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A separate layer for vole trails was generated using visual analysis of the
orthomosaic described above as well as Google Earth satellite images from 4 July 2014
and 20 July 2010. The Google Earth images were chosen based on clarity and how well
they complemented the drone orthomosaic, often showing more distinctive trails —
probably due to seasonal variation. The Google Earth images were georeferenced to the
drone orthomosaic assess accuracy. Polyline shapefiles were created in ArcGIS and vole
runways were traced with a final layer of runways connecting runway endpoints that
pointed toward one another and containing probable runway lines. The final runway map
was then given a buffer of 0.5 meters in ArcGIS to more accurately reflect their size in
the prairie (Fig. 2B). For this resistance surface, | assigned vole runways a resistance of
one, and non-vole runway areas a resistance of ten, based on ecological observations,
before using this layer to generate a current map in Circuitscape 4.0.5 (McRae et al.,
2008). 1 also conducted LCP analysis using the same vole runway resistance raster in the
R-package gdistance (van Etten, 2012), because voles may represent a type of directed
dispersal in which LCP may be a more robust test of landscape resistance.

| quantified flower density of P. nothofulvus across the entire prairie using image
analysis of the orthomosaic (Fig. 5A) with a custom Python script (Cruzan et al., 2016).
The script searched the entire orthomosaic for pixel values of a designated color range
specific to P. nothofulvus flowers. To reduce noise from non-target species, only
designated hummaock habitats were included in the analysis, excluding bushes and vernal
pools. The P. nothofulvus color range was determined by averaging the HSV values of
10x10 pixel selections of flower patches on the orthomosaic. Pixels outside the defined

range were converted to black with a value of zero. The filtered image was exported in
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TIF format. In ArcGIS, the flower pixels were given a buffer of 0.5 meters to more
accurately represent the clustered effect of flower density in real space (Fig. 2C). For this
resistance surface, | assigned flower pixels a resistance of one, and non-flower pixel areas
a resistance of ten, based on ecological observations, before using it to generate a current
map in Circuitscape 4.0.5 (McRae et al., 2008).

To test for interactions between environmental variables, | also created resistance
raster layers that integrated the distribution of each combination of two variables (habitat
and vole runways, habitat and flower density, vole runways and flower density). For
habitat and vole runway interactions, | assigned patches of C. cuneatus bushes a
resistance of four, swales a resistance of three, hummocks a resistance of two, and vole
runways a resistance of one. For habitat and flower density interactions, | assigned the
habitat features the same resistances as the previous resistance raster, and assigned the
flower pixels a resistance of one. For vole runway and flower density interactions, |
assigned non-runway/flower areas a resistance of ten, vole runways a resistance of five,
and flower pixels a resistance of one. | then used these resistance rasters to generate
current maps in Circuitscape 4.0.5(McRae et al., 2008).

Using the Circuitscape for ArcGIS toolbox, | generated current maps and pairwise
current matrices for all three resistance surfaces: habitat, vole runways, and flower
density. | used P. nothofulvus sampling locations as focal nodes, and generated pairwise
current values between all pairs of focal nodes, based on eight neighbor connections.
These parameters were used for all three environmental variables | investigated here, as
well as for the interactions between them. Pairwise current matrices generated through

Circuitscape were then used in statistical analysis and model selection.

20



Dispersal Model Selection

| used multiple regression on distance matrices (MRDM) in the R-package
Ecodist (Goslee & Urban, 2007) as a method for analyzing my spatial ecological data
(Blair, Arcos, de la Cruz, & Murphy, 2013; Dudaniec, Spear, Richardson, & Storfer,
2012; Rioux Paquette, Talbot, Garant, Mainguy, & Pelletier, 2014; Selkoe et al., 2010).
The MRDM function is derived from the Mantel test, and uses permutations to test for
significant relationships between an indicator distance matrix (e.g. genetic distance), and
one or more predictor matrices (e.g. environmental variables) (Legendre, Lapointe, &
Casgrain, 1994). Unlike Mantel tests, MRDM can model nonlinear and polynomial
relationships. Here, | use MRDM in conjunction with Mantel tests, using 1000
permutations in both, to find the model that best explains how P. nothofulvus seeds are
dispersing throughout Whetstone. | use simple and partial Mantel tests as a statistical
comparison to MRDM to investigate if they show consistent patterns of significance in
my data. To be sure that my predictor variables are not highly collinear, | calculated the
Variance Inflation Factor (VIF) for each predictor, where predictors with a VVIF greater
than ten are dropped from the model (Craney & Surles, 2002).

The pairwise current matrices for my six predictor variables (three environmental
variables and three interactions) generated from Circuitscape acted as predictor variables
in MRDM and Mantel tests, with a pairwise geographic distance matrix as the null
hypothesis predictor. | used a pairwise Edwards’ chord D matrix generated using the
Adegenet R-package, described earlier, as the response variable in all models. To find

the model that best explains gene flow, | started by including all three predictor variables
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Table 1: Average genetic distance (D) within and among clusters. Note that the average D within
clusters is, on average, lower than that of all pairwise connections, indicating strong genetic
structure of P. nothofulvus within the Whetstone prairie.

Sampling Cluster Average D within clusters Standard error

1 0.406 0.085
2 0.446 0.079
3 0.645 0.098
4 0 0

5 0.172 0.040
6 0.469 0.081
7 0.299 0.056
8 0.348 0.084

Average of within-cluster

0.348 0.123
averages

Average of all pairwise

distances 0.530
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Dispersal Models

Pairwise current matrices and current maps (Fig. 7) for my three predictor
variables (habitat type, vole runways, and flower density), as well as interaction variables
(habitat and vole runways, habitat and flower density, vole runways and flower density)
were generated through Circuitscape. These six pairwise current matrices and quadratic
variable matrices were used as predictors in MRDM model development. Appendices B-
H include pairwise current matrices for habitat type, vole runways, flower density, and
interactions between them. Appendix | includes pairwise LCP distances for vole
runways, generated separately (see methods).

Although MRDM and Mantel tests provided competing results in model selection,
there were some general patterns observed (Table 2). Overall, MRDM provided more
conservative estimates of model significance. | only found significant evidence of IBD
using a simple Mantel test, while MRDM did not support geographic distance as a
predictor of genetic distance. | also found evidence that interaction variables, where |
combined two variables in Circuitscape resistance surfaces, were generally the best
predictors of genetic distance, suggesting that environmental variables are not working in
isolation when it comes to dispersal in P. nothofulvus. There was also a general pattern in
MRDM where models including habitat type as a predictor variable were most
significant, flower density less significant, and vole runways least significant. In fact,
vole runways were a significant predictor in MRDM only when included in interaction

variables with habitat type and flower density, suggesting that their overall contribution
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to dispersal is minimal. Models showing quadratic relationships for habitat type and
flower density were significant in MRDM, however, they did not perform better than
models showing a linear relationship for habitat type and flower density.

Mantel tests, like MRDM, showed that the interaction variables including habitat
type were the best predictors of genetic distance, but the remaining results were not
consistent with the MRDM results. The results of partial Mantel tests highlighted the
importance of independent interactions between variables, where the model including all
three environmental variables independently was third most significant, and the next most
significant models include independent interactions of vole runways and flower density
with habitat type. Despite the significance of these independent interactions, they are still
much less significant than the models including interactions between them, which again
illustrates that environmental variables do not act in isolation to influence gene flow. In
Mantel tests, quadratic models were a significant predictor of genetic distance, however,
they did not perform significantly better than their linear counterparts. Like MRDM,
Mantel tests suggested that vole runways were not a significant predictor of genetic
distance in both linear and quadratic models, however, the model including LCP analysis
of vole runways was significant, indicating that there may be some form of directed

dispersal along vole runways playing a role in gene flow.
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Discussion

My analyses indicate that seed dispersal in P. nothofulvus is largely influenced by
landscape features. Although | found some evidence for IBD, environmental variables
had a much stronger influence on seed dispersal than geographic distance. These results
indicate that genetic structure can be best explained by interactions between variables,
where the lowest resistance to dispersal is on hummocks in areas transected by vole
runways and in areas with high flower density. These interactions also highlight how the
mosaic of habitat types within Whetstone determine genetic structure, where dispersal in
P. nothofulvus is very strongly associated with dry hummock habitat. My results suggest
that vole runways play a minimal role in dispersal when considered in isolation, but may
represent some form of secondary directed dispersal by small mammals — especially if
the habitat matrix is considered. Generally, habitat type was the strongest influence on P.
nothofulvus seed dispersal within Whetstone, especially when paired with other variables.

The results of the MRDM and Mantel tests results coincided to highlight the
importance of the habitat mosaic within Whetstone for P. nothofulvus seed dispersal. The
strong genetic structure of P. nothofulvus within Whetstone suggests that there is limited
seed dispersal in this species, which may be why habitat type is generally the best
predictor of genetic distance in my dispersal models, especially if most seeds are being
deposited on hummocks of dry prairie. This species may be experiencing habitat-specific
dispersal, where a disproportionate number of seeds fall on favorable habitat, which then
results in the spatial distribution and genetic structure of populations that | observe here.
Habitat suitability may be the most important factor in seed dispersal and seedling

survival (Schupp, 1995); if most seeds of P. nothofulvus are dispersed in suitable habitat,
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there would be little selective pressure for mechanisms to disperse greater distances. This
is especially true in heterogeneous environments, where environmental quality declines
abruptly outside of suitable habitat (Baythavong, Stanton, & Rice, 2009). | observe this
type of environmental heterogeneity in the Whetstone vernal pool complex, which may
explain why P. nothofulvus dispersal is so strongly habitat-dependent. The close
association between P. nothofulvus and hummaock habitat in the vernal pool mosaic may
also represent an adaptive barrier to dispersal across other habitats within Whetstone.
Additionally, the influence of flower density on dispersal may represent the effect
of annual plant turnover facilitating local dispersal. Because seedlings of P. nothofulvus
do not have to compete for space with older plants, there is little pressure for seeds to
disperse beyond their parent plant, especially if parent plants are responding to
microhabitat requirements within hummocks of dry prairie. If one considers how a
perennial species would respond to the same scenario, competition between seedlings and
established plants may result in increased mortality of seedlings and greater selective
pressure for dispersal beyond established patches. A study of two perennial bushes
(Calluna vulgaris and Erica cinerea) found that established plants acted as seed traps,
concentrating seed deposition close to parent plants (Bullock & Moy, 2004). In these
perennial species, seeds have lower rates of establishment and survival in closed
vegetation than in open areas, suggesting that this type of seed trapping results in
decreased fitness for seedlings. This may not be the case for annual species, where parent
plants do not pose a competitive threat for their progeny. In studies of dispersal in two
different annual species (Vulpia fasciculata and Lepidium campestre), there was a strong

correlation between dense patches of parent plants and reduced dispersal distances,
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although in these species there was little evidence of reduction in progeny fitness because
of reduced dispersal (Thiede & Augspurger, 1996; Watkinson, 1978).

Although my results indicate that vole runways do not play a large role in seed
dispersal, the significance of the LCP analysis indicates that there may be some form of
directed dispersal along vole runways. As discussed earlier, LCP analysis shows only the
single best route option in resistance modeling, and has been shown to outperform
Circuitscape in cases where individuals are dispersing along established routes (McClure
et al., 2016). If vole runways are influencing dispersal in P. nothofulvus, it is likely due to
the role that small mammals play in dispersal along the runways. These runways may
represent a form of secondary directed dispersal, where seeds may fall onto the trail and
are then eaten, stick to fur, or simply get pushed along the runway by the movement of
small mammals. The California vole has a home range (85 m?; (Heske, 1987)) well
within the area that | am investigating (1600 m?), which indicates that if vole movement
is responsible for some portion of dispersal, then those dispersal events would be
detectable in this study. Similarly, a study investigating spatial patch dynamics of an
annual grassland found that disturbance from gopher movement contributed significantly
to the spatial distribution of plants at the landscape level (Wu & Levin, 1994). In this
study, seeds may be dispersed along the runways by other small mammals that have been
observed in Whetstone (Frank, Barry, Madden, & Southworth, 2008), namely deer mice
(Peromyscus maniculatus) and western harvest mice (Reithrodontomys megalotis).

| found evidence that vole runways may be facilitating dispersal in conjunction
with habitat type, where runways transecting hummocks confer the lowest resistance to

dispersal. This is probably due to the presence of vernal pools obstructing dispersal in
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swales, forcing small mammals to navigate along runways on hummocks of dry prairie.
Examination of Google Earth satellite images dating back to the early 1990s indicates
that these runways are apparently stable over long enough time frames to have significant
effects on population genetic structure in this species.

The strong genetic structure | found across this relatively fine spatial scale
suggests extremely limited seed dispersal in P. nothofulvus. Variation in haplotype
frequencies among sites could be due solely to the influences of gene flow and genetic
drift, but may also develop if dispersal is infrequent enough to reduce the spread of new
mutations, which my data suggest. Normally, high relatedness due to mutation among
local sampling sites is observed over a scale of several kilometers. Surprisingly, | observe
this phenomenon at the scale of tens of meters in P. nothofulvus. Although the strong
relatedness within sites can be partially explained by lower effective population size due
to the haploid nature of cpDNA (C. Birky, Fuerst, & Maruyama, 1989), this does not
fully explain why haplotypes are not evenly distributed across all populations. Mutations
arise locally and accumulate due to drift, but are not spread across populations because of
limited seed dispersal in P. nothofulvus.

Despite limited dispersal in P. nothofulvus, | found that several haplotypes were
present at opposite ends of the prairie. The chance of these haplotypes appearing in these
sites as a consequence of parallel mutations is extremely unlikely; it is more probable that
their presence is due to rare long-distance dispersal events, probably from secondary
dispersal vectors such as small mammals, birds, or ungulates. Birds and ungulates, such
as western meadowlark (Sturnella neglecta), Savannah sparrow (Passerculus

sandwichensis), elk (Cervus canadensis), and deer (Odocoileus sp.), have been observed
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in Rogue Valley prairies (Friedman, 2010), and may be contributing to secondary
dispersal. Long distance seed movement would not necessarily occur along vole runways,
and thus would not be detectable using the methods | use here. Birds and ungulates have
much larger home ranges than voles, and have the potential to serve as vectors for seed
movement over much greater distances, resulting in rare long-distance dispersal events
within and among prairie fragments.

The results of this study generally agree with the existing literature concerning
landscape genetics and fine-scale seed dispersal. | found that habitat features, including
C. cuneatus hedges, impede dispersal at a fine-scale. Similarly, a 2013 study found that
on the order of a few meters, patches of shrub (Sarcopoterium spinosum) modified seed
movement of herbaceous plants, contributing to fine-scale patterns of seed dispersal
(Giladi, Segoli, & Ungar, 2013). However, this study measured seed rain rather than
cpDNA variation to investigate the effect of fine-scale landscape features on dispersal.
Most other studies on fine-scale seed dispersal using genetic techniques focus on a
geographic range much greater than the small prairie | investigated here, due to lack of
adequate variation at smaller scales to resolve the effect of landscape features on
dispersal. For example, a landscape genetics study of a herbaceous plant (Erysimum
mediohispanicum) investigated drivers of gene flow at multiple spatial scales, where fine-
scale sites were separated by a few kilometers, rather than a few meters, and found that
topographic variation (IBR) was a significant driver of genetic structure at this scale
(Mufioz-Pajares et al., 2016). Similarly, a study of dispersal in wax palm (Ceroxylon
echinulatum) investigated contemporary gene flow due to seed dispersal, and found a

significant effect of landscape features (e.g. elevation, habitat suitability) on fine-scale
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seed dispersal (on the order of a few kilometers) (Trénel et al. 2008). Although these
studies define fine-scale dispersal much more broadly than my investigation, they still
find a significant effect of landscape features on gene flow. The appropriate scale of
sampling is largely determined by the level of spatial genetic structure and life history of
the focal species. Anderson et al. (2010) outline some considerations for landscape
genetic studies, highlighting that as separation between sampling sites changes, different
landscape features will be introduced as potential influencers of gene flow. Separating
sites by many potential barriers to dispersal may make it difficult to determine the
influence of specific landscape features on gene flow, however, sampling at larger scales
may reveal new factors influencing gene flow (e.g. mutation, historical dispersal). To
fully understand drivers of genetic variation due to seed dispersal, multiple spatial scales

should be considered.
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Conclusions

The processes and mechanisms responsible for seed dispersal and gene flow at a
fine spatial scale are elusive and difficult to quantify. However, using whole-genome
cpDNA variation, | can resolve genetic structure at a scale that was once thought only
possible using direct field observation methods. My investigation revealed that dispersal
at this fine-scale is intrinsically tied to the landscape; this is especially evident in the
complex heterogeneous landscape that characterizes Whetstone Savanna Preserve. |
found evidence that IBD does not explain dispersal in P. nothofulvus. Instead, dispersal
and gene flow can be primarily explained by habitat preference in this species, which
may be considered a habitat specialist in this prairie. The annual life history of P.
nothofulvus is also an important factor in its dispersal; progeny respond to microhabitat
requirements of the species and are not selectively pressured to colonize new habitats due
to lack of competition with parent plants. In addition, seeds may be secondarily dispersed
in a directed pattern along vole runways by small mammals. Other secondary dispersal
vectors, such as birds and ungulates, may also be dispersing seeds at larger distances.
These biotic patterns are a lesser influence on dispersal, but important nonetheless
because they potentially allow for adaptations to spread across the prairie and over longer
distances for the colonization of new habitats. This investigation reveals the potential for
future studies to explore dispersal at a fine-scale and glean insights about the processes

and mechanisms that govern seed dispersal across a range of spatial scales.
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Appendix A
Pairwise Edwards’ chord genetic distance matrix
Supplemental file: “AppendixA_GeneticDistance.xIsx”
Size: 45 KB

Required software: Microsoft Excel
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Appendix B
Pairwise geographic distance matrix
Supplemental file: “AppendixB_GeographicDistance.xlsx”
Size: 51 KB

Required software: Microsoft Excel
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Appendix C
Pairwise habitat resistance matrix
Supplemental file: “AppendixC_HabitatResistance.x1sx”
Size: 50 KB

Required software: Microsoft Excel
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Appendix D
Pairwise vole runway resistance matrix
Supplemental file: “AppendixD RunwayResistance.xIsx”
Size: 51 KB

Required software: Microsoft Excel
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Appendix E
Pairwise flower density resistance matrix
Supplemental file: “AppendixE_DensityResistance.xlsx’
Size: 51 KB

Required software: Microsoft Excel
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Appendix F

Pairwise habitat/flower density resistance matrix

Supplemental file: “AppendixF Habitat Density.xlsx”

Size: 51 KB

Required software: Microsoft Excel

48



Appendix G
Pairwise habitat/vole runway resistance matrix
Supplemental file: “AppendixG_Habitat Runways.xIsx”
Size: 51 KB

Required software: Microsoft Excel
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Appendix H
Pairwise vole runway/flower density resistance matrix
Supplemental file: “AppendixH_Runways Density.xlsx”
Size: 52 KB

Required software: Microsoft Excel
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Appendix |
Pairwise least-cost-path vole runway matrix
Supplemental file: “Appendixl_ LCP_VoleRunways.xlsx”
Size: 49 KB

Required software: Microsoft Excel
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