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ABSTRACT

Lupinus constancei (Lassics lupine) is an exceptionally rare forb with a
population that in 2020 consisted of 1,300 individuals located on two adjacent
mountaintops in northwestern California, USA. Past work has demonstrated the species is
threatened by high levels of seed predation by small mammals, which is likely the result
of fire exclusion and the subsequent vegetation encroachment that both increases small
mammal habitat and directly reduces suitable habitat for the species. Because of this,
active management through caging of reproductive individuals to reduce seed
consumption has been conducted every year since 2003. In addition, growing season
temperatures have increased by 1.5°C while annual precipitation has fluctuated
drastically over the past 50 years. In 2015, the first fire in 100 years burned through, or
immediately adjacent to, most of the species’ range and induced high mortality that year
and, in the second through fifth years following the fire, increased seed production and
seedling emergence. Here, I use demographic data collected from 2001 to 2020 to build
staged-based matrix models to project the species under various scenarios of active
management such as caging and prescribed fire along with forecasted climate change
impacts on temperature and precipitation. I varied the degree of caging proportions
between no caging, the current caging rate (37%) and all reproductive individuals being
caged. Additionally, I varied the frequency of fire in my model between no fires, and fire
every 5, 10, 15, and 25 years. Lastly, I incorporated forecasted climate change scenarios
(i.e., warmer climate and increased drought) in combination with caging rates and fireii

return intervals to explore the impacts of multiple stressors. I found that a 13-year firereturn intervals is optimal for population growth, however the model suggests that fire
alone cannot be used to avoid extinction. Instead, caging at the current rate or more
remains a necessary management strategy to avoid population decline under current
climate conditions. Nevertheless, my models suggest that climate change may threaten
the species with extinction regardless of caging and prescribed burnings. If the high
climate scenario were to be realized, the current caging rate (perhaps the most realistic)
coupled with fires every 10-25 years creates the best opportunity for L. constancei,
though at best this translates into a 51% chance of extinction over 50 years. The role of
fire in reducing seed predation continues to need further evaluation, as future fires may
have different impacts on small mammals, seed predation rates, and L. constancei
demography than did the 2015 fire. Overall, my finding suggests that caging will
continue to benefit L. constancei, but that additional management strategies should be
explored further if forecasted climate changes occur, because no scenario produced in my
models suggest there are any strategies that result in assured species viability.
Furthermore, prescribed burning may have positive effects on the demography of L.
constancei, but further investigation is needed to verify the positive impacts observed
after the 2015 Lassics fire as additional fire events may yield different effects on the
demography of L. constancei. Lastly, if climate change scenarios are realized, it is
possible that management strategies such as caging and prescribed burning may prove to
be inadequate in avoiding L. constancei extinction and other strategies such as assisted
migration should be considered.
iii
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INTRODUCTION

Plant communities in many parts of the world have been experiencing multiple,
and sometimes simultaneous stressors such as changing disturbance regimes, extended
climate extremes, and increasing invasive pests and pathogens. The direct and indirect
effects of the alteration in the intensity and frequency of these stressors can shift
demographic rates of populations, often leading to marked increases in mortality or
reductions in fecundity, and these in turn can lead to shifts in community structure
(Meentemeyer et al. 2008, Allen et al. 2010, Jiang et al. 2013). For instance, the reduction
of natural disturbances due to active fire exclusion practices have increased the density of
smaller trees and subsequently decreased canopy gaps within many forest types
worldwide (Lydersen et al. 2013, McIntyre et al. 2015). In addition, mortality events
caused by invasive pathogens have occurred in ecosystems across the globe and are
projected to continue (Allen et al. 2010, Fettig et al. 2019). Lastly, climate extremes, such
as prolonged drought or increased temperatures, have caused an upward shift of
elevational ranges for many species (Lenoir et al. 2008, Kelly and Goulden 2008, Conlisk
et al. 2017, Andrus et al. 2018). Species most vulnerable to these global stressors are
located in areas with little to no opportunity for migration or are contained in small,
isolated populations (Ulrey et al. 2016). In particular, species with restricted ranges,
where upward or northward movements are limited or non-existent, are especially prone
to population decline, range contraction, and/or extinctions (Thomas et al. 2004,
Damschen et al. 2010, Dirnböck et al. 2011, Fill et al. 2021, Zu et al. 2021).
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Fire exclusion practices, some beginning over a century ago, are a stressor to
ecosystems worldwide due to the direct and indirect impacts they can have on the
compositional and structural makeup of plant communities (He et al. 2016). Fire
exclusion policies have been adopted in regions in North America (Baker 1992),
Australia (Baker and Catterall 2015), Mediterranean Europe (Piñol et al. 2005), and Asia
(Goldammer 2007, Saladyga et al. 2013). The long-term impacts of fire exclusion in
north-eastern China, for example, have been forests with simplified compositions (a
reduction in species richness), an increase in coniferous forests replacing deciduous
forest, and altered forest age structures (Chang et al. 2007). Similarly, fire exclusion in
northern Australia has resulted in a stark difference in the species composition of tropical
forest when compared to forests that had been exposed to fire on an annual basis
(Woinarski et al. 2004). Furthermore, fire exclusion has resulted in the expansion of
coniferous forests and shrubland communities into grasslands and meadows in several
regions around the world (Magee and Antos 1992, Cocking et al. 2015, Lubetkin et al.
2017). In North America, this phenomenon has been observed through conifer
encroachment into subalpine meadows of the Cascades and Sierra Nevada (Magee and
Antos 1992, Shaw 2009), upward forest expansion of the tree-line on western Oregon
mountaintops (Magee and Antos 1992), and woody plant expansion into western prairies
(Briggs et al. 2002, Veach et al. 2014). When woody plant vegetation encroaches into
more open habitat, it may lead to competition with the original species that inhabit these
open areas (Magee and Antos 1992, Stam et al. 2008). If these systems that once had
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regular fire continue to be managed under fire exclusion practices, there will continue to
be a loss in both functional and compositional species diversity (Li and Waller 2017).
Due to the frequency of natural fires historically, many plants are adapted to
habitats that are maintained by continued fire disturbance (Gross et al. 1998, Menges and
Dolan 1998). Common life history traits associated with these fire-adapted species
include serotiny (Schwilk and Ackerly 2001), epicormic resprouting (Pausas and Keeley
2017), and heat-triggered seed germination (Keeley et al. 2005). However, fire-adapted
life history traits can be a detriment to rare, pyrogenic plant species when fire events are
absent, and therefore can lead to their decline in distribution and abundance (Yates and
Ladd 2005, Menges et al. 2006). For example, Lomatium bradshawii is an endangered
prairie plant in the Pacific Northwest (USA) threatened by the continued absence of fire
events due to elevated rates of stasis and retrogression that adults experience (Kaye et al.
2001). Lomatium bradshawii individuals that experienced burn events had higher
survival and populations had significantly lower extinction risk when compared to
unburned populations (Kaye et al. 2001). Similarly, the prolonged absence of fire in
western Australia increases the risk of local extirpation of the endangered shrub,
Verticordia fimbrilepis ssp. fimbrilepis due to its reliance on fire to facilitate areas of
reduced competition and to stimulate seed germination from the seed bank (Yates and
Ladd 2010). In many cases, strategically reintroducing fire may allow for susceptible
plant populations to persist (Kirkman et al. 1998, Barrios et al. 2011).
Besides the direct impacts of fire exclusion, such as vegetation encroachment and
subsequent competition with fire-adapted species, it may also lead to more subtle indirect

4

effects. For instance, encroachment can lead to an increase in herbivores that favor the
encroaching vegetation for habitat, consequently impacting the resources they consume.
When seed predation is excessive because of encroachment, it can have a significant
impact on a species reproductive success and ultimately affect population growth. In the
coastal dunes of northern California, for example, the endangered Lupinus tidestromii is
threatened indirectly by the expansion of Ammophila arenaria (European beachgrass) in
adjacent sites (Dangremond et al. 2010). This non-native grass has naturalized in many
California dune systems (Buell et al. 1995, Pickart et al. 2021) and provides refugia to the
herbivorous consumer, Peromyscus maniculatus (Dangremond et al. 2010). Increased
presence of this granivore in dense stands of A. arenaria has led to increased seed
predation rates of L. tidestromii (Dangremond et al. 2010). Additionally, the St. Johns
River endemic of Maine, Pedicularis furbishiae, has experienced restricted seedling
recruitment as a result of seed predation from both insects and mammals as a result of
encroaching vegetation (Menges et al. 1986). Moreover, seed predation has been
observed on a California native bunchgrass, Nassella pulchra, when in proximity to the
exotic Brassica nigra (Orrock et al. 2008). Seed predation by consumers such as
Reithrodontomys megalotis find refuge in B. nigra, and reduce the recruitment and
establishment of adjacent N. pulchra (Orrock et al. 2008).
Lupinus constancei (Lassics lupine; Figure 1) is a rare, herbaceous perennial plant
restricted to two serpentine barren mountain peaks in the Lassics mountain range of
northern California (Nelson and Nelson 1983; Figure 2). In 2001, the U.S. Forest Service
established a monitoring program in conjunction with U.S. Fish and Wildlife Service and
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the California Native Plant Society (CNPS) after it appeared that L. constancei was in
decline (Imper 2016, Carothers 2019). Land managers speculated that the most
significant factors contributing to this population decrease was inflorescence and leaf
herbivory and seed predation (S. Carothers, personal communication). Analysis of aerial
imagery and historic photos revealed that chaparral and forested habitat have been
encroaching upward and into the serpentine barren mountaintops for the last 90 years, a
result of active fire exclusion in the region (Carothers 2008, 2017), which has reduced the
suitable habitat for L. constancei (Imper 2016). The expanding coniferous forest and
chaparral habitat are refugia to both herbivorous and granivorous species such as
Peromyscus sp. (deer mice), Tamias sp. (chipmunks), Lepus californicus (black-tailed
jackrabbits), and Otospermophilus beecheyi (California ground squirrels; Cate 2016).
Peromyscus spp. and Tamias spp. move between the forest, chaparral and serpentine
barren habitats, further indicating the potential for herbivores to influence the L.
constancei population (Cate 2016). Following initial observations of significant levels of
seed predation in 2003, the U.S. Fish and Wildlife Service and Forest Service responded
by establishing a management plan to prevent future herbivory or seed predation by
caging a small number of reproductive L. constancei individuals during the growing
season, which was later expanded dramatically in 2004. A subsequent analysis of the
effectiveness of these management actions in 2012 found that the sustained caging of L.
constancei was essential to avoid further population decline and possible extinction
(Kurkjian et al. 2017). In addition to the threat of seed predation, a drought occurred
between 2007 and 2015, exacerbated by the Lassics Fire in 2015 that burned within the
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Lassics mountain range complex. Within a year, the combination of progressive drought
and the Lassics Fire had resulted in a sharp reduction in the number of individuals, but
also triggered a significant emergence of seedlings (Figure 3). The long-term effects of
this fire event on the population and persistence of L. constancei have yet to be
investigated.
In this study, I used monitoring data to forecast the future trajectory of L.
constancei in response to disturbances including fire, seed predation, and climate change.
I used 21 years of demographic data from the USFS, USFW and CNPS monitoring
program of L. constancei to address several questions about the current condition of the
taxa and to determine the most effective management plan. First, I evaluated whether the
continued caging of L. constancei reproductive individuals is necessary for the species to
avoid extinction. Second, I assessed the effects of the 2015 Lassics Fire on the
demography of L. constancei and then evaluated the long-term impacts of a similar fire
on the species by modeling future fire-return frequencies of 5, 10, 15, 20, and 25 years.
Third, I forecasted population sizes of L. constancei in response to predicted changes in
climate variables that have a significant impact on the vital rates under two different
scenarios of climate change identified by the United Nations Intergovernmental Panel on
Climate Change (IPCC). In total, I used 180 models that vary by fire-frequency, caging
rates, and degree of climate change to estimate the long-term demographic response and
quasi-extinction probabilities. There have been few studies that have estimated the
demographic response of a species to multiple and simultaneous stressors, and none have
assessed the interaction of fire frequency and forecasted climate change.
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METHODS

Species Description and Study Site
Lupinus constancei is a perennial forb with erect stems that branch from a woody
caudex (Nelson and Nelson 1983, Figure 1). All known individuals are found growing on
a soil complex that consists of primarily serpentine (Alexander 2008, Imper 2012).
Reproductive individuals flower as early as late May with inflorescences that range from
white to pink in color (Nelson and Nelson 1983). Inflorescences produce fruit (legumes)
from July until late August and mature physically dormant seeds that ballistically
disperse. Seeds form a persistent seedbank, although it is unknown how long seeds can
survive in the seedbank (Kurkjian et al. 2017). Estimates based on previous germination
trials suggests seeds might live as long as 20 years (Kurkjian et al. 2017).
Lupinus constancei is restricted to the Lassics Geological and Botanical Area of
the Six Rivers National Forest and Lassics Wilderness in northwest California. Within
this complex, the species is located on two adjacent mountaintops: Mount Lassic and Red
Lassic (Figure 2). While both mountain peaks contain minimal woody vegetation and are
mostly bare in the areas where the majority of L. constancei occurs (see Figure 1), the
south-facing slopes are primarily chaparral habitat and the north-facing slopes are
forested below the majority of the L. constancei population.

Monitoring Data
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Four permanent transects have been established for monitoring L. constancei
(Figure 2). The first two transects were placed on Mount Lassic and on the western slope
of Red Lassic in 2001. The Mount Lassic transect was significantly expanded in 2003,
and another transect was established within the forest north of Mount Lassic in 2006. In
2016, a final transect was established near the top of Mount Lassic along the highest
terrace. This last transect was established after the 2015 Lassics Fire had burned through
the Mount Lassic forest and Red Lassic transects (Carothers 2019). Before the last
transect was established, the fire had killed all adult individuals within the Red Lassic
subpopulation and nearly all individuals along the forest transect (Carothers 2019). The
terrace and saddle transects on Mount Lassic, lacking shrubs, trees, and a litter layer,
remained unburned through the duration of the fire (Carothers 2019), although it’s
unclear which areas experienced heat or smoke significant enough to damage or kill L.
constancei individuals.
During the growing season, demographic data for L. constancei individuals along
each transect had been collected and included information on stage-class, plant diameter,
source and extent of herbivory, and whether individuals were caged that year (Carothers
2019). Demographic data during the growing season of 2013 was not collected due to a
change in monitoring efforts, before returning to previous methods of data collection the
following year. Germination trials from 2010-2011 were used to estimate mean and
variance values of L. constancei seedbank longevity and seed germination rates (Kurkjian
et al. 2017).
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Overall Model Structure
To explore the effects of seed predation, fire, and projected shifts in climate
variables, I built a stage-structured matrix model (Table 1) to project the L. constrancei
population under several different scenarios. The model used five classes of plants: seeds,
seedlings, vegetative-adults, reproductive-adults, and dormant-adults. I did not use sizebased classes because a significant proportion of size measurements are absent
throughout the monitoring dataset. I estimated the mean growth, retrogression, and
survival of each stage class from the monitoring record. I assumed that the monitoring
record was a post breeding census of a birth pulse population. Survival of the dormant
class cannot be directly calculated and therefore was considered equivalent to the
vegetative survival distribution. For parts of the model related to fecundity when fire is
absent, I used the annual number of seeds produced by reproductive plants, seed
survivability, and seed germination that were estimated by Kurkjian et al. (2017).
To correct for sampling variation, I estimated beta distribution means and
variances for each growth and survival vital rate (except survival of the dormant stageclass) using Kendall correction methods from the Kendall function in the popbio R
package (R Development Core Team 2011). Stretched beta distributions with an
estimated mean, variance, minimum, and maximum were used to estimate fertility rates.
Fertility rates were then corrected for sampling bias using the method of Engen et al.
(1998). Within-year vital rate, auto-, and cross- correlations for each time step were
incorporated within each projection. I simulated demographic stochasticity using Monte
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Carlo methods for stage classes that contained less than 50 individuals at any time step.
Each projection was performed using 50,000 simulations in each scenario.
The model did not include density-dependence. I tested the population against
density dependent and independent models to determine the best fit (Morris and Doak
2002). I evaluated log λ against the theta logistic, Ricker, and density independent models
with nonlinear least-squares regression (Morris and Doak 2002). Then, I calculated AICc
values for each model. The density-independent model had the lowest AICc value leading
me to exclude density-dependence from the population model.
For each projection the starting population size was based on the most recent
estimate of the current population (i.e., 2020) and included 684 above-ground individuals
(61 seedlings, 264 vegetative, and 359 reproductive, and 45 dormant individuals) and
20,355 seeds. The total seed bank size was estimated using the stable stage class
distribution of mean vital rates discussed above. To remain consistent with the previous
demographic model built for L. constancei (Kurkjian et al. 2017), I used a quasiextinction threshold of 10 adult plants or 30 seeds for the entire population. For each
projection, I calculated a mean stochastic population growth rate for each scenario and
for each run. I then calculated the cumulative probability of quasi-extinction at each time
step by summarizing the number of runs where a population was below the quasiextinction threshold at a specific time-step and adding it to all previous time-steps. I used
the popbio package in R for all model projections.

11

Caging Scenarios
Caging can greatly affect fertility, such that a caged reproductive plant can
produce significantly more seeds than an uncaged plant (Kurkjian et al. 2017). In my
models, I varied the percentage of caged plants between three percentages of
reproductive individuals being caged: 0% (no caging of reproductive-adults), the current
caging proportion, and 100% (all reproductive-adults caged.) The current caging rate of
reproductive individuals is approximately 37% annually, although it varies depending
upon how many reproductive individuals are present each year. Fertility rates range from
3.25 (0% caged), 26.39 (current caging rate), and 36.65 (100% caged) seeds per
reproductive plant depending upon the caging effort. Uncaged reproductive individuals
also had lower survival rates (68%) when compared to caged reproductive individuals
(79%). Models of different caging scenarios used different rates of fertility and survival
based on these data (Table 2).

Fire Scenarios
Based on observations made during monitoring, I constructed matrix models for
non-fire years, one year after fire, two years after fire, and three to five years after fire. I
estimated vital rates and their variances for “non-fire” and “fire” years depending on if a
vital rate was determined to be influenced by the 2015 Lassics Fire. During my
preliminary analysis, I calculated whether there was an increase or decrease in specific
vital rates in the years following the fire by determining whether post-fire values were
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outliers (i.e., significantly different from the overall patterns of distribution for vital rates
during non-fire years) to the previously observed mean and variance (Figure 3). I
determined there was a significant mortality event in the transition matrix immediately
following the fire (Table 2), increased seedling germination in the first- and second-year
post-fire (Table 2), and increased fertility for up to five years following the fire (Table 2).
Specific post-fire seed germination rates could not be determined and is instead reflected
in the model by using the raw seedling count observed following the fire in the respective
years with a variance equal to that of the non-fire matrix. Vital rates were estimated for
the entire population and not for individual transects because the fire had variable
intensities among transects and so are, combined, the best representation we currently
have of fire in general.
Fire was included in my projections by differing how frequently fire events were
reflected in the modeled sequences. Specifically, fire events were simulated in the
following frequencies: 5, 10, 15, 20, 25 years, or 0 (i.e., absence of fire). After each
modeled fire event, the five-year fire matrices were implemented, followed by the matrix
comprised of average mean and variances for non-fire years (Table 2). Each fire event is
succeeded in the model sequence by significant mortality of the adult stage-classes
(vegetative and reproductive) in the first year, an increase is seed production from
reproductive individuals for five years, and an influx of germinating seedlings in the first
and second year (Table 2). Fire was also combined with current and all caging vital rates
in the model to estimate the impact that the interaction of these management actions have
on the population. In cases where fire and caging are both present in the model, fertility
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values were drawn from the caging rates described above, while all other vital rates were
drawn from the post-fire matrices (Table 2).

Climate Scenarios
To estimate the effects of climate change on vital rates in future timesteps, I used
past climate data from 2001 to 2021 to estimate the relationship between L. constancei
demographic rates and various climate factors using general linear mixed models
(GLMM). The climate metrics I included in the GLMM were precipitation during the
water year (October-September), winter precipitation (November-March), winter
temperature (mean, minimum, and maximum during November-March), and growing
season temperature (mean, minimum, and maximum during April-September). Stageclasses (seedling, vegetative-adult, reproductive adult, and dormant) were included as a
fixed factor. Year and the unique identification of each individual plant were included as
fixed random effects. The response variable for the GLMM was the probability of
survival. To limit the complexity of the GLMMs, I excluded interactions among climatic
variables, between stage classes, and other factors following the methods of Sletvoid et al
(2013). Then, I used AIC to determine what variables were to be included in each full
GLMM. I analyzed the probability of survival. I assumed that the correlation between
vital rates and climatic variables were linear over the observed range. I tested this
assumption by including second-degree polynomials for each climatic variable. Main
trends for each response were primarily linear, even when including the second-degree
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polynomial for each variable. All GLMMs analyses were produced using the glmer
function in the lme4 package in R (R Development Core Team 2011).
Next, after the appropriate and significant climate variables were determined
using the GLMM, I projected the variables under two scenarios outlined by the IPCC: (1)
a low emission scenario assuming realistic carbon emission decrease and (2) a high
emission scenario of continuing current carbon emission production and assuming no
decrease in carbon dioxide production (IPCC 2014). These two scenarios were then
implemented in the L. constancei population projections by altering the appropriate vital
rate each year for each climate change scenario. Each scenario contains several models
for future expected climate variables (temperature and precipitation) for both annual and
monthly estimates. These values were pooled among all models and equally weighted to
establish a single rigorous model. Using the pooled climate model, temperature, and
precipitation values for annual, growing, and winter seasons were estimated for each year
in a 50-year projection. Values for each year were incorporated in the GLMM linear
regression model to estimate mean growth and survival rates for each class in that year.
Variances of the estimated mean vital rates were set equal to the appropriate variances
observed in vital rates for non-fire years. Additionally, fire intervals and varying caging
rates were implemented in the climate projections using methods previously discussed.
Fertility values were drawn from the appropriate caging rate and not from climate
projections to limit complexity within each projection. In projections that included fire,
vital rates were replaced with post-fire values (except those uninfluenced by fire) for five
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years following a fire event before returning to vital rates associated with each climate
GLMM.

Model Sensitivity and Life Table Response Experiments
Since I was unable to directly estimate vital rates such as seed survival or germination, I
constructed an elasticity matrix to assess how sensitive my model was to each component
of the matrix. In addition, I further evaluated the sensitivity of my model to seed survival
and germination by manually increasing and decreasing those rates by 10%. After
manipulating these vital rates, I then reran each scenario described above to calculate new
population growth rates. I then compared population growth values for each scenario
between the three different vital rate manipulations (original, 10% increase, and 10%
decrease) to analyze how sensitive my model and results are to vital rates in which I was
least confident. I performed a one-way life table response experiment (LTRE) to identify
the changes in vital rates that were responsible for the differences in population growth
rates between management strategies. I performed a LTRE comparing caging to uncaged
scenarios, and between non-fire and two post-fire scenarios (first year and second year
after fire). To do this, I calculated the difference between mean vital rates for each
scenario (i.e., matrix). Then, I calculated the sensitivity of each vital rate for each
treatment using a matrix of average values of the two scenarios (i.e., caged and uncaged,
non-fire and first-year post fire and non-fire and second-year post fire). I then multiplied
the difference of each vital rate pair by the appropriate sensitivity value for each vital
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rate. The three to five-year post-fire matrix (Table 2) only had fertility vital rate differ
from the non-fire matrix and a LTRE was not necessary. Additionally, I calculated
elasticity matrices of the none caged, current caging, and all caged matrices as means to
evaluate some of the demographic rates for which I had less reliable data. All LTRE and
elasticity analysis was performed in R, following the projection methods of Morris and
Doak (2002) and LTRE methods of Caswell (2001).
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RESULTS

Caging Scenarios
Models that included the current caging rates without fire or climate change
resulted in L. constancei remaining stable (Figures 4 and 5). Under scenarios of the
current caging rate and absence of fire and climate change, λs = 1.010 (± 0.004 95%
confidence interval (CI)) and mean probability quasi-extinction in the next 50 years was
estimated to be 26.3% (± 18.2% CI). If fire-exclusion practices continue and 0% of
reproductive individuals are caged, λs = 0.917 (± 0.009 CI; mean probability of quasiextinction = 76.5%, ± 23.5% CI) Alternatively, if all reproductive individuals are caged,
λs = 1.100 (± 0.008 CI; probability of quasi-extinction = 0.5%, ± 1.5% CI).

Fire Scenarios
When fire-return intervals were included in the model, λs was never greater than
one when no reproductive individuals were caged (Figures 4, 5, and 6). If all reproductive
individuals were caged, the shortest fire-return interval that resulted in a stable/growing
population was every 10 years (λs = 1.038 ± 0.015 CI). The optimal fire-return interval
under the assumption that the current caging rate would continue was every 13 years (λs =
1.107 ± 0.008 CI; probability of quasi-extinction = 0.9%, ± 1.0% CI) which represents an
increase of only 0.007 in λs from the no-burn scenario. If all reproductive individuals
were caged, the shortest fire-return interval that resulted in a stable/growing population
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was every 10 years (λs = 1.093 ± 0.007 CI; probability of quasi-extinction was 1.0%, ±
2.7% CI).

Climate Scenarios
Winter precipitation and maximum growing season temperature were the two
climate variables that best predicted survival of L. constancei individuals (Appendix 1, 2,
and 3). There was a decrease in survival among all stage-classes by the 50th time-step for
both climate projections (Figure 7).
When the low emission climate scenario was included in the model, caging of all
reproductive individuals was necessary for the population to avoid extinction when fire
was absent (λs = 1.061 ± 0.025 CI; probability of quasi-extinction = 11.4%, ± 26.4% CI;
Figures 4 and 5). When fire was included at any frequency I modeled, the fire-return
interval had to be at least every 10 years and all reproductive plants had to be caged to
remain a stable population (e.g., at 10-year fire return interval, λs = 1.063 ± 0.030 CI;
mean quasi-extinction = 8.3%, ±29.3% CI). For the 15-year fire-return interval, the
current caging was sufficient for positive population growth (λs = 1.040 ± 0.013 CI;
probability of quasi-extinction = 26.7%, ± 13.5% CI). Under the current caging rate, the
most optimal fire-return interval was every 13 years (λs = 1.059 ± 0.010 CI; mean
probability of quasi-extinction was 8.2%, ± 11.2% CI). The 13-year fire return interval
remained the most optimal fire-return interval for both the no caging and all caged
scenarios.
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When the high emission climate scenario was included in the model, λs very
rarely was equal to or above one. When fire was absent from the model, all reproductive
individuals had to be caged for λs ≥ 1.0 (λs = 1.010 ± 0.004 CI; mean probability of quasiextinction = 28.3%, ±20.6% CI). When fire was included in the model with the current
caging rates, there was no scenario where λs was stable or above one. If all reproductive
individuals were caged, the shortest fire-return interval that resulted in a stable/growing
population was every 10 years (λs = 1.013 ± 0.010 CI; probability of quasi-extinction was
21.5%, ± 19.0% CI).

Model Sensitivity and Life Table Response Experiments
For each elasticity matrix calculated, seed survival had the largest elasticity value
(Table 3). Under the no caged scenario, seed survival was followed by vegetative
survival, vegetative growth, and reproductive survival respectively (Table 3). Under the
current and all caged scenarios, the seed survival was followed by seed
germination/fertility, vegetative growth, and seedling growth respectively (Table 3). For
the comparison between the three different seed survival rates (previous estimate of seed
survival and a 10% increase/decrease), there were only minor differences in the
population growth rates (Appendix 4 and 5). For each estimate of seed survival, I found
only minor differences between the scenarios and my conclusions remained the same
regardless of the increase or decrease in seed survival and germination rates.
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The contribution values from the caging versus no caging LTRE revealed that the
larger fertility rates in the caged scenario were most responsible for the difference in the
population growth rates seen between caged and uncaged scenarios (Figure 8). The larger
survival rates of the reproductive stage class and the probability of an individual
reproductive plant to remain reproductive or proceed to the dormant stage class in the
caged scenarios had more moderate contribution values, but still explained the lower λs
observed in the uncaged scenario.
For the LTREs comparing the non-fire and the first-year post-fire matrix, the
lower survival rates of the reproductive stage class in the first-year post-fire matrix were
responsible for the lower λs observed when the first-year post-fire matrix was
implemented (Figure 8). The higher rates of seed germination and fertility, and lower
survival of the vegetative stage class from the first-year post-fire matrix had more
moderate contribution values (Figure 8). For the second-year post-fire LTRE, the
increase in fertility was more responsible than other differences in vital rates for the
observed λs values post-fire, followed by the higher seed germination values (Figure 8).

21

DISCUSSION

My study suggests that regardless of future fire and climate regimes in northwest
California, caging remains a vital management strategy for the persistence of L.
constancei because seed predation has such a strong, negative impact on population
growth. The reintroduction of recurring fire into the Lassics mountain range may have
beneficial effects on the population of L. constancei, but my model suggests those
benefits of increasing population growth and reducing the probability of extinction are
best achieved when used in combination with the caging of reproductive individuals. If
the species is managed with both the caging of all reproductive plants and prescribe fire
using an optimal return interval of 13 years, it is possible that the species could grow and
maintain a stable population. However, when the potential effects of climate change are
included in the models, the prospects for L. constancei diminished and it becomes less
clear if the species can be maintained in its current range under any management regime;
unless all reproductive plants are caged, the mean probability of extinction under the
“high” climate scenario is never less than 51% (Figure 5). Although various management
strategies should probably be explored, it is clear that some form of management will be
required for L. constancei. If caging ceases, fire is not reintroduced, and climate change
reflects the low emission scenario I modeled, L. constancei would decline 9% per year
over the next 50 years and have an extinction probability of 76%.
My work is in agreement with a previous study that suggested seed predation in
the absence of any caging effort could drive L. constancei to extinction (Kurkjian et al.
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2017). While the additional eight years of data used in my study has supported the same
conclusion made by Kurkijian et al. (2017), my model adds to their work by
incorporating the potential impacts of fire and climate change. Even in the absence of any
fire in the model, seed predation can have a significant and detrimental effect on the L.
constancei population. Under each scenario where no reproductive plants were caged, λs
never reach ≥1.0 and probabilities of extinction were high. At the very least, current
caging practices must continue to prevent the decline of the L. constancei population.
When fire was implemented in the population model, it increased λs, but not enough
without being combined with caging. Fire scenarios that contained high population
growth (λ > 1.0) and a relatively low mean probability of extinction (<20%), contained
the current caging rate of reproductive individuals. When the two climate scenarios were
included in the model, λs decreased in each projection when compared to the models that
did not contain any influence of climate. Under the two climate scenarios, λs was only
>1.0 when all reproductive individuals were caged, and when fire-return intervals
occurred at least every 10 years. Future expected climate conditions pose a significant
risk to the L. constancei species and under several projections, extinction is nearly
guaranteed even with active management of both caging and recurring fire. Mean
extinction probabilities were never less than 50% unless the current caging rate was
applied during fire years (except the 5-year fire-return interval) or the fire-return interval
was at least every 10 years (Figure 5)
Current management practices will not be sufficient in assisting the persistence of
L. constancei if climate projections are realized, and some form of additional
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management will be necessary assuming the carbon emission scenarios occur within the
next 50 years. Additional practices can either take the form of a permanent expansion of
the current caging effort or implementation of a prescribed fire plan. Considering the
difficulty of implementing a routine prescribed fire event and caging over 300
reproductive individuals on an annual basis, it may be more realistic for land managers to
explore other options that reduce seed predation and survival of reproductive individuals
(see below).
It is also worth noting that my climate change projections are conservative
estimates. First, my model assumes that climate and vital rates do not change after the
50th year. Realistically, climate will continue to change after the 50th year and
temperature and precipitation estimates will worsen, potentially leading to more mortality
and less growth of L. constancei. Second, I did not estimate the impact that an increase in
precipitation variability or a shift from snow to rain frequency would have on L.
constancei. If we assume that the climate change is absent from the model and fire
exclusion practices continue, current caging efforts will be sufficient in containing a
stable population of L. constancei. Even with the assumption that each fire event would
produce a significant amount of seed production or germination and an overall decrease
in survival or growth for each stage-class, the benefit of each fire event does not
outweigh the potential benefit of caging.
My study adds to a large body of literature that demonstrate the utility of
demographic models as a tool for evaluating species responses to disturbances in
ecological communities and informing management decisions. Demographic monitoring

24

has been used for several rare plant species in order to understand the impacts of fire and
to determine the optimal fire regime for maintaining viable populations (Kaye et al. 2001,
Quintana‐Ascencio et al. 2003, Yates and Ladd 2010). A model was used to estimate
extinction risk and to consider various fire treatments of Eryngium cuneifcolium, an
endemic of the Florida scrub (Menges and Quintana-Ascencio 2004). This study led to
the recommendation of a short fire-return interval that would maximize the persistence of
the E. cuneifolium population and it identified other fire-return intervals that would result
in population decline or extinction (Menges and Quintana-Ascencio 2004). Hudsonia
montana is a North Carolina shrub that is also threatened by the absence of fire events
(Gross et al. 1998). A modeling approach was used to investigate the effect that regular
fire-return events in combination with other management practices could have on
population growth. The model demonstrated that an optimal fire-return interval was
essential for avoiding extinction (Gross et al. 1998). Furthermore, demographic models
have been utilized to determine how climatic variation in the next century may impact the
vital rates of a population or species. In fact, one study explored the simultaneous impacts
of management practices and variation of climate on the threatened Dactylorhiza
lapponica of Norway (Sletvold et al. 2013). Statistical models were used to quantify and
predict how vital rates changed and were dependent on several different climate variables
(Sletvold et al. 2013). Given the rapid climate changes that have occurred recently across
the globe, it will be essential to incorporate climatic change into long-term projections for
species of conservation concern (Ellner and Rees 2006, Dahlgren and Ehrlén 2009,
Sletvold et al. 2013).

25

Although burning did increase growth rates in some scenarios, the increase was
not large enough to warrant burning (Figure 4), given that prescribed burning is difficult
and expensive to implement, especially in a designated wilderness area (Imper 2016).
Therefore, unlike some earlier studies, my work did not provide evidence that
implementing a prescribe burning program for L. constancei would be worthwhile.
However, several assumptions are important to consider before discounting prescribed
burning for management of L. constancei. Perhaps most importantly, my model assumes
that vital rates linked to fire events could be estimated using the single fire that took place
in the demographic record (i.e., the 2015 Lassics Fire). However, it is likely that future
fire events will impact individual plants differently than the Lassics Fire, and will depend
on the size, severity, and timing of the fire. Additionally, it is possible that fire may
influence several L. constancei subpopulations (or monitoring transects) differently. After
the 2015 fire event, vital rates were not markedly different among the subpopulations due
to the combination of differing effects from prolonged drought and fire, and future fires
are likely to have heterogenous impacts across the landscape which I did not incorporate
into my model. Moreover, the size of the post-2015 germination event was most likely
related to the existing seedbank at the time, which presumably were able to accumulate
during several decades of fire absence, 13 years of caging, and perhaps absence of recent
severe fire. A period of fire-free seed replenishment may be required for recurring fire to
have similar positive effects on germination. Additionally, the immediate post-fire vital
rates for mortality used for the model were likely overestimated since I was not able to
isolate the ongoing drought-related mortality occurring between the June 2015 and the
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first post-fire monitoring in June 2016 from the actual fire-related mortality. If the
observed vital rates were due to the extreme climate conditions during the drought, future
fire events might yield a lower level of mortality than included in my model. Lastly, if a
routine fire schedule is prescribed and implemented within and adjacent to the population
boundary of L. constancei, along with restoring or maintaining suitable habitat for the
lupine (on the north slope of Mount Lassic), it is possible that seed predation rates could
decrease further as shrub and forested habitat is reduced and suitable habitat for species
that predate on L. constancei seeds is more distant from the population boundary. The
2015 Lassics Fire did not burn the L. constancei range at an even severity (D. Barton,
personal communication), and following the fire, patches of shrub habitat were refugia
for seed predators believed to prey on L. constancei (D. Barton, personal
communication). If future fire events were able to burn all shrub and forested habitat that
is near the L. constancei population boundary, less caging could be required as seed
predators’ presence is reduced.
Future monitoring efforts should focus on collecting demographic data pertaining
to seed predation, seed production, and seedling emergence for the foreseeable future and
in particular immediately following fire events to improve the estimated impacts that
recurring fire may have on L. constancei. Ideally, a prescribed fire would be implemented
at least once to further assess the possibility of reducing seed consumption through
burning, test methods by which germination is enhanced, and whether mortality of L
constancei due to fire can be avoided entirely. This additional data collection should then
be incorporated in a model like the one I produced. One other possible strategy would be
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to implement a manual shrub removal prescription using saws over a large enough area to
impact the seed predator communities. This study could include careful monitoring of the
small mammal communities and the seed predation rates on L. constancei. Because the
impacts of the Lassic Fire are ambiguous in terms of their management implications, the
shrub removal study may be the most effective and least costly way to continue
understanding the role of vegetation encroachment on L. constancei seed predation and
population viability.
My study is also an example of how the threat of climate change on a local scale
can have disproportionate effects on small populations that may not be resistant to
multiple and simultaneous stressors such as fire and seed predation. In these cases,
anthropogenic management actions may be able to mitigate the effect that multiple
stressors have on a small population. By using a long-term demographic record,
population models can be used as a conservation tool to determine appropriate
management practices and the scale at which they should take place. My model differs
from earlier studies in that it evaluates three potential stressors: seed predation, fireexclusion, and climate change. Although other studies have attempted to estimate the
impacts of management strategies on the trajectory of populations, rarely have these
demographic models been applied to an entire species as rare as the L. constancei and
also considered the long-term impacts of climate change under two simultaneous
stressors (Sletvold et al. 2013, Raventós et al. 2015).
The physiological impacts of fire on L. constancei seeds remain unknown, and
this is one of the caveats worthy of consideration when interpreting my models. The
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genus Lupinus contains species that exhibit seed dormancy that can only be broken by
scarification (Kaye and Kuykendall 2001, Alderete-Chávez et al. 2010). If L. constancei
were to require scarification by heat or smoke for germination, fire could be the natural
process needed to increase germination and could explain why there was an increase in
seedling emergence immediately following the Lassics Fire (Figure 3). Moreover, before
fire-exclusion practices were implemented in western North America, it is likely that the
Lassics mountain range burned at short frequencies (Carothers 2008). It is possible that L.
constancei is a pyrogenic species due to the observed increase in seed production and
seedling emergence immediately following the 2015 Lassics Fire (Figure 3). Future
investigations into the benefits of fire on the life history of L. constancei should be
conducted to answer why the 2015 Lassics Fire had various beneficial effects for the
species.
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CONCLUSION

This study strongly suggests that active management of L. constancei will be
required to avoid extinction. Seed predation by small mammals continues to be a vital
threat to the species, and caging is an effective management strategy that mitigates those
effects. Prescribed fire could be a useful tool for the conservation of L. constancei
because it has potential to significantly increase germination and possibly decrease seed
predation. But additional research is needed to understand the benefits of wildfire on the
physiology of the species and the potential impacts on population viability, because the
modeled impacts of frequent burning only produce marginal benefits for population
viability of L. constancei. As such, I do not recommend implementing a long-term fire
strategy yet, but I do recommend conducting either a single prescribed burn or a shrub
removal project adjacent to one part of the species range to assess the impact of reducing
encroaching vegetation on seed predation. Additionally, research is needed to determine
the fire-related mechanism responsible for the enhanced lupine germination, so that an
attempt can be made to replicate that with prescribed fire.
The two future climate change scenarios forecast a bleak future for the species,
and additional conservation actions should be evaluated. If either climate scenario is
realized for the Lassics mountain range, it will become unlikely that L. constancei will
avoid extinction even with caging practices and/or the implementation of prescribed
burns. If this is true, one possible solution may be the assisted migration of individuals to
sites determined to be adequate habitat for introducing new populations of L. constancei.
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It is believed that L. constancei requires a suite of specific habitat requirements such as
serpentine soils (Alexander 2008, Imper 2012), an unknown microbial host, and
elevations >1600 m, which can mitigate the threat from climate change. Although current
management strategies are projected to assist in the conservation of L. constancei under
ongoing climate conditions, the long-term impacts of climate change under either
scenario could be too detrimental for the species to persist under current management
techniques, and management action such as assisted migration should be evaluated as a
possible solution sooner rather than later to ensure species persistence. Additional studies
investigating the demographic impacts of prescribed fire and climate change would be
required to make any conclusive statements on whether additional management, such as
prescribed fire would be required for L. constancei avoid extinction.
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Table 1. Projection matrix calculations for Lupinus constancei (Lassics lupine)
population; from Kurkjian et al. 2017. Within each cell, sj is the probability of
survival for class j over one time step, gij is the probability of class j transitioning to
class i in one time step, g>ij is the probability of class j transitioning to class i or
greater, fi is the mean number of seeds produced by class j, and sss is the survival of
seedlings over the summer.
Seed

Seedling

Vegetative

Reproductive

Dormant

Seed

s1*g11

0

0

f4*s1*g11

0

Seedling

s1*(1-

0

0

f4*(1-g11)*s1-

0

(9/12)

g11)
Vegetative

0

*sss

s2*(1-

s3*(1-g>43)

s4*(1-g>44)

s3*(1-g>45)

s3*(g>43-

s4*(g>44-g>54)

s3*(g>45-

g>42)
Reproductive

0

s2*g>42

g>43)
Dormant

0

0

s3*g>53

g>55)
s4*g>54

s3*g>55
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Table 2. Projection matrix example for non-fire years calculated with estimated
mean vital rates for Lupinus. constancei (Lassics lupine). Bolded values are those
that will differ from the non-fire estimates in Table 2. Values that are listed with an
asterisk (*) are not vital rates, but instead are a raw seedling count reflected in the
demographic record.
Non-fire matrix

Seed

Seedling

Vegetative Reproductive Dormant

Seed

0.66

0

0

32.65

0

Seedling

0.04

0

0

0.97

0

Vegetative

0

0.47

0.44

0.31

0.21

Reproductive

0

0.08

0.16

0.36

0.18

Dormant

0

0

0.02

0.01

0.22
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Reproductive
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First-year post fire

Second-year post fire

Third-, fourth-, and fifth-year post
fire
Seed

0.66
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0

53.45
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0

0
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Non-fire matrix

Seed

Seedling

Vegetative Reproductive Dormant

Reproductive

0

0.08

0.16

0.36

0.18

Dormant

0

0

0.02

0.01

0.22

Table 3. Elasticity matrices of Lupinus constancei (Lassics lupine) vital rates
differentiated by caging rate (none, current, and all).
None caged

Seed

Seedling Vegetative Reproductive Dormant

Seed

0.154

0.000

0.000

0.056

0.000

Seedling
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Reproductive
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0.003
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Seedling
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Vegetative
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0.021
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Reproductive
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0.004
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0.000
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0.001

0.001

Seed
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0.000

0.131

0.000

Seedling
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Vegetative
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0.081

0.020
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Reproductive
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0.072

0.121

0.094
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Dormant

0.000

0.000

0.004

0.001

0.001

Current caging

All caged
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Figure 1. A reproductive Lupinus constancei (Lassics lupine) individual on Mount
Lassic. Photo courtesy of Eli Kallison.
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Figure 2. Map depicting the entire range of Lupinus constancei (Lassics lupine; pink
polygons) and monitoring transects (solid lines) established to collect demographic
data. The range of L. constancei includes two adjacent mountain peaks: Mount and
Red Lassic in Humboldt and Trinity County of northern California (USA).
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Figure 3. Boxplots represent the vital rates, seedling counts, and seed production
(fertility) for Lupinus constanceiI (Lassics lupine) from non-fire years. The left axis
relates to the first four boxplots, while the right axis relates to the last two boxplots
of seedling counts and seed production. The orange dots represent values for the
years following the fire event. The second red dot for seedling count between the
first and third quartile represents the second-year post fire (2017) and was included
due to that number purely reflecting seedling emergence arising from the seed bank.
There were zero plants in the reproductive stage class in the year previous (2016).

47

Figure 4. Lupinus constancei (Lassics lupine) stochastic lambda (λs = stochastic
population growth rate) values for each fire-return interval, caging (none caged (N),
current caging (C), and all caged (A)) and climate scenario included in the
population models. Error bars are 95% confidence intervals, points are mean λs
values, and the horizontal dashed line represents the stable population value (λ=1.0).
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Figure 5. Lupinus constancei (Lassics lupine) quasi-extinction probabilities for each
fire-return interval, caging (none caged (N), current caging (C), and all caged (A))
and climate scenario included in the population model. Error bars are 95%
confidence intervals and points are mean probability values.
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Figure 6. Lambda values of caging scenarios (all, current, and no caging of
reproductive individuals) at various fire return intervals for Lupinus constancei
(Lassics lupine). The optimal fire return interval of 13 years is also displayed and ∞
represents no fire scenarios. Lines are differentiated by point shape and caging rate.
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Figure 7. Boxplot represents the mean survival rates for each stage class of Lupinus
constancei (Lassics lupine) during non-fire years. Lines represent the mean values
under each climate scenario determined by the GLMM. Orange horizontal lines
represent the “low” climate scenario values and blue horizontal lines represent the
“high” climate scenario values.

51

Figure 8. Contribution values from a life-table response experiment (LTE) of the
Lupinus constancei (Lassics lupine) vital rates for caging versus non-caging, non-fire
versus first-year post-fire, and non-fire versus second-year post-fire matrices. For
each vital rate, sj is the probability of survival for class j over one time step, gij is the
probability of class j transitioning to class i in one time step, fi is the mean number of
seeds produced by class j, and sss is the survival of seedlings over the summer.
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APPENDICES

Appendix A. AICc table of climate predictors for the top ten power models of
Lupinus constancei (Lassics lupine) using survival as the response.
Predictors
winter precipitation, growing season maximum temperature
winter precipitation, growing season maximum temperature, growing
season mean temperature
winter precipitation, growing season mean temperature, water year
precipition
water year precipiation, growing season maximum temperature
winter precipitation, growing season mean temperature, winter mean
temperature
winter precipitation, growing season maximum temperature, water year
precipiation
winter precipitation, growing season maximum temperature, water year
precipiation, growing season maximum temperature
winter precipitation, growing season minimum temperature
winter precipitation, growing season mean/maximum/minumum
temperature
winter precipitation

∆ AICc
0.00
24.58
25.69
26.01
35.08
73.99
101.83
108.54
109.60
154.82
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Appendix B. R2 table of climate predictors for the top ten power models of Lupinus
constancei (Lassics lupine) using survival as the response.
Predictors
winter precipitation, growing season maximum temperature, growing
season mean temperature
winter precipitation, growing season maximum temperature
water year precipiation, growing season maximum temperature
winter precipitation, growing season mean temperature, winter mean
temperature
winter precipitation, growing season mean temperature, water year
precipitation
water year precipitation, growing season minimum temperature
winter precipitation, growing season maximum temperature, water year
precipitation, growing season maximum temperature
winter precipitation, growing season mean/maximum/minumum
temperature
winter precipitation, growing season mean temperature
winter precipitation, growing season maximum temperature, water year
precipiation, growing season maximum temperature

R2
0.42
0.39
0.35
0.30
0.30
0.21
0.19
0.18
0.16
0.13
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Appendix C. Coefficient, standard error (SE), and β results from the climate change
GLMM.
Term

Coefficient

SE

0.63

± 0.24

Water year precipitation

-0.035

± 0.0072

Winter precipitation

-0.076

± 0.013

Winter temperature (mean)

-0.049

± 0.015

Winter temperature (maximum)

0.0094

± 0.00037

Winter temperature (minimum)

0.0033

± 0.00062

Growing season temperature (mean)

-0.015

± 0.0016

Growing season temperature (maximum)

-0.047

± 0.0034

Growing season temperature (minimum)

-0.0025

± 0.00067

Intercept
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Appendix D. Lupinus constancei (Lassics lupine) stochastic lambda (λs = stochastic
population growth rate) values for each fire-return interval, caging (none caged (N),
current caging (C), and all caged (A)) and climate scenario included in the
population models with an increase in seed survival (+10%). Error bars are 95%
confidence intervals, points are mean λs values, and the horizontal dashed line
represents the stable population value (λ=1.0).
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Appendix E. Lupinus constancei (Lassics lupine) stochastic lambda (λs = stochastic
population growth rate) values for each fire-return interval, caging (none caged (N),
current caging (C), and all caged (A)) and climate scenario included in the
population models with an decrease in seed survival (-10%). Error bars are 95%
confidence intervals, points are mean λs values, and the horizontal dashed line
represents the stable population value (λ=1.0).

