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Figure 6: Population graph using all SNPs

HZ2: High levels of inbreeding, due to bottlenecks and reduced pollen and seed
movement from high competitor density, influence differentiation among

populations.

Structural Equation Modeling

Multiple models were created with increasing complexity, but only two
models passed all fit indicator cut offs (X? p-value > 0.05, RMSEA < 0.1, SRMR < 0.08,
CFI > 0.95) (Table 6) (Hu & Bentler, 1999). Model A represents the full hypothesis,
including both direct and indirect effects of competitors on Fis, and Model B is the
same model without the direct effects of competitor presence on Fis. No models that
included environmental variables passed all fit indicators, possibly because the

models were too complex for the sample size of the data. Ultimately, Model B was
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selected for the final model, which can predict 28.8% of the variation in Fis based on
tree density and relative importance of Pinus balfouriana (PIBA), both of which
decrease Fis (Figure 7). As described in Model B, tree density, PIMO, and ABMA all
decrease PIBA (3 =-0.67, -0.43, and -0.40, respectively), and tree density and PIBA
decrease Fis ( = -0.64 and -0.48). There were also indirect positive effects of tree
density, PIMO, and ABMA on Fis, which can be calculated by multiplying the values
along the indirect paths, ( = 0.32, 0.21, and 0.18, respectively). Model A, however,
had very similar fit scores to Model B, so the direct relationships between

competitors and Fis cannot be completely dismissed.

Table 6: SEM models that passed all fit indicator cut offs

Model equation AIC X*p  pMseA sRMR cFp1 R.for
name value FIS
Fis ~ tree density + PIBA +
ABMA + PIMO
Model A PIBA ~ PIMO + density + -51.390 0.478 0.000 0.014 1.000 0.288
ABMA

Fis~ tree density + PIBA
Model B -53.45 0.379 0.000 0.055 1.000 0.190
PIBA ~ PIMO + density +
ABMA
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Tree Density (trees/10 square meters) P. monticola Importance A. magnifica Importance

-0.67 -0.43 -04
-0.64 P. balfouriana Importance
-0.48
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Figure 7: SEM plot for Model B, coefficients are standardized model coefficients

H3: Morphological and chemical traits are correlated to genetic variation

and are the result of natural selection pressures from local environment.

Redundancy Analysis

A global, multilocus RDA model was selected using stepwise model selection
(Figure 8). To reduce multicollinearity and variance inflation factors, the genetic and
environmental data were converted to PC axes. Geographic data greatly increased
multicollinearity in the model and reduced predictive ability, so they were removed

from the model building process. The final selected model was as follows:

Phenotypic traits ~ GPC 10 + GPC 13 + GPC 16 + EPC1 + EPC4

In the model, the GPC 10, GPC 13, and GPC 16 are PC axes that represent the
influence of all genetic data (83,628 SNPs) . EPC 1 and EPC 4 are the environmental
PC axes (Table 7), and they represent primarily cold temperatures and seasonality,
respectively. The model was significant (p-value = 0.001) and the total effect (R?) is

45.9% (adjusted R?=25.2%). Based on variance partitioning, the genetic axes
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independently explained 24.4% of the overall variation (adjusted R?=13.2%), while
environment explained 15.6% of the variation (adjusted R?=8.7%). The confounded
effect of these variables, therefore, was 5.9% (3.3% using adjusted R?). This
represents the portion of the overall effect of these variables that cannot be
attributed to either of their independent (i.e., pure) effects. Given these effects,
genetic data accounted for 53.2% of the explainable variance in phenotypic traits,
while environmental data accounted for 34.0%. The remainder of the explainable
variance (12.8%) was due to the confounding between genetic and environmental
data. Of the RDA bin models, three models were outliers for both total effect and
pure genetic effect, meaning they explained significantly more variation in trait data,
(Figure 9 & 10, Table 10), and three models were outliers for pure environmental

effect (Figure 11, Table 8). There was no overlap with the outlier bins for Fsr.
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Figure 8: Biplot of selected RDA model, triangles represent chemical traits, pluses represent needle traits, and

diamonds represent cone traits
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Table 7: PC axes loadings for selected environmental variables

Variable Environmental PC axis 1 Environmental PC axis 4
MCMT -0.4339 0.0300
TD 0.1527 -0.9161
MAP -0.1693 -0.1575
MSP 0.2583 -0.0616
AHM 0.0274 0.1540
SHM -0.3460 -0.0663
bFFP 0.4120 0.1650
eFFP -0.3819 -0.2555
PAS 0.3498 -0.0899
CMD -0.3899 0.0505

Figure 9: Plot of total effect (R?) for each bin RDA model, the red line represents the 50% quantile, while the

blue lines represent the 2.5% and 97.5% quantiles
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Figure 10: Plot of pure genetic effect (R2) for each bin RDA model, the red line represents the 50%
quantile, while the blue lines represent the 2.5% and 97.5% quantiles
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Figure 11: Plot of pure environmental effect (R2) for each bin RDA model, the red line represents the
50% quantile, while the blue lines represent the 2.5% and 97.5% quantiles
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Table 8: Bins that are outliers for partitioned genetic R?, * indicates value is an outlier

. Total Effect Pure Genetic Pure Environment
Bin ID R2 R2 R2

2_11 0.5530 0.3360 0.2252*

3_12 0.5359 0.3189 0.2285*

3_17 0.6816* 0.4645* 0.1570

41 0.6861* 0.4691* 0.1172

9.18 0.7462* 0.5292* 0.1594
10_16 0.5850 0.3680 0.2344*

DISCUSSION

The results of this study reveal less population structure in foxtail pine than

expected in the first hypothesis based on previous studies, estimating Fsr to be

0.000644, compared to Fst = 0.242 (Oline et al., 2000) and Fsr= 0.080 (Eckert et al.,

2010). Previous studies based predictions on limited genetic data from functional

regions, three allozymes and five genic loci respectively, which can overestimate

structure due to non-neutrality of the genetic markers. Although differentiation is

low, the population structure follows only a weak pattern due to demographic

processes as hypothesized, such as isolation-by-distance model, and there was no

significant regional structure, as shown by the hierarchical Fsr analysis, PCA (Figure

1), Pairwise Fst (Appendix F), and STRUCTURE analysis (Figure 4). If gene flow is

ongoing and spatially restricted, one would expect stronger regional structure due

to populations that are geographically closer breeding more often than with

geographically isolated populations, so patterns of gene flow of this sort is

improbable (Slatkin, 1993). Rather, the currently observed similarity is likely due to

diversity retained from initial colonization and fragmentation upon the peaks of the

Klamath Mountains. The extremely long lifespan of foxtail pine may have drastically
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slowed down the loss of genetic diversity among populations, despite lack of active
mating among populations in fragmented habitats (Lowe et al,, 2005; Petit &
Hampe, 2006). The relatively low rate of private alleles identified also supports this
conclusion, as populations that have been diverged for many generations would be
expected to accumulate private alleles (Appendix G) (Zuckerkandl & Pauling, 1965).
Despite differentiation defying expectations of structure, the fragmented
populations and evidence for largely independent evolution within stands confirms
previous descriptions (Oline et al., 2000; Zacher 2015).

The overall lack of differentiation among populations is consistent with high
levels of genetic connectivity, despite the lack of evidence for continued gene flow,
as illustrated by the population graph (Figure 6). These connectivity patterns,
therefore, likely result from shared variation dating to the original colonization of
the Klamath Mountains and fragmentation of foxtail pine across the isolated peaks
in this region. Consistent with the lack of spatial genetic structure, the connectivity
pattern does not seem to be strongly associated with geographic distance, as regions
in the center of the species’ range are not more central to the graph, with the
exception of Crater Lake populations, which have an average degree of 4 as
compared to 2.5 or less for all other regions (Figure 6). The two outlier populations,
4 and 18, are also striking in the graph. Although, these populations do not cluster in
any of the genetic structure analyses and their pairwise Fsris not an outlier (-
0.0005), therefore their isolation in the network is likely due to equal connections to
all other populations that were pruned because they did not contribute significantly
to explain connectivity in the network. Still, these populations likely inflate the

diameter of the graph.
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