between populations in the extent of hybrid breakdown, they
state that as much differentiation occurs between populations at the local level as at higher levels.
The issue is complicated by studies that demonstrate elements of both heterosis and outbreeding
depression, sometimes at different life stages (Bowles et al. 2015; Edmands 2007). Some of the
few studies that follow organisms into F2 and later generations find that initial heterosis in the F1
generation may be followed by poorer performance in the F2 and F3 generations attributed to
breakup of adapted complexes, which in turn may or may not be followed by rebounding
performance in the F6 or later generations (Erickson & Fenster 2006; Johansen-Morris & Latta
2006; Kramer & Havens 2009). Where hybridization of indigenous and outside genotypes is
unlikely, for example, due to differing flowering phenology, the introduced population may



simply overwhelm the indigenous plants through greater competitiveness or fecundity
(Holmstrom et al. 2010).

Optimal maximum distances for seed transfer may be species- or even population-
specific, based on the degree of outcrossing and dispersal of each species (Hufford & Mazer
2003; McCann 2014). Many conifer species, for example, disperse their genes over wide areas
(Johnson et al. 2004), but for some conifers, natural gene flow would limit seed collection zones
to less than 1 km across (Govindaraju 1990; St. Clair & Johnson 2004). Some restorationists call
for developing seed-transfer prescriptions based on species- and population-specific data
regarding ploidy levels, lifespan, mating system, and other factors (Knapp and Rice 1996).
Because detailed data is unavailable for many species, using propagules from the immediate
vicinity or nearby populations in matching habitats may entail fewer risks than obtaining
germplasm from a regional seed-transfer zone (O’Brien & Krauss 2010; Vander Mijnsbrugge et
al. 2010). The California Native Plant Society (CNPS) recommends planting germplasm from
within the same watershed and the same altitude as the project site (CNPS 1995 and 2001); and
the National Park Service has specified plants from within the same watershed for Golden Gate
National Recreation Area (McCann 2014). Where genetic data is lacking, Linhart (1995)
recommends collecting within areas of probable genetic similarity, e.g., within 100 m for herbs
and 1 km for trees, distances that may not often be practicable.

Why local may not always be best. Although restorationists commonly prefer locally-
sourced germplasm (Hancock & Hughes 2012), a number of researchers have questioned the
local-is-best dictum. Local populations are not always better adapted to a site than populations
from other, matched provenances (Jones 2013; Leimu & Fischer 2008). Fragmentation,
maladaptive drift, genetic impoverishment, and inbreeding can reduce the value of local
populations, particularly small ones, as seed sources (Broadhurst et al. 2008; Honnay &
Jacquemyn 2007; Kettenring et al. 2014; McKay et al. 2005). The alleles needed to adapt to
changing environments may also be low-frequency alleles, which are the most easily lost from
small populations. Where microclimatic or soil conditions vary sharply, plants from nearby
populations may be poorly adapted to a restoration site, and plants from similar environments
may provide a better match (Jones 2013; Lawrence & Kaye 2011; Whalley et al. 2013). Extreme
disturbance or contamination, such as is often found at abandoned mine sites, may also preclude
compatibility of local germplasm (Johnson et al. 2010; Lesica & Allendorf 1999). Where
adaptation of local and nearby populations to a restoration site are not at issue, local germplasm
may remain problematic due to the potential impacts of overharvesting seeds from source
populations (Broadhurst et al. 2008; Meissen et al. 2015; Mortlock 2000; S. Smith et al. 2007).
From a practical standpoint, a large number of restoration projects, each with its own local
germplasm sources, would lead to many small collection zones (versus a few large ones), in turn
translating into higher costs and operational complexities for both resource managers and
commercial seed producers (Cronn et al. 2003; Mustoe 2014).
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The Need for Genetic Diversity

Artificial populations need to contain adequate genetic diversity in order to thrive.
Concerns about restoration germplasm relate to both the genetic mean and variance of a restored
population, that is, whether newly established populations will be adapted to conditions currently
normal to a site and also be able to adapt to environmental changes over time. While local
germplasm is commonly recommended, local populations may not exist. Of particular concern
is the potentially limited genetic diversity of some source populations. As a result, the goals of
near-term adaptation and long-term adaptability can come into conflict.

Populations originating from a small number of genotypes may suffer founder effects and
greater vulnerability to environmental change (Wise et al. 2002). Loss of genetic variation can
also increase likelihood of inbreeding depression, as well as reduced fecundity through loss of
self-incompatibility alleles (Frankham 2005; Frankham et al. 2011). The capacity to adapt will
become increasingly important as mean climate conditions shift and climate variability increases
in the wake of global warming (Booy et al. 2000; Jump & Pefiuelas 2005).

Experiments suggest that genetic variability in restoration plantings can result in better
survival, denser restored populations, greater invasion resistance, greater interspecific diversity,
and improved provision of ecosystem services (Crawford & Rudgers 2012 & 2013; Crawford &
Whitney 2010; Crutsinger, Souza & Sanders 2008; Forsman & Wennersten 2015; Hughes et al.
2008; Maschinski et al. 2012; Reynolds et al. 2012; Vellend 2006). Much as species diversity
can increase ecosystem productivity, including productivity of planted communities (Brooker et
al. 2008; Callaway et al. 2003; Grime 1998; Guo 2007), genetic diversity within species can
similarly influence population fitness and productivity (Bischoff et al. 2010; Crawford &
Whitney 2010; Crutsinger, Souza & Sanders 2008; Forsman & Wennersten 2015, Hughes et al.
2008). Populations with high levels of heterozygosity may have greater ecological amplitude
(Procaccini & Piazzi 2001), attributable to the higher fitness of heterozygous individuals under
some circumstances, and the greater genetic diversity often present in populations with high
levels of heterozygosity (Booy et al. 2000). Genetic diversity in plant populations provides for
spatial and temporal variation in disease-resistance traits, promoting both individual and
population fitness (Booy et al. 2000; Linhart 1991; Lively 2010). In eelgrass (Zostera marina)
this diversity leads to greater shoot density and patch expansion, greater biomass production,
more flowering, higher percent seed germination, greater faunal abundance, and greater tolerance
of high water temperatures and other disturbances (Hughes & Stachowicz 2011; Reusch et al.
2005; S. Williams 2001). Some authors attribute increased population performance and biomass
production in genetically diverse populations to niche partitioning and facilitation (Drummond &
Vellend 2012; Ennos 1985; Hughes et al. 2008). Others note that research in this area generally
focuses on short-term plantings with limited numbers of genotypes, and caution that sampling
effects of including one or more high-yielding genotypes in mixtures may result in increased
productivity, which in turn may prove transient (Minzbergova et al. 2009).

Interspecific effects of within-species genetic diversity. Genetic variation within
component species may influence community species diversity and ecosystem functions (Ehlers
et al. 2016; Gibson et al. 2012; Proffitt et al. 2005; Seliskar et al. 2002). Violle et al. (2012)
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contrast three theories that address the relationship of inter- and intraspecific diversity within
ecosystems.
¢ In niche-based theory, the range of resources used by each species (niche width) must
become narrower as the number of species increases; as species richness increases,
therefore, intraspecific variation decreases.
e In neutral theory of biodiversity, intraspecific variation in a community is unpredictable
and is not related to species diversity.
e Inindividual-variation theories, high levels of intraspecific variation help maintain
interspecific diversity: "high diversity is possible because species differ in so many ways"

(J. Clark 2010).

Modeling studies of single functional groups or trophic levels can generate highly variable and
context-dependent predictions of the effect of genetic diversity on species diversity. Some
models indicate that increased intraspecific variation would result in competitive exclusion of
species, while others support the idea that "diversity begets diversity," an effect enhanced by the
sessile character of plants.

Observational studies reveal that species diversity and intraspecific genetic diversity are
often correlated (Vellend & Geber 2005). This is particularly true of studies using discrete
sampling units such as islands or lakes, versus studies using non-discrete sampling units such as
equal-area plots (Vellend et al. 2014). Possible mechanisms for this relationship include species
diversity fostering genetic diversity (Adams & Vellend 2011), or genetic diversity fostering
species diversity (Booth & Grime 2003). It is possible, however, that the correlation stems
simply from parallel processes acting in a similar manner on both levels of diversity. Causation
is difficult to assign in observational studies, in that factors that influence species diversity, such
as habitat area, environmental heterogeneity, and migration, similarly influence genetic diversity
within species (Vellend & Geber 2005).

Experimental work generally reveals positive correlations between intraspecific and
interspecific diversity (Whitlock 2014). Booth and Grime (2003), for example, assembled
experimental grassland communities of 11 component species using one to four genotypes of
each species. Over the next several years, genetically depauperate assemblages lost more species
diversity (though not significantly) compared to richer communities, and had significantly less-
predictable and less-consistent canopy structure and proportional species composition. Crawford
and Rudgers (2012), working with Ammophila breviligulata (American beachgrass) as the
dominant species in a dune system, manipulated three types of diversity: genetic diversity of
Ammophila alone; species diversity alone; and species diversity simultaneously with genetic
diversity in Ammophila. As genetic diversity within Ammophila increased, the relationship
between species diversity and community-level biomass shifted from negative to positive.

Interactions between interspecific coadaptation and genetic diversity. Where
changes in one taxon shift selection pressures in another, the evolution of the two taxa may come
to be partly dependent on each other (Begon et al. 1990). This reciprocal relationship operates
on an individual basis, where the specific genotype of one individual acts on the specific
genotype of the other. Experimental studies have found that interactions between plants of

12



different species can vary on a genotype-by-genotype basis. Taylor and Aarssen (1990),
studying perennial grasses in a Canadian hayfield, found that certain genotypes of a
competitively inferior species may outcompete some genotypes of other species that are usually
competitively superior. Fridley et al. (2007) grew assemblages of Koeleria macrantha, Carex
caryophyllea, and Campanula rotundifolia under differing conditions of soil fertility and
simulated grazing. Each genotype of the grass performed best next to a different genotype of the
sedge, and the identity of the highest-performing genotype pairings varied with environment.
Kelley and Clay (1987) found that co-occurring genotypes of two perennial bunchgrasses,
Anthoxanthum odoratum and Danthonia spicata, differed in interspecific competitive
performance; the competitive performance of a specific genotype of one species often depended
on the genotypic identity of the other species. Aarssen & Turkington (1985), found that
Rhizobium and Lolium that are neighbors in the field, when combined, disproportionately
increase Yyield of Trifolium when compared to unassociated Rhizobium/Lolium pairings; this
relationship exists regardless of Trifolium genotype, and is apparently mediated by Rhizobium
interaction with Lolium (see also Chanway et al. 1989). Specific genotypes of dominant plant
species can influence establishment and tissue allocation of specific genotypes of heterospecific
neighbors (Genung et al. 2012; Gustafson et al. 2014).

Where local populations of interacting species have coevolved, genetic variation
particularly within keystone or dominant species may support species richness in other trophic or
functional groups (J. Bailey et al. 2009). Conversely, introduced populations may fail to interact
compatibly with their new neighbors. In the case of invasive species, release from enemies,
indeed release from community complexity (Strauss 2014), can contribute to their ability to
invade. In the case of restored species, introduced populations may not only fail to thrive, but
may also fail to support other species in the community (Longcore 2003; Severns 2011).

The relatively new field of community genetics addresses genetic interactions that occur
between species in complex communities (Whitham et al. 2006). Most studies to date have
focused on the effects on arthropod communities of genetic variation in dominant plant species,
particularly effects mediated by plant secondary metabolites. Crawford and Rudgers (2013)
found that genetic diversity in Ammophila breviligulata can influence arthropod communities
more strongly than does plant species diversity, with arthropod richness and abundance peaking
at high levels of Ammophila genetic diversity. Genotypic diversity in tall goldenrod (Solidago
altissima) can have strong effects on diversity and composition of foliage-consuming arthropods,
although effects on litter-based arthropods may be smaller (Crutsinger, Reynolds et al. 2008).
Whitham et al. (2003) have studied how resistance in pinyon pine (Pinus edulis) to a stem-boring
moth cascades through multiple trophic levels. Stem-borer damage affects pine tree morphology
and seed production, and genetic variation in resistance therefore influences competition between
rodents and birds for seeds, in turn influencing dispersal distance of pinyon seeds. The stem-
borer resistance factors also influence soil microbes. In another tri-trophic study, Poelman et al.
(2013) found that parasitoid wasps may be more attracted to plants that, when damaged by
herbivores, release relatively large amounts of volatile compounds, a genetic trait; the volatile
compounds can indicate when the wasps' prey is eating from the plants in question.
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In Populus and Eucalyptus hybridizing systems, variation in composition of chemical
defenses such as tannins and phenolic glycosides differentially affects viability of a wide range
of herbivores and pathogens, resulting in a very high level of agreement between tree pedigree
and arthropod community composition on individual trees (Whitham et al. 2003). The breadth of
tree genotypes thus determines the potential breadth of arthropod community diversity. Again,
these effects can cascade through multiple trophic levels. Variation in Populus (aspen) affects
aphid populations, thus affecting their ant mutualists, in turn affecting the predator and parasite
species specifically dependent on ant-aphid mutualism. Varying concentrations of inducible
tannins in Populus leaves also explain a large portion of variation in decomposition rates and N
mineralization. Muller et al. (2006) found that chickadees' preference or rejection of gypsy moth
caterpillars (Lymantria dispar) correlated with genetically-based variation in secondary-
compound content in the caterpillars' Populus tremuloides foliage diet.

Plant adaptations that improve fitness with regard to one co-occurring species may reduce
fitness vis-a-vis others; for example, plant toxins that discourage generalist herbivores may
stimulate herbivory by specialists (Linhart 1991; Simms 1990). These interspecific genetic
effects can vary at fine spatial scales. Prentice and Cramer (1990) found significant correlations
between electrophoretic variation in Gypsophila fastigiata (fastigiate gypsophila) and fine-scale
gradient change (on the order of 1 m?) in community composition.

Restoration requires the full suite of community organisms, including nitrogen-fixers,
mycorrhizae, decomposers, pollinators, seed-dispersers, and so forth, which must be able to
colonize a restored habitat for restoration to succeed (Handel et al. 1994; Hobbs & Norton 1996).
Evidence of genotype-by-genotype adaptation among species within communities raises the
question of compatibility of genotypes of different species potentially collected from several
source ecosystems. For example, Ji et al. (2010) and Weinbaum et al. (1996) found evidence that
mycorrhizae matched with their host and soil of origin display greater survival and enhancement
of plant growth when compared with mycorrhizae grown with exotic hosts and soil. Introduction
of alien mycorrhizae in restoration, agronomy, and forestry is troubling to some researchers (e.g.,
Schwartz et al. 2006) and has been implicated in soil-carbon losses associated with carbon-offset
pine plantations (Chapela et al. 2001). Many restoration practitioners apply commercial
mycorrhizae claimed to be appropriate for a wide range of ecosystems (e.g., Pawnee Butte Seeds
2013); apparently only a minority collect soil as well as seeds in order to propagate native
mycorrhizae along with coadapted plants (e.g., Recon Native Plants 2013 ). Perhaps restoration
practitioners should transplant whole suites of potentially coadapted species to create well-
functioning ecosystems.

Maximizing genetic diversity with alternative provenancing. Concerns about genetic
diversity in restoration projects have led to the development of a range of alternative seed-
sourcing strategies that aim to capture diverse genotypes and allow evolutionary processes to
generate new, locally adapted populations. Some authors recommend that each individual
restoration project use seeds from a single large, genetically diverse population to retain natural
genetic structures and avoid potential outbreeding depression, while still providing the diversity
needed for restored populations to evolve to match site conditions (Krauss & He 2006; Pickup et
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al. 2012). Others recommend using propagules from a wide range of source populations growing
in environments edaphically and climatically matched to the restoration site, in order to improve
the likelihood of including highly-functioning ecotypes and of ensuring resource capture through
niche partitioning (Kettenring et al. 2014; Whalley et al. 2013). Still others suggest, in contrast,
that hybrids between populations, or mixtures of genotypes from different, ecologically distinct
populations covering a substantial part of a species' range, may be the best approach for highly
disturbed, altered, or invaded areas, because the conditions to which local genotypes were
adapted may no longer exist. They propose that a mixture of genotypes may reduce problems of
hybrid failure stemming from environmental incompatibility (Cronn et al. 2003; Johnson et al.
2010; Lesica & Allendorf 1999). Frankham et al. (2011) suggest that germplasm from multiple
populations can be mixed safely without fear of breaking up adaptive complexes if there are no
fixed chromosome differences, and if the populations diverged less than 500 years ago.

The question of where to collect germplasm also hinges on the issue of climate change.
While ecological restoration commonly refers to recreating the community that existed before
disturbance, long-lived plants may have recruited under conditions that already no longer exist.
Attempts to create permanent communities may fail given shifting precipitation and temperature
patterns. Effective restoration may now mean planting species and genotypes from
environments that match predicted future climate rather than current conditions (Harris et al.
2006; McLachlan et al. 2007). Sgro et al. (2011) call for "predictive provenancing," the planting
of genotypes experimentally determined to be adapted to projected site conditions, and suggest
matching seed stock with 2050 climate projections. Thomas et al. (2011) and Weeks et al.
(2011) provide decision-making frameworks addressing which species to move. These
approaches would require accurate climate projections as well as more-detailed adaptation data
than is available for most species. Broadhurst et al. (2008) recommend "composite
provenancing,” the mixture of seed from populations at a range of distances in an attempt to
mimic natural gene flow. Where the data required for predictive or composite provenancing is
unavailable, Breed et al. (2012) suggest "admixture provenancing,” the planting of seed collected
from multiple large populations "with no spatial bias towards the revegetation site.”

Outside the context of restoring disturbed habitats, some authors have suggested
transporting species to communities where the translocated species do not currently exist but
might persist in a changed climate, a form of preemptive restoration (McLachlan et al. 2007;
Weeks et al. 2011). Other authorities point to evidence that assisted migration may fail or may
have serious unintended consequences such as hybridization, invasiveness, and disruption of in
situ populations (Pelini et al. 2009; Ricciardi & Simberloff 2009). Survey data from Australia
indicates that while both restoration practitioners and researchers believe that climate change
may require translocations, they also believe that the information needed to carry out
translocations in relative safety remains insufficient (Hancock & Gallagher 2014; Hancock &
Hughes 2012). Ensuring habitat connectivity can increase the ability of species to migrate on
their own; US Department of Interior Secretarial Order No. 3289 calls for ensuring habitat
corridors to provide climate-driven migration opportunities, but does not call for active
translocation of species (Salazar 2009).
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Patchiness and Genetic Variation

Restoration researchers may debate where propagules should be collected, but they agree
on the need for of genetic variation in restored communities. Gathering a full range of genotypes
may require sampling across the whole of a population. Abiotic factors giving rise to
subpopulation differentiation can follow gradual clines (such as rainfall) and sharp
discontinuities (such as localized soil types) that physically separate individuals adapted to
different regimes (Knapp & Rice 1998; Linhart & Grant 1996; Monson et al. 1992; Owuor et al.
1999). The biotic environment, in contrast, presents a shifting array of selective pressures
exerted by a patchy, overlapping mosaic of mutualists, competitors, predators, and pathogens,
resulting in individuals with contrasting adaptations intermixed within a small area (Linhart &
Grant 1996). Indeed, in diversifying and frequency-dependent selection, genotypes are favored
merely because they are unusual within a population; examples include host resistance to
pathogens and gametophytic self-incompatibility (Antonovics & Ellstrand 1984; Hartl & Clark
1997; Kelley 1984). Some species display significant genetic structuring among subpopulations
despite high levels of gene flow (Gehring and Linhart 1992). Capturing genetic variation
requires appropriate sampling methods to ensure seed collection across subpopulations, even
across genetically differentiated patches within a larger population.

Variations in density of a species can be both an effect and a cause of microsite
differences (Beckman & Mitton 1984; Eviner 2004). A patch containing unusually high or low
density of a given plant species may initially develop due to abiotic conditions, such as soil
nut