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ABSTRACT

Gene flow to marginal populations at a species’ range edge can facilitate rapid adaptation by
increasing genetic diversity, reducing inbreeding depression, and introducing novel alleles. In
highly inbred populations, hybrid vigor is often observed in the first generation (F1), but hybrid
breakdown may diminish fitness in subsequent generations. Thus, benefits of gene flow may be
overestimated when only F1 performance is assessed. We tested whether gene flow among
populations of the annual plant Erythranthe laciniata (A. Gray) G.L. Nesom, from similar and
contrasting environments, confers persistent fitness advantages across F1 and F2 generations at
the high-elevation edge of its range in the California Sierra Nevada. Gene flow was
experimentally introduced through pollen transfer between cold-edge populations, between cold
edge and central populations, and within local cold edge populations, and compared to self-
fertilized offspring, the predominant mating strategy of E. laciniata. For F1 progeny, we
measured morphological, phenological, and fitness traits in a common garden located near the
cold-climate range limit during 2008-2009, a relatively average year, and for F2 progeny in
2009-2010, a relatively wet year. Although F1 crosses showed no initial performance advantage
measured in the previous year, F2 progeny from center-to-edge and edge-to-edge crosses
significantly outperformed selfed and locally outcrossed lines in fruit mass, total pedicels,
biomass, and height. Our findings demonstrate that gene flow can confer long-term fitness
benefits, especially among populations adapted to similar selective pressures, and highlight the
potential of assisted gene flow to bolster or rescue peripheral populations facing climate change.

SIGNIFICANCE STATEMENT

Species living at the edges of their geographic ranges often have small, isolated populations with
limited genetic diversity, which can restrict their ability to adapt to environmental change. Gene
flow from other populations may increase adaptive potential, but its long-term consequences
remain uncertain because most studies evaluate only first-generation hybrids. Using
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experimental crosses in the mountain wildflower Erythranthe laciniata, we show that gene flow
can produce stronger fitness benefits in second-generation hybrids than in the first generation at a
high-elevation range edge. These results suggest that recombination among populations can
generate advantageous genetic combinations that emerge over multiple generations. Our findings
highlight the potential for assisted gene flow to enhance adaptation and persistence of range-edge
populations under climate change.

INTRODUCTION

Peripheral populations often occupy marginal environments where population sizes are small and
connectivity is limited, increasing the influence of inbreeding, genetic drift, and demographic
stochasticity (1-3). These processes reduce standing genetic variation and constrain adaptive
responses to environmental change (4—6). Such effects are frequently pronounced at leading
(cold or high-elevation) range edges shaped by post-glacial colonization, where serial founder
events reduce genetic diversity and elevate mutational load (7—10), potentially limiting further
range expansion (11). Although genetic diversity within peripheral populations is often reduced,
range-edge populations are not evolutionarily trivial. They frequently exhibit strong
differentiation among populations and may harbor unique genetic variants, contributing
disproportionately to species-wide genetic diversity (5, 8, 12). Genetic exchange among such
populations may therefore play an important role in shaping fitness and evolutionary potential at
range margins.

Outcrossing among populations represents a key evolutionary process influencing fitness in
small or isolated populations. Even low levels of gene exchange can increase heterozygosity,
alleviate inbreeding depression, and restore genetic variation lost to drift (13—17). Range-edge
populations often experience similar climatic regimes and selective pressures but differ
genetically due to drift, founder effects, and independent accumulation of mutational load.
Outcrossing among such climatically matched yet genetically differentiated populations may
therefore introduce favorable alleles and genetic variation while avoiding the risks associated
with environmentally mismatched gene flow (18-23). A common short-term consequence of
outcrossing is heterosis, in which F1 hybrids outperform parental genotypes due to masking of
deleterious recessive alleles (16, 24-29). Recombination among divergent populations can also
generate novel genetic combinations, including transgressive phenotypes that may enhance
performance in stressful or marginal environments (26, 30—32). Nevertheless, hybridization can
also impose costs. Genetic divergence among populations can generate epistatic incompatibilities
that reduce hybrid performance, particularly in later generations (33), and hybrid fitness often
declines with increasing divergence between populations (34, 35). Maladaptive effects have been
observed in crosses between habitat types (34, 35) and across gradients (36, 37), though a
growing number of studies find gene flow between climatically similar, yet distant peripheral
populations can increase fitness (20, 38—40). Furthermore, elevated fitness in the F1 generation
does not necessarily predict longer-term outcomes, as heterozygosity can mask deleterious
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75  interactions that reemerge in the F2 generation (41, 42). Alternatively, favorable recombinant
76  genotypes may persist or increase across generations. Evaluating the evolutionary consequences

77  of outcrossing therefore requires explicit multigenerational tests.
78

79 A previous experiment at the low-elevation (warm) range boundary of Erythranthe laciniata

80 tested how outcrossing among populations influenced F1 fitness when offspring were grown at
81  the rear edge of the species’ distribution (20). That study showed that fitness responses depended
82  on the geographic and climatic origin of pollen donors and demonstrated that crosses between
83  range-edge populations could substantially increase F1 fitness when grown at the low-elevation
84  boundary. These results highlighted the potential importance of edge-to-edge outcrossing among
85 climatically similar but genetically differentiated populations. Here, we extend this work by

86 testing whether the fitness effects of outcrossing observed at the warm, low-elevation boundary
87  generalize to the cool, high-elevation leading range edge and persist beyond the F1 generation.
88  Using the same species and experimental framework, we sampled populations along the same

89 two elevational transects, but focusing on high-elevation range limit and central populations. We
90  generated crosses between focal high-elevation populations and multiple source populations,

91  including other high-elevation range-edge populations, intermediate lower-elevation populations,
92  and geographically central populations (Table 1). F1 and F2 offspring, along with selfed controls,
93  were grown in a high-elevation common garden across two climatically contrasting years.

94 RESULTS

95  Survival to flowering was high in both generations (F1: 80.7%, F2: 73.0%) and did not differ

96  significantly among cross types, transects, or the interaction (Table 2; Fig. 2). Fruit mass was not

97  significantly influenced by cross type in the F1 generation, as crosses did not exceed selfed

98  controls. In contrast, fruit mass in the F2 generation was significantly influenced by cross type

99  (Table 2), with no effects of transect or interactions detected. In the F2 generation, far edge-to-
100  edge, far center-to-edge, and close edge-to-edge crosses all produced significantly greater fruit
101  mass than selfed progeny (Fig. 2; Suppl. Table 2). Model comparisons of Bayesian hurdle
102  models integrating effects across both survival and fruit mass simultaneously (lifetime fitness)
103  (using WAIC; Suppl. Table 3) indicated that overall treatment effects on combined survival and
104  fruit mass were limited for both F1 and F2 plants (Suppl. Table 3).

105  Cross type significantly influenced height in both generation years, and total pedicels and

106  biomass in the F2 generation year (Fig. 2; Fig. 3). In the F2 generation year, far edge-to-edge and
107  far center-to-edge crosses were taller and had greater biomass than selfed progeny —translating
108 into significantly greater fruit mass, whereas close edge-to-edge crosses showed significant gains
109  in fruit mass but nonsignificant increases in biomass and height. In the F1 generation year, far
110  edge-to-edge and far center-to-edge progeny were significantly taller than selfed controls but did
111 not produce greater fruit mass (Fig. 2; Suppl. Table 2).
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112 A sub analysis of cross types within transects revealed that the effects of gene flow also

113  depended on transect of origin, a result that has important conservation implications for targeted
114 gene flow efforts. Although the overall interaction between cross type and transect was not

115  statistically significant in the omnibus test, significant effects emerged in planned pairwise

116  contrasts within each transect — a pattern expected when cross type effects are consistent in

117  direction but vary in magnitude across transects, producing localized differences detectable at the
118  transect level but insufficient to drive a significant global interaction term. Far edge-to-edge and
119  close edge-to-edge crosses sired by the away population (i.e., ML) had greater fruit mass, height,
120  and number of total pedicels than selfed progeny from the ML population (Fig. 3; Suppl. Table
121 5). In addition, home-sired far edge-to-edge progeny showed significant biomass gains and

122  marginal increases in fruit mass (p = 0.061) and height (p = 0.054) compared to selfed controls.
123  Far center-to-edge crosses also differed by transect, with home-sired progeny displaying more
124  advanced phenology than those sired by away populations (Suppl. Table 5).

125  Phenotypic selection analyses relating fruit production to traits revealed strong directional

126  selection in the F2 generation for greater biomass, taller height, and earlier phenology (Fig. 4).
127  Positive selection on phenology and biomass, but not height, was detected in the F1 generation
128  year and was weaker than in the F2 generation year (Fig. 4). The strength of selection (B) acting
129  on height and biomass was substantially amplified in the F2 generation year relative to the F1
130  year, with increases of more than ten-fold and nearly three -fold, respectively. Moreover, these
131  traits accounted for far more variation in fruit mass (R?) in the F2 than in the F1. Notably,

132  phenology accounted for only a small proportion of fruit mass variation, 1.4% in the F1 year and
133  1.2% in the F2 year, and the incremental gains in fruit mass associated with shifts in phenology
134  were markedly lower than those attributable to height or biomass. However, positive selection on
135  carlier flowering was observed in both the F1 and F2 generations to an equal degree.

136  DISCUSSION

137  We found beneficial gene flow effects at the high-elevation leading edge between climatically
138  distinct populations (from far away populations occupying similar high-elevation environments
139  and from central areas of the range) that carried through to the F2 generation, suggesting

140  increased adaptive genetic variation through admixture. Gene flow among populations

141 occupying different habitats—such as central versus peripheral or climatically divergent

142  populations—can have heterogeneous effects on hybrid fitness. Classical theory predicts that
143  long-distance or environmentally mismatched gene flow may introduce maladaptive alleles and
144  impede local adaptation (43—46). Empirical support for this view exists: for example, center-to-
145  warm-edge gene flow in Erythranthe laciniata resulted in reduced F1 performance (compared to
146  locally outcrossed plants) in warm, dry environments, even while improving emergence relative
147  to selfed local progeny, likely through partial relief of inbreeding depression (20). However, this
148  framework does not fully capture the range of outcomes observed in nature. Gene flow across
149  environmental gradients can also enhance genetic variation, introduce beneficial alleles, and
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150  generate hybrid vigor, particularly under environmental change (16, 47). Indeed, highly vigorous
151  F1 hybrids have been reported from crosses between low- and high-elevation populations of
152  Clarkia xantiana in the Sierra Nevada (48). Consistent with these broader patterns, we detected
153  no evidence of outbreeding depression. Instead, several crosses between climatically distinct
154  populations exhibited elevated fitness, suggesting that gene flow at the leading edge can be

155  Dbeneficial under certain demographic and environmental contexts. This is another study that

156  rejects the hypothesis that asymmetric gene flow from the center maintains range limits (as in
157  (49)) as well as highlighting the fitness benefits of edge-to-edge gene flow in the context of

158 leading-edge populations.

159

160  Hybrid vigor is most commonly expressed in F1 progeny derived from genetically differentiated
161  populations with a history of inbreeding or bottlenecks (20, 50, 51). Inbreeding depression arises
162  through the expression of deleterious recessive alleles or the loss of favorable heterozygotes, and
163 it can reduce both fitness and adaptive potential by depleting additive genetic variance (52—55).
164  Although purging of deleterious alleles is possible in highly selfing populations (56, 57), gene
165 flow remains an important mechanism for masking genetic load and restoring variation (58—60).
166  Surprisingly, we detected neither strong inbreeding depression in high-elevation populations nor
167  pronounced heterosis in F1 hybrids. This pattern is consistent with theoretical expectations for
168 relatively large or demographically stable populations, where mutational load may already be
169  reduced (29, 57, 61). Moreover, these findings support those of Shay et al. 2026, who found that
170  high-elevation populations of this plant species have high expression of adaptive differentiation.
171 Of note, both of the far away gene flow donor populations that produced the greatest fitness

172  effects observed in the F2 generation (ML at the high edge and BP from the range center) are
173  relatively small populations (ML = “C-High”; BP = “A-4” in Table 1 in (62)), and smaller than
174  the home population in this study, HE, demonstrating the potential of small populations to be
175  sources of highly beneficial gene flow.

176

177  Several fitness advantages emerged in the F2 generation, particularly for fruit mass, suggesting
178  that recombination rather than simple dominance effects underlies the benefits of outcrossing at
179  the leading edge. Increased F2 fitness may reflect the introgression of alleles better suited to

180  contemporary conditions or the formation of novel, adaptive gene combinations. Importantly,
181  models predicting maladaptation from central-to-edge gene flow typically assume static

182  environments (45, 63, 64). High-elevation E. laciniata populations are locally adapted to cold
183  conditions (65), yet under ongoing warming, gene flow from warmer populations may enhance
184 fitness rather than erode it (21). Consistent with this idea, F2 hybrids derived from moderate- and
185  warm-climate populations exhibited increased biomass, height, and fruit mass when grown at

186  high elevation, supporting the potential utility of assisted gene flow under climate change.
187
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188  Gene flow among climatically similar but genetically differentiated edge populations also

189  emerged as a strong driver of fitness gains. Parallel adaptation to similar environments can result
190 in the fixation of distinct adaptive variants across populations (66—68), which may recombine
191  through hybridization to generate transgressive phenotypes (30). Such effects are expected to be
192  particularly pronounced in highly selfing species like E. laciniata, where intraspecific crosses
193  between inbred populations can release hidden variation. Consistent with this expectation, edge-
194  to-edge crosses increased fitness at both low- and high-elevation range margins ((20); this study).
195  Moreover, F2 hybrids from edge-to-edge crosses exhibited significantly greater biomass, height,
196  total pedicels, and fruit mass than selfed controls. These results support the hypothesis that gene
197  flow between similarly adapted populations can facilitate movement across rugged fitness

198 landscapes by enabling access to alternative adaptive peaks (69—71) while avoiding the

199  maladaptive effects often associated with environmentally mismatched gene flow. Our results
200  underscore the need for nuanced, population-informed strategies in conservation and assisted

201  gene flow and also the reality that beneficial gene flow can come from many sources (72, 73).
202

203 The delayed expression of fitness benefits until the F2 generation further suggests that

204  recombination, purging, or both play key roles. Hybridization may expose deleterious alleles in
205 additive traits, allowing them to be rapidly eliminated in subsequent generations (74—76). Trait-
206  specific responses also indicate that genetic architecture matters: although fruit mass and

207  reproductive traits improved only in the F2 generation year, height increased in both the F1

208  generation and F2 generation for certain cross types, implying different sensitivities to

209 dominance, epistasis, additive genetic variance, or the environment. Environmental context
210  likely modulated these outcomes. The F2 generation was grown in a cooler, wetter year that may
211  better approximate high-elevation conditions with greater snowpack. This may partially explain
212  why some cold edge-to-edge crosses performed better in the F2 than in the F1.

213

214  Opverall, our findings reinforce the idea that gene flow can enhance fitness at range edges (40),
215  but that its benefits depend critically on climatic similarity, population history, and generation. At
216  the leading, high-elevation edge of E. laciniata, beneficial gene flow may originate from both
217  climatically similar edge populations and from warmer or wetter populations likely to resemble
218  contemporary and future conditions. Although we could not explicitly test the relationship

219  Dbetween genetic distance and fitness, we observed benefits across both relatively low and high
220  differentiation levels (Table 1). Prior work suggests that genetic isolation by environment

221  (climate), rather than geographic distance, structures genetic variation in this species (62), and
222  that climatically matched but genetically distinct populations often perform best near range limits

223 (65).

224  Finally, our results highlight the benefits of extending beyond the F1 generation when evaluating
225  the evolutionary consequences of gene flow, particularly in highly selfing species. F1 heterosis
226  may overestimate short-term benefits while obscuring longer-term dynamics driven by
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227  recombination and selection. To our knowledge, this study provides the first multigenerational
228  experimental test of fitness, morphology, and phenology at a leading range edge under field
229  conditions. Together, our findings emphasize the adaptive potential of both edge-to-edge and
230  center-to-edge gene flow at high elevations and underscore the need for population-informed
231  approaches to conservation and assisted gene flow in a changing climate.

232 METHODS & MATERIALS

233  Sample Populations

234  Erythranthe laciniata seeds were sampled along two widely spaced geographic transects

235 following the Sierran elevation gradient (Figure 1; Table S1). Additionally, a high-edge

236  population (ME) between transects was sampled to serve as a pollen donor of intermediate
237  distance to two other edge populations. These transects were chosen to capture replicate

238  gradients and were part of different watershed areas (Merced River and North Fork of the San
239  Joaquin River, versus South Fork of the San Joaquin River) occupied by this creek- or seep-
240  dependent species. Range limits were defined as areas supporting the highest elevation

241  populations along the elevation gradient. The range limit for each transect was verified by an
242  exhaustive search within potentially suitable habitats at higher elevations. Monthly temperature
243  and precipitation from 1981 to 2010 were collected using the prism R package (77) and the
244  thirty-year climate average was calculated (Fig. 1). Annual averages of mean, maximum, and
245 minimum temperature, as well as accumulated precipitation, were calculated for the two

246  experimental years, 2008-2009 and 2009-2010 starting from October 1st to September 3 1st.
247

248  Experimental Gene Flow Crosses

249 At least 60 maternal seed families were collected from plants at each population to represent
250 local environmental heterogeneity (see seed collection details in (62)). All plants used for gene
251  flow crosses were the progeny of a refresher generation raised in controlled environment

252  chambers (grown in Sunshine Mix #1 media under 14-h days with 23 °C daytime and 4 °C night-
253  time temperatures) to minimize maternal effects. An F2 generation was created by selfing all F1
254  offspring to eliminate the influence of hybrid incompatibilities present in the F1 generation, and
255  thus to observe the longer-lasting effects of various gene flow scenarios on reproductive,

256  morphological, and phenological traits (Figure 1). Within each transect, 20 gene-flow recipients
257  (dams) from the upper range limit (subalpine) population received outcrossed pollen originating
258  from one of six sources: (i) 10 randomly selected local sires from the same population (“Local”),
259  (ii) 10 randomly selected sires from a nearby central (lower montane) site on that same transect
260  (“Close Center”), (iii) 10 randomly selected sires from a more distant and lower elevation central
261  site (subalpine) on that same transect (“Far Center”), (iv) 10 randomly selected sires at a high-
262  edge population (subalpine) between transects (“Close Edge™), (v) 10 randomly selected sires
263  from the high-edge population of the other transect (“Far Edge”), and (vi) pollen from the same
264  individual via automatic selfing (“Self”), as a natural control for outcrossing. The same mating
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265  design was then repeated for populations in the second transect.

266

267 Common Garden Experiment at the Upper Range Limit

268  Seeds from experimental crosses (N= 1464 (F1; 2008-2009); N = 1416 (F2; 2009-2010)) were
269  sown randomly into 61 and 59 trays in 2008-2009 and 2009-2010, respectively. Tray cells were
270 filled with a moss-based planting medium that simulates the natural substrate and soil depth E.
271  laciniata is adapted to (20, 65). Trays were placed into the field along seeps within naturally

272  growing populations and set onto capillary matting (WA-cpm; Greenhouse Megastore) placed on
273  the rock surfaces. The matting was used to wet the trays via absorption from the wet rock

274  surfaces and surrounding moss of the seeps, and this allowed for natural germination over natural
275  winter conditions while allowing plant roots to expand into the surrounding natural soil matrix.
276  Trays were set in autumn before the onset of the winter season within patches of moss from

277  which grew E. laciniata plants the prior year, which was evident from plant skeletons. Five seeds
278  from a single, randomly selected maternal family were sown per position and later thinned to one
279  seedling as an over-sowing approach (as in (20, 65, 78)) to maximize the chance of establishing
280 one independent replicate per maternal family per planting position. Seedlings were later thinned
281  to the most central individual in a cell, early in development before plants were large enough to
282  compete for light or space. Plants were monitored for survival and received a phenological index
283  score (1, vegetative; 2,flower buds present; 3, open flowers present; 4, developing fruit present)
284  referred to here as a “phenological stage.” Plants were harvested at the end of the growing season
285  once all had senesced. Survival to flower, final height, whole plant fruit mass, total fruit mass,
286  and total number of reproductive branches or pedicels (hereafter referred to as “total pedicels™)

287  were also recorded.
288

289  Analysis

290  Analyses were restricted to blocks that included at least one plant that survived to flowering.
291  Blocks excluded from the analyses (0 out of 61 in 2009 and 2 out of 59 in 2010) were removed
292  due to disturbance (e.g., snowpack movement, animal disruption) or early drying in seep areas
293 that prevented plant development. All analyses were performed separately for the F1 and F2
294  generation experimental years.

295

296  Generalized linear mixed models (GLMMs) were constructed for survival, fruit mass, total
297  pedicels, phenology, final height, and biomass with the interaction of cross type and transect as
298  fixed effects and block as a random effect with an observation-level random effect (OLRE)
299  where appropriate to account for overdispersion. Survival was modeled using a binomial

300 regression with a logit link function. Fruit mass was modelled using a lognormal regression.
301  Phenology and total pedicels were modelled using a zero-inflated truncated negative biominal.
302  Final height and biomass were modelled using a gamma regression with a log link function.
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303  GLMM models were performed with the glmmTMB package in R (79). All models were

304  checked for normality and homoscedasticity of residuals using the simulateResiduals function in
305 the DHARMa R package (v. 0.4.7; (80)), and Type II Wald chi-square tests were used to assess
306 the significance of model terms. For all glmmTMB models, we used the Anova function in the R
307  car package (v.3.1.3; (81)) to determine the significance of the fixed effects in each model. We
308  visualized results using ggplot2 (v.3.5.1; (82)) and ggeffects (v.2.2.1; (83)).

309

310  To determine whether outcrossed progeny significantly differed in performance from selfed

311 crosses—the predominant mating strategy of E. laciniata (mean FIS = 0.93 across species range,
312  (62)) — pairwise comparisons were conducted using estimated marginal means (EMMs) from
313  the generalized linear mixed models for each trait and generation. For each model, EMMs were
314  computed using the emmeans package in R (84) and pairwise contrasts were extracted using
315  pairs(). Three sets of comparisons were performed from each model: (1) overall contrasts of each
316  cross type against selfed progeny across all samples, (2) contrasts of each cross type against

317  selfed progeny within each source transect (home or away) separately, and (3) contrasts of home
318  versus away source transect within each cross type, to assess whether crosses originating from
319  the local population outperformed those sourced from a geographically distinct population. The
320 absence of a significant omnibus interaction between cross type and transect does not preclude
321  meaningful within-transect differences; the omnibus test evaluates whether the pattern of cross
322  type differences is heterogeneous across transects globally, whereas planned within-transect

323  contrasts detect localized effects for specific cross types that may be consistent in direction but
324  insufficient to drive a significant interaction term. All comparisons were treated as a priori

325 planned contrasts based on explicit biological hypotheses regarding inbreeding depression and
326  local adaptation; therefore, no correction for multiple comparisons was applied. Each

327  comparison includes the estimate, confidence interval, z-ratio, and p-value.

328  To evaluate fitness outcomes, we used two complementary approaches. First, we applied a

329  Bayesian hurdle model framework that integrates survival and fruit mass into a single composite
330 fitness trait (“lifetime fitness”), thereby capturing the combined probability of surviving and

331  subsequent number of offspring. We fit a series of nested hurdle-gamma models using the brms
332  package in R (85), with block included as a random effect to account for spatial variation in the
333  common garden, including a full model with the interaction between cross type and transect,
334  additive models without interaction, single-predictor models, and an intercept-only null model.
335  Model performance was compared using leave-one-out cross-validation (LOO) and WAIC to
336  assess predictive accuracy across competing models. In addition, we calculated Bayes factors for
337  targeted contrasts, allowing us to quantify the relative contribution for each predictor.

338

339  To understand how traits influence fitness variation among individuals at the upper range limit,
340  we performed phenotypic selection analysis (PSA) for phenology, biomass, and height. An
341  individual’s relative fitness can be calculated based on block means or grand means. We found
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342  that grand means resulted in a lower AIC score than block means, though both methods produced
343  similar results of significance. We pooled all individuals across all cross types for PSA. This was
344  performed separately for the F1 and F2 generation experimental years.

345  Genetic Estimates of Inbreeding and Distance Between Populations

346  Previous work by Sexton et al. (62) on the same populations extracted DNA using a modified
347  cetyltrimethyl ammonium bromide protocol (86) and used 11 codominant simple sequence repeat
348  (SSR) markers (nuclear-gene-intron-length markers and microsatellites) for population genetic
349  analyses (see TableS4 in (20)). All markers were located on different linkage groups and

350 therefore represented genetically independent loci. Pairwise genetic distance estimates between
351  populations were generated as graph distances using Population Graphs (87) and are published in
352  (62). Genetic distance estimates for populations in this study are given in Table 1.
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Table 1. Population information for sires and dams along two transects. The HE dam population
(A transect) was crossed with BC, BP, ME, and ML whereas the ML dam population (B transect)
was crossed with TN, SC1, ME, and ML. Mean annual temperature (MAT) and precipitation of

the wettest quarter (WQPPTN) bioclim variables were collected at a resolution of 0.5 arc-
minutes (~1km? grid size) using the raster R package. Pairwise genetic distance estimates

between populations are graph distances estimated from simple sequence repeat (SSR) marker
variation reported Sexton et al. 2016. Elevation of each population was collected at a resolution
of 0.5 arc-minutes using the elevatr R package (Hollister et al. 2023). Habitat type categories are
based on Storer et al. (2004, pp. 20-22).

Cross Type| Transect- | Sire Population Genetic MAT WQPPTN (mm), Elevation Habitat Type
D ce
am (Lat., Long.) distance €

Local 1 -HE HE (37.3562, - NA 1.4 284 3095 Subalpine
118.8608)

Close 1 -HE BC (37.358, - 36.01 1.4 284 2774 Subalpine

Center 118.8806)

Far Center 1 -HE BP (37.2384, - 17.54 10.4 437 2473 Upper Montaine
119.2598)

Close 1 - HE ME (37.6966, - 46.25 2.1 281 3049 Subalpine

Edge 119.0919)

Far Edge 1 - HE ML (37.8402, - 31.72 33 345 2774 Subalpine
119.4921)

Local 2 -ML ML (37.8402, - NA 33 345 2774 Subalpine
119.4921)

Close 2-ML TN (37.8363, - 33.21 3.3 345 2500 Subalpine

Center 119.4556)

IFar Center 2-ML SC1 (37.77955, - 42.71 5.1 383 2165 Upper Montaine
119.53398)

Close 2 -ML ME (37.6966, - 16.71 2.1 281 3049 Subalpine

Edge 119.0919)
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Table 2: Generalized linear models of F1 and F2 fitness, morphological, and phenology traits at

the high-edge range limit of Erythranthe laciniata.

F1 F1 F2 F2

Model Predictors Df Chisq | P(>Chisq) | Chisq | P(>Chisq)
Fruit Mass Cross Type 5 1.516 0.911 12.519 0.028
Transect 1 0.01 0.922 2.232 0.135
Cross Type X Transect 5 2.935 0.71 5.302 0.38
Survival Cross Type 5 7.61 0.179 9.149 0.103
Transect 1 0.125 0.724 0.826 0.363
Cross Type X Transect 5 2.62 0.758 3.593 0.609
Flowers Cross Type 5 3.166 0.674 10.784 0.056
Transect 1 0.469 0.494 2.691 0.101
Cross Type X Transect 5 6.073 0.299 6.534 0.258
Height Cross Type 5 15.887 0.007 19.294 0.002
Transect | 2.209 0.137 0.472 0.492
Cross Type X Transect 5 8.544 0.129 14.564 0.012
Biomass Cross Type 5 1.269 0.938 18.73 0.002
Transect 1 0.044 0.834 1.805 0.179
Cross Type X Transect 5 5.177 0.395 8.341 0.138
Phenology Cross Type 5 4.6 0.467 19.649 0.001
Transect 1 6.663 0.01 0.931 0.335
Cross Type X Transect 5 7.205 0.206 10.737 0.057
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Figure 1. (A) Climate map of California showing the convex hull of the Erythranthe laciniata
range. The inset (upper right) zooms in on the study region and the seven experimental
populations. Populations from the home transect (HE, BC, BP) and the away transect (ML, TN,
SC1) are distinguished by color, with peripheral populations in black and central populations in
grey for each transect. Dotted lines connecting populations represent experimental gene flow,
with light blue being within transect crosses and orange lines representing edge to edge gene
flow. The location of the common garden is outlined in yellow. (B) Breeding design used to
generate experimental plants. Field-collected parents were crossed to produce F1 offspring,
which were planted in the common garden during the 2008-2009 growing season. These F1s
were then selfed to produce F2s, which were planted during the 2009-2010 season. Traits
measured in each common garden are listed. (C) Experimental cross types among parental
lineages. The three color blocks represent the three mountain regions included in the design. The
high-elevation edge population (ME) was situated between the ML and HE transects and served
as a key population for inter-range crosses.
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Figure 2. Forest plots showing cross type effects on fitness-related traits in E. laciniata relative
to self-pollination for 2009 (left panels) and 2010 (right panels). Each panel displays effect sizes
(log scale) with 95% confidence intervals for different cross types compared to self-pollination
(SELF). Points represent estimated mean differences and horizontal bars show confidence
intervals. The red dashed vertical line at zero indicates no difference from self-pollination. Cross
types are ordered by distance and location: Local (same population), Close Center and Far
Center (central dam locations), and Close Edge and Far Edge (dam edge locations). Effect sizes
are derived from generalized linear mixed models with cross type as a fixed effect. Confidence
intervals that do not overlap zero indicate statistically significant differences from self-
pollination. Traits examined include phenology, biomass, height, total pedicels, survival, and
fruit mass across both study years.
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Figure 3. Predicted values from generalized linear mixed models (GLMMs) for final height, total
pedicels, phenology, biomass, and lifetime fitness of F1 and F2 generations across cross types
and transects (Home, A = black; Away, B = grey). Lifetime fitness was estimated as total fruit
mass, including individuals that did not survive to flower (i.e., zero values). Points indicate
predicted means for each cross type within each transect, with error bars showing 95%
confidence intervals from GLMMTMB models of [trait] ~ cross type + transect. Asterisks
denote significant contrasts relative to selfed progeny: 1 = significant differences between the
given cross type (home and away) and selfed progeny; black * = significant differences between
home cross types and home selfed progeny; light grey * = significant differences between away
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cross types and away selfed progeny. I = significant differences between transects for the same

trait.
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Figure 4. Scatter plots show the relationship between standardized trait values (x-axis) and
individual fruit mass (y-axis) for (A, B) final height, (C, D) June phenology, and (E, F)
vegetative biomass. Red lines represent linear regression fits with 95% confidence intervals
(gray shading). Selection gradients (B) indicate the strength and direction of phenotypic
selection, with positive values indicating selection for higher trait values and negative values
indicating selection for lower trait values. Significance levels: *** p <0.001, ** p <0.01, * p <
0.05, ns = not significant. R? values indicate the proportion of variance in fruit mass explained by
each trait. Standardized traits have mean = 0 and standard deviation = 1, allowing for direct
comparison of selection strength across different traits and years.
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