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ARTICLE INFO ABSTRACT

Keywords: Climate change will affect the timing of natural features of recreational interest, like fall colors, salmon migration,
Climate change and wildflower blooms; and may therefore alter social-ecological relationships. For example, if fewer recreational
Phend‘fgy visits are aligned with seasonal events of interest, visitor satisfaction could be affected. To explore this possibil-
222::12?;}01;1&1 mismatch ity at Mount Rainier National Park, we combined data from a community science program (MeadoWatch — MW)
Wildflowers with hiking trip reports posted to a hiking organization (Washington Trails Association - WTA). We first explored

how peak flowering, WTA trip reports, and visitation varied across years that differed in snow disappearance, a
climatic factor that correlates with flowering phenology. We found that wildflower blooms tracked snow disap-
pearance more closely than did trip reports and park visitation, implying a decreasing proportion of future visitors
will experience peak wildflower blooms. We next extracted sentiment related to specific trail-experiences (e.g.,
wildflowers, views) and overall hike satisfaction from WTA trip reports. While wildflowers were a positive com-
ponent in overall hiker satisfaction, other non-seasonal trail experiences also had positive effects. In all, a shifting
wildflower season that is less accessible to visitors could alter perceptions of natural areas like Mount Rainier
National Park. Countering negative social-ecological impacts could be achieved by highlighting non-seasonal as-
pects of the visitor experience, or alternatively, communicating the altered timing of the peak wildflower season
while also increasing accessibility during this time. Such actions likely require partnerships between managers
of natural areas, interpretive staff, and scientists that study seasonal phenomena of recreational interest.

1. Introduction

Some of the most ubiquitous ecological responses to climate change
are phenological shifts: changes in the timing of important life events
as environmental cues for these activities shift earlier or later in time
[1]. For example, many studies in temperate climates have shown that
spring events such as leafout, flowering and egg laying by birds are oc-
curring earlier in time, while late summer and fall events such as leaf
fall and the onset of fall hibernation are occurring later in time [2-6].
Responses to ongoing climate change do vary among species, but the
magnitude of climate change means that most spring and early summer
phenological events are occurring earlier [1]. Such shifts are especially
large and consistent in ecosystems where the growing season is particu-
larly constrained, such as high mountain meadows, which are generally
under snow for 7-9 months of the year [7].

The possible ecological consequences of such phenological shifts,
whether negative or positive, are relatively well understood. For ex-
ample, alpine wildflowers that shift their flowering too early may be
exposed to damaging frosts or be mismatched in timing with important
pollinator mutualists [8-10]. Alternatively, such shifts may allow plants
to experience a longer growing season or reproduce before damaging in-
sect floral or seed predators emerge [11]. However, the effects of such
phenological shifts on the relationship between humans and their natu-
ral environment are less well understood ([12] but see [13,14]). On the
one hand, timing-sensitive events such as flowering, fall colors, and / or
animal migrations (and others) are often a major seasonal draw for visi-
tors to natural areas (Fig. 1) - suggesting that unless people change their
behavior, social-ecological mismatches in these natural areas may occur
as a result of climate change. On the other hand, humans are adaptable
and visit natural areas for diverse reasons, suggesting that changes in
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Fig. 1. Visitors to mountain meadows in Mount Rainier National Park during
the peak flowering season enjoy colorful displays of wildflowers like the Ma-
genta paintbrush (Castilleja parviflora - magenta), Broadleaf arnica (Arnica lati-
folia - yellow) and Subalpine lupine (Lupinus articus - purple). Picture by Janneke
Hille Ris Lambers.

visitor timing or expectations can buffer any negative consequences of
these social-ecological mismatches.

Here, we explore the relationship between the peak wildflower sea-
son and the experience of visitors to Mount Rainier National Park. We
do so by combining several sources of data: Visit timing data collected
by the National Park Service, observations from a wildflower phenology
community science program (MeadoWatch), and trail reports posted by
hikers to the Washington Trails Association (WTA) website. We ask the
following questions:

1. What is the relationship between the timing of snow disappear-
ance and peak flowering, social media posts, and recreational visitor
numbers to Mount Rainier National Park? We hypothesize that peak flow-
ering, the peak timing of social media posts and recreational visitor numbers
vary with snow disappearance (a key driver of access to Park features which
additionally correlates with wildflower phenology - [71). We also hypothesize
that social media posts and recreational visits are less responsive to earlier
snow disappearance than is peak flowering [13].

2. How are specific trail experiences commented on by hikers, in-
cluding views, wildlife, wildflowers, and insects, related to their overall
satisfaction with their hiking experience? We hypothesize that the more
positively hikers perceive individual components of their trail experiences, the
higher their overall satisfaction with their hike.

3. How does the overall satisfaction of hikers on trails vary with the
timing and richness of the peak wildflower season? We hypothesize that
hikers have a higher satisfaction with their hike during the peak wildflower
season. We also hypothesize that hiker satisfaction is positively related to
the number of wildflower species in peak flowering encountered during their
hike.
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Additionally, we use our findings to discuss how phenological studies
that focus on seasonal phenomena of recreational interest can inform the
management of natural areas and communication to visitors to these
natural areas.

2. Materials & methods
2.1. Study system

This study takes place in subalpine meadows at Mount Rainier Na-
tional Park, a 4392 m volcano in the Cascade mountain range in West-
ern Washington State (46.8529° N, 121.7604° W). Subalpine meadows
on the mountain range in elevation from approximately 1450-2100 m,
below which coniferous forests dominate and above which bare ground,
rock, and ice are ubiquitous. With dry summers and wet winters [15],
the onset of spring/summer flowering is largely controlled by winter
snowfall [7]. About two million visitors come to Mount Rainier National
Park annually [16], with the majority of those visitors coming in the
summer. Many summer visitors are likely drawn by the wildflower dis-
plays that typically occur in high mountain meadows between July and
August (Fig. 1).

2.2. MeadoWatch program

MeadoWatch (MW) is a community science program that monitors
subalpine wildflower phenology, run collaboratively by University of
Washington and the National Park Service at Mount Rainier National
Park. Volunteers collect phenological data (flowering - yes / no) for thir-
teen focal species along two trails - the Glacier Basin (GB) trail and the
Reflection Lakes (RL) trail, occurring on the northeast and south sides
of the mountain (respectively). Data collection occurred at 15 (2015-
2016) or 17 (2017-2019) plots on the GB Trail; and 9 (2013-2015) or
11 (2016-2019) plots on the RL trail. Data were collected from 2015 to
2019 on the GB trail, and 2013-2019 on the RL trail. Plots are approx-
imately 1.25 m2. Temperature sensors (HOBO pendant loggers) were
deployed at each plot to estimate snow disappearance dates at each plot
in each year of sampling. The thirteen focal wildflower species moni-
tored by MW volunteers are all herbaceous long-lived perennials and
vary in their flowering phenology and the color and showiness of their
flowers (Appendix A).

Each summer, MW volunteers collected flowering phenology data
over the course of 2.5-3.5 summer months, with ~3-9 volunteers col-
lecting data per week (depending on the trail and year). In total, the
MW data used for analyses contained between 57 and 114 observations
per year-, plot-, and species-combination, with 41,339 total observations
of flowering collected between 2013 and 2019. See our program web-
site (www.meadowatch.org) for more details about the MW program.
Additionally, appendices provide information on the focal wildflower
species monitored (Appendix A), plot locations (Appendix B), how tem-
perature data is used to quantify snow disappearance (Appendix C), how
sampling effort and temporal grain varied each year (Appendix D), and
quality assurance and quality control of community science derived phe-
nology data (Appendix E, [17]).

2.3. Using MeadoWatch data to characterize the wildflower season

We first used MW data to quantify year-, species- and plot-specific
flowering phenology curves [7,17]. We assumed that individual obser-
vations by volunteers, documenting whether or not wildflower species
i was flowering within the j plot and in the k™ year (fijk - recorded
as yes / 1 or no / 0) in which volunteers made observations follow a
Bernoulli distribution with mean gy

Sijie ~ Bernoulli((p,-jk) (1)

The probability of flowering (¢y;) was defined as a unimodal func-
tion of when within the growing season the observation was made (DOY,
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days since January 1) on a logit scale (to assure predictions <1 and >0)
determined by the timing of peak flowering for that species in that plot
and year (py, in days), the species-, plot- and year-specific duration of
flowering in that plot and year (6;;), and the maximum probability of
flowering observed (u, also species-, plot- and year- specific):

logit((pijk) = 5ijk * (DOYk - pijk)z + Mijk 2)

These year-, species- and plot-specific parameters allowed us to un-
derstand the flowering phenology our volunteers observed for each
species within each MW plot in each year. We used maximum likeli-
hood approaches to estimate parameters describing flowering phenol-
ogy for each year-, species- and plot combination (6;’s, p’s, and py’s
from Eq. (2)) from MeadoWatch data. We checked for model conver-
gence and used multiple fitting algorithms (e.g. Nelder-Mead, BFGS) to
increase the likelihood that model fitting achieved global, and not lo-
cal maximum likelihood estimates. We used p;’s to estimate the timing
of the overall peak wildflower season (see Section 2.5) and to validate
phenological models fit at the species level (see Egs. (3 & 4) below).

We conducted additional model fitting, because we felt that parame-
ters from Eq. (2) did not adequately describe the duration of flowering or
richness of wildflowers hikers experience along the entirety of each trail.
For one, the relatively small MW plots do not contain all focal species,
even when those species occur in abundance in meadows nearby (and
are enjoyed by hikers on the trail). Moreover, many of our lower eleva-
tion plots occur in small gaps within forested areas, where meadows and
dense displays of wildflowers do not occur. We therefore fit additional
statistical models to determine the relationship between peak flowering
and snow disappearance for each focal species. These statistical models
allow us to predict when focal species are at peak flower for any range
of snow disappearance dates (e.g. within meadows).

For models relating snow disappearance to peak phenology, we again
assumed the probability of flowering (¢;;) for the ith species in the j
plot and k' year was a unimodal function of when within the growing
season the observation was made (DOY, days since January 1) on a logit
scale (to assure predictions <1 and >0). This time, parameters describing
the duration of flowering (6;) and the maximum probability of flowering
observed (y;, on a logit scale) were fit at the species, rather than species,
plot and year level. We assumed the timing of peak flowering varied by
year, plot and species (4, ., in days):

logit (@) = &; * (DOY, — o)’ + y 3)

In this model, the species-, plot- and year-specific timing of peak
flowering (§;;) is not a fitted parameter, but rather depends on the
year and plot-specific date of snow disappearance (SDDDOYj) via two
species-specific parameters (the intercept «; and the slope f;):

bijk = + ,SDDDOY), )

To test our assumption that the relationship between peak flow-
ering and snow disappearance is linear (with earlier snowmelt corre-
sponding to earlier flowering), as has been found in previous studies in
the same system [7], we compared the slope and intercept parameters
from Eq. (4) (; and ;) to those generated by regressing peak flower-
ing estimates fit separately to species-year-plot specific data (py from
Eq. (2)) to plot-specific date of snow disappearance (SDDDOYj;), and
found strong concurrence Appendix F). We used maximum likelihood
approaches to estimate the four parameters describing flowering phe-
nology (8;, u;, a; and g; in Egs. (3 and 4)) from MeadoWatch data for
each species. We checked for model convergence and used multiple fit-
ting algorithms (e.g. Nelder-Mead, BFGS) to increase the likelihood that
model fitting achieved global, and not local maximum likelihood esti-
mates.

Finally, we used phenological models fit at the species level (Eq. (3
& 4)) to estimate two wildflower metrics that we thought would be rel-
evant to hikers’ wildflower experiences on the day, in the year and on
the trail that they hiked: an estimate of the number of wildflowers they
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encountered in peak flowering (peak flowering richness) and whether
they were hiking during the peak flowering season (defined as 50% of
focal species in peak flower). We did this as follows. We first applied
parameters &;, y;, a; and ; to the earliest and latest observed snow dis-
appearance dates (for that year) in meadows to identify the first and
last day at which the probability of flowering for each focal species was
greater than 50% of the max flowering probability (parameter y;). We
then assumed that anyone hiking between those two dates would have
encountered the focal species in question in peak flowering in mead-
ows. From this information, we could calculate peak flowering richness
in meadows for any day that a hiker hiked, which depended on how
many focal species were encountered at peak flowering on the trail.
We defined the trail and year specific start and end of the wildflower
season as the first and last day in which at least half of our focal wild-
flower species were estimated to be in peak flower. Of course, there
are many other plant species flowering in meadows than just MW fo-
cal species, but we assume that flowering richness of MW species is a
good proxy for total flowering richness. We believe this a reasonable as-
sumption because MW focal species include many of the most abundant
and photographed species at Mount Rainier National Park (per. obs).
Appendix H is flowchart describing how MW data allowed us to address
our objectives.

2.4. Washington trail association trip reports

To understand hikers overall satisfaction with their hikes, and
how this related to specific trail experiences, we examined publicly
available hiking records, crowdsourced from a popular hiking social
network in Washington state (Washington Trail Association, WTA,
https://www.wta.org/). In total, we scored 193 trip reports describing
experiences on the Glacier Basin Trail and 372 trip reports describing
experiences on the Skyline Trail Loop (which overlaps with the MW Re-
flection Lakes hike). Trip reports were collected within the time period
in which MW data were collected (2015-2019 for Glacier Basin: 2013—
2019 for Reflection Lakes / Skyline Loop). Appendix H is flowchart de-
scribing how WTA data was combined with MW data to address our
objectives.

Our goals in scoring trip reports were to understand A) Overall
hiker satisfaction with their hike, and B) Their sentiment about spe-
cific trail experiences they encountered and chose to write about. Thus,
we qualitatively coded the text hikers submitted for their trip report on
seven specific sentiments: wildflowers, bugs (biting insects), weather,
views, wildlife, trail conditions and crowding. Each of these sentiments
were coded by independent, previously trained coders on a five-point
Likert-like scale, from extremely negative, negative, neutral, positive,
extremely positive. We also coded each trip report for a hikers’ over-
all satisfaction with their hike, using the same scale. This is identical
to a sentiment score for the entire hike, although we refer to this sen-
timent score as ‘satisfaction’ to clearly distinguish this measure from
the individual sentiment scores representing individual experiences. See
Appendix G for more details on sentiment and satisfaction scoring. Note
that because trip reports are free-form and hikers could choose what
aspect to write about, a trip report could receive an NA instead of a sen-
timent score if there was no mention of this aspect in the report (e.g. if
the text did not mention biting insects, sentiment for bugs was ‘NA”).

We used the following process to ensure data quality for sentiment
and satisfaction scoring. Each trip report was randomly assigned to 2
reviewers and was independently scored - after which scores were av-
eraged. A third coder provided an additional score for a subset of trip
reports to resolve large discrepancies in the two sentiment scores. For
trip reports with three scores, we dropped the most disparate score or
averaged the three scores (if there was not one most disparate score).
Finally, we conducted an inter-rater reliability (IRR) analysis with the
‘icc’ package to measure reliability in sentiment coding between coders
[18,19]. We excluded two of the seven individual sentiments (crowding
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and wildlife) from further analyses, because their IRR scores were below
0.7 [20,21]. See Appendix G for more details.

2.5. The relationship between snow disappearance, flowering, trip reports,
and NPS visits

We used linear models to explore the relationship between the aver-
age timing of snow disappearance in each year and A) the mean timing
of peak flowering (across all MW species monitored on each trail), B) the
mean date of WTA trip reports (a measure of trail activity), and C) the
mean timing of recreational visits to the entire park (data available via
the NPS). For flowering, we averaged year-, species- and trail-specific
peak flowering estimates for all focal species (i.e. pijk’s from Eq. (2)), to
approximate the timing of the peak wildflower season in each year. For
WTA trip reports, we averaged the day of year of trip reports for each
trail-year combination. The timing of park visitation was estimated from
seven years of recreational visitation data that overlapped with MW and
WTA data, available in the Integrated Resource Management Applica-
tions portal of the National Park Service website [16]. These values were
reported by month, not day, so we averaged monthly values and trans-
formed them into day of year values. We calculated yearly snow disap-
pearance dates by averaging trail and plot-specific snow disappearance
dates (SDDDOY);’s). We related yearly park visitation to yearly snow
disappearance dates along the RL trail, as these observations spanned
the entire time frame over which our study occurred (2013-2019). We
then conducted individual linear regressions relating annual snow dis-
appearance date to the average day of year for each event of interest
(peak flowering, WTA trip report, NPS visitors). We also conducted a
multiple regression with all data, with snow disappearance date, event
type (MW, WTA, NPS) and their interaction as explanatory variables for
the yearly timing of events (day of year of peak flowering, WTA trip
reports, or recreational visits).

2.6. How do individual experiences influence hiking satisfaction?

We wished to relate sentiment scores describing individual experi-
ences (e.g. wildflowers, views, biting insects) to overall hiker satisfac-
tion, but encountered challenges. A high proportion of scores for sen-
timents associated with individual experiences were “NA’s” (between
20% and 83%, depending on the experience), as many hikers did not
mention all specific experiences in their trip reports (either because they
did not experience them or did not feel compelled to describe them). The
abundance of missing values is a common challenge to self-reported or
questionnaire analyses [22]. Additionally, several individual sentiment
score distributions had a very low representation of 1 and 2 scores.
This pattern of a strong ceiling effect is also a common challenge in
Likert-scale like surveys [23]. To accommodate both these challenges,
we transformed individual sentiment scores into categorical variables
with the categories “No mention” (for NAs), “Negative” (sentiment less
than 2.5), “Neutral” (sentiment between 2.5 and 3.5) and “Positive”
(sentiment greater than 3.5). We then conducted several one-way anal-
yses of variance with these individual sentiment scores as categorical
explanatory variables and overall satisfaction with the hike as a contin-
uous response variable.

Since we also wished to understand the relative importance of wild-
flowers vs. other hiking related experiences to overall hiker satisfaction,
we used a Random Forest classifier (RF, [24]) to simultaneously relate
all sentiments associated with individual experiences (e.g. views, wild-
flowers) to our measure of overall trail satisfaction. RF classifiers are a
model-averaging or ensemble-based approach in which multiple classi-
fication tree models are built using random subsets of the data and pre-
dictor variables. RF classifiers use a recursive partitioning algorithm to
repeatedly partition the dataset, according to predictor variables, into a
nested series of mutually exclusive groups, each as homogeneous as pos-
sible with respect to the response variable. It requires fewer parameters
to fit and has been shown to be less biased than other machine learning
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methods [25]. RF models were fit using the ‘randomForest’ package in
R [19,26].

2.7. How is overall hiker satisfaction affected by the wildflower season?

Finally, we asked whether overall satisfaction of hikers differed
based on whether summer hikes occurred during peak flowering or not,
in addition to whether overall satisfaction was related to peak flower-
ing richness on the day of the hike. This allows us to determine whether
hiker satisfaction is related to the peak wildflower season, regardless
of whether wildflower blooms were explicitly commented on in trip re-
ports. We used ordinal regression for this analysis, with overall satisfac-
tion as the response variable. As with individual sentiment scores, lower
overall satisfaction scores were poorly represented (e.g. fewer than 17
out of 508 scores were less than 3 and 212 were greater than 4). An ad-
ditional challenge is that satisfaction scores were not categorical, as they
were averages of multiple scores and we allowed for half-point scores.
We therefore recoded overall satisfaction to have 3 more balanced cat-
egories, as follows: 1 = neutral and negative (3 and under); 2 = positive
(greater than 3 and less than or equal to 4) and 3 = highly positive
(greater than 4). There were only 2 NA’s (trip reports with no text) in
our data set, so we excluded these two data points from further analysis.

We included one of two flowering metrics, richness or peak wild-
flower (y/n), as explanatory variables in these ordinal regression mod-
els. We quantified flowering richness as a continuous variable (the pro-
jected number of MW focal species encountered in peak flowering in
meadows, which ranged from 0 to 12), to test the hypothesis that each
additional species in peak flowering increases hiker satisfaction. The
second flowering metric is the categorical variable “peak flowering sea-
son” (“yes” or “no” - when 50% of MW species are in peak flowering).
This metric would best describe a threshold effect, where hiker satisfac-
tion increases when hiking during the peak wildflower season but does
not continue to linearly increase with each additional wildflower en-
countered in peak flowering. For each flowering metric, we used model
selection to determine what combination of year (categorical), trail (cat-
egorical), and 2-way interactions between the flowering metric, year,
and trail best described variation in overall satisfaction in ordinal re-
gressions. We also used a brant test (package and function brant) to test
the proportional odds assumption in our final model [19,27].

We ran all analyses described in this and previous sections, as well
as in appendices, in R version 4.0.3 [19].

3. Results

3.1. How do peak flowering, WTA posts, and NPS visitation vary in years
that differ in climate?

Consistent with previous work in this system [13], we found that
shifts in peak flowering with earlier snowmelt was greater than shifts
in the timing of social media posts (Fig. 2a vs. 2c; Fig. 2b vs. 2d), and
much greater than those in overall visitation to Mount Rainier National
Park (Fig. 2a & 2b vs. Fig. 2e). Specifically, the coefficient describing
the average date of snowmelt observed on MW trails and the average
date of peak flowering was positive (slope = 0.562, p < 0.001), and
greater than the coefficient describing the relationship between snow
disappearance and the average date WTA trip reports were posted on
the same trail (slope = 0.374, p = 0.012). The coefficient describing the
relationship between snow disappearance and recreational visitors to
all of Mount Rainier National Park, by contrast, was not significantly
different from 0 (slope = 0.039, p = 0.299). We also found that the in-
teraction between snow disappearance and event type (MW, WTA, NPS
visitor) significantly explained variation in the timing of these events
(Table 1).
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Table 2

The relationship between individual trail experiences and hiker satisfaction. Re-
sults from 1-way analysis of variance between individual sentiments and overall
hike satisfaction are shown in the first section of the table (sample size 547 for
all five tests). In the second section of the table, results from Posthoc Tukeys
tests for differences in total satisfaction between sentiment categories (positive,
neutral, negative, NA) of individual trail experiences are shown. The differences
are bolded if p-values from Tukey tests of this difference are less than 0.05.

Total Hike Satisfaction ~f(Individual Trail Experiences)

Bugs Trails Weather  Views Wildflowers
Analysis of Variance
F-statistic 1.849 18.66 22.89 42.82 17.26
P-value 0.137 <0.001 <0.001 <0.001 <0.001
R? (adjusted) 0.005 0.088 0.107 0.187 0.082
Df (sent, residuals) 3, 543 3, 543 3, 543 3, 543 3,543
HSD Tukey Tests
Pos-Neut 0.375 0.273 0.371 0.458 0.336
Pos-Neg 0.310 0.693 0.729 1.027 1.178
Pos-NA 0.312 0.147 0.328 0.532 0.318
Neut-Neg —0.065  0.420 0.358 0.569 0.842
Neut-NA -0.064  —0.126 —0.043 0.074 -0.018
Neg-NA 0.001 —0.546 —0.401 —0.495 —0.860
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Fig. 2. Comparison of the mean yearly timing of peak flowering (a, b), WTA
trip reports (c, d), visitation to Mt. Rainier National Park (e) between 2013 and
2019; and the relationship between snow, flowering, WTA reports and visitation
(f). Peak flowering, trip reports and visitation (in a-e) are shown as proportions
(e.g. proportion of total wildflowers observed at peak flowering, trip reports
posted, and visitors in that year). Points in a-e are color-coded depending based
on the ranked snowmelt year (lighter blue = earlier snowmelt). Best fit lines from
linear models describing the relationship between snow disappearance date and
the average timing of flowers, WTA trip reports, and NPS visitors are shown in
f. A linear model including snow disappearance, event type, and their interac-
tion indicates that the slopes of the three lines in f are significantly different
( = 0.0496).

Table 1

Results of a linear model testing whether the relationship between yearly
snow disappearance date and the timing of peak flowering, WTA trip report
posts, and NPS visitation differs. Snow disappearance date, event type (MW,
WTA, or NPS) and their interaction were included as explanatory variables,
with annual timing (day of year) as the response variable.

Explanatory variable Df Sum Sq Mean Sq F-value P(>F)
Snowmelt date 1 1450.34 1450.34 24.79 <0.0001
Event type 2 1069.21 534.61 9.14 0.0010
Snowmelt*Event type 2 397.29 198.64 3.40 0.0496
Residuals 25  1462.45  58.50

3.2. Which trail experiences contribute to overall hiker satisfaction?

Overall, we found that hiker experiences with biting insects (bugs),
trail conditions, weather, views, and wildflowers correlated with over-
all hiking satisfaction in the expected direction. Specifically, hikers that
described more positive experiences (or, in the case of biting insects,
a lack of negative experiences) with each of these trail features ex-
pressed greater overall satisfaction with their hike (Fig. 3a-e), although
the effects of bug sentiment on overall satisfaction were not significant
(Table 2). Posthoc Tukeys tests indicated that hikers describing neg-
ative, neutral, and positive sentiments for crowding, trail conditions,
wildflowers, or views predictably differed in their overall satisfaction

with their hiking experience (pos>neut, neut>neg, pos>neg — Table 2).
Tukeys tests also indicated that those not writing about individual ex-
periences (i.e. the ‘NA’ category) expressed similar overall satisfaction
as those describing neutral experiences, and generally differed signifi-
cantly from those expressing positive and negative sentiments (Table 2).
Note that the proportion of hikers writing about these different experi-
ences varied greatly, from less than 20% commenting on biting insects
and greater than 80% commenting on views - which likely contributed
to the power of these tests (Fig. 3). Overall, the proportion of variance
explained by linear models including single explanatory variables was
relatively low (ranging between 8.2% for wildflowers to 18.7% for views
— Table 2).

Random Forest regression models, which included all individual sen-
timents as explanatory variables, provided results that were largely con-
sistent with results from one-way analysis of variance results (Fig. 3f).
Views provided the greatest ability to distinguish sentiment scores
(32.8% importance), followed roughly equally by wildflowers (24.0%),
trail conditions (23.6%) and weather conditions (23.5%), and finally by
biting insects (i.e. bugs - 6.3%). Overall, we found that the individual
sentiments together explained 31.24% of the variance in total hiker sat-
isfaction, implying that multiple individual trail experiences contribute
to the overall experience of hikers on hiking trails.

3.3. Is overall hiker satisfaction with a trip influenced by the peak
wildflower season?

We found that overall hiker satisfaction differed depending on the
nature of peak flowering encountered during the hike. Models including
trail and one of the two flowering metrics (richness - continuous; or peak
- categorical) had the lowest AIC values (Table 3). AIC values did not
distinguish between equivalent models including the two different flow-
ering metrics, with nearly identical AIC values for best fitting models
including trail and richness vs. trail and flowering season (Table 3). Co-
efficients and odds ratios suggest that flowering richness and / or peak
flowering increased hiker satisfaction, with higher satisfaction overall
on the RL than GB trail (Table 4, Fig 4).

4. Discussion

Overall, we show that the peak of visitor (human) activity in Mount
Rainier National Park is likely to become increasingly mismatched with
the peak wildflower season as temperatures warm, causing a lower pro-
portion of park visitors to experience this seasonal phenomenon (Fig. 2,
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Fig. 3. The effect of individual trail experiences on the overall satisfaction expressed by hikers in trip reports. In a-e, white bars represent trip reports that did not
contain text describing the experience in question, red bars represent text with negative sentiment, gray with neutral sentiment, and blue with positive sentiment.
Numbers above each bar in a-e represent the number of trip reports falling into each category for the sentiment in question. P-values reported on the bottom right
of panels a-e are from a one-way analysis of variance. In f, importance values (the increase in mean squared error) from a random forest model relating overall
hiker satisfaction to individual trail experience sentiments is shown. Higher values indicate the individual sentiment was more likely to be retained in decision trees,
indicating a greater effect on overall trail satisfaction.

b)

a)
Glacier Basin Reflection Lakes

N I N
() [)
5 1 — 5
O 4 4 L — | — Q 4 A
— —
: | | :
£ 37 £ 37
= =
)] )
0 2 - n 2 -

1 1 1 1

Glacier Basin

Reflection Lakes

T
0

T T T
1-4 5-8 9+

T T T
0 1-4 5-8 9+

Flowering Richness

T T
No flowers Peak

flowering

T T
No flowers Peak
flowering

Fig. 4. The relationship between the richness (a) or the peak wildflower season (b) experienced by hikers on two trails (Glacier Basin and Reflection Lakes / Skyline
Loop) and their overall satisfaction. Fig. 4a shows how satisfaction changes in binned categories of species richness (note that in the analysis, richness was treated
as continuous, not as binned); while Fig. 4b shows how satisfaction varies between trips taken during peak wildflower season (Peak) and outside of peak wildflower

season (No flowers).



J. Hille Ris Lambers, A.F. Cannistra, A. John et al.

Table 3

Delta AICs from model selection of two sets of ordinal regression models re-
lating hiker satisfaction to year, trail and the richness of wildflowers in peak
flowering (column 2) or the presence of the wildflower season (column 3) en-
countered on the trail. AICs of lowest AIC models for each metric are included
in parentheses.

Model parameters  FI = Flowering richness  Fl = Flowering peak (y / n)

Null 10.10 9.99
Year 8.41 8.31
Trail 2.78 2.68
Fl 7.15 6.17
Year + Trail 2.93 2.83
Year + Fl 5.99 5.24
Trail + Fl 0.00 (965.42) 0.00 (965.52)
Year*Trail 6.40 6.30
Year*Fl 9.94 10.12
Trail*F1 1.98 2.00
Table 4

Coefficients, p-values (from t-tests), Odds ratios (and 95% confidence intervals)
from ordinal regression models relating flowering metrics (richness and yes /
no peak flowering) to the overall satisfaction of hikers on each trail. All statis-
tical tests are based on 506 observations of hikers overall satisfaction on trails
(on hikes taken between April 15 and October 15).

Model

Parameter Value (std.err) p-value 0dds (2.5%-97.5%)

Satisfaction~f(rich, trail)

richness 0.050 (0.023) 0.029 1.051 (1.005, 1.010)
trail (RL) 0.537 (0.178) 0.003

1|2 (intercept) —1.54 (0.207) <0.001 1.710 (1.208, 2.432)
2|3 (intercept) 0.941 (0.192) <0.001

Satisfaction~(peak, trail)

peak 0.376 (0.174) 0.031 1.457 (1.036, 2.051)

trail (RL) 0.510 (0.179) 0.004
1|2 (intercept) -1.660 (0.184)  <0.001  1.665 (1.173, 2.368)
2|3 (intercept) 0.820 (0.163) <0.001

[13,28]). Because our analysis suggests that a positive experience with
wildflowers affects hikers’ overall enthusiasm for their hiking experi-
ence (Fig. 3,4), it is possible that this social-ecological mismatch could
decrease the satisfaction of visitors to this National Park. However, re-
sults also show that hikers are positively affected by less seasonal trail
experiences, including views, well maintained trails, and good weather
(Fig. 3). Moreover, the majority of hikers felt positively about their hik-
ing experience [29], although those who felt less positively about their
hiking experiences may have been less likely to post about their expe-
riences [30]. In all, we believe that the likely loss in visitor satisfaction
due to a social-ecological mismatch with peak wildflowers can be mit-
igated through management of access and communication with future
visitors. We discuss these findings in more detail below.

4.1. An increasing mismatch between wildflowers and visitation with
climate change

Our results suggest that future visitors to Mount Rainier National
Park are less likely to experience the peak wildflower season in moun-
tain meadows for which the park is renowned (Fig. 1). This is because
wildflower phenology appears much more sensitive to shifts in snowmelt
than recreational visitation (Fig. 2a & b vs. 2e & f, but see [31]). In all,
this suggests an increasing social-ecological mismatch between peak vis-
itation and the timing of the peak wildflower season [13]. It is possible
that visitor behavior could offset this mismatch, if hikers choose which
trails to visit based on knowledge of current flowering. Indeed, our re-
sults suggest that WTA hikers who visit our two focal trails (a small
subset of total visitors to the park) shift their hiking activity in years
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with earlier snowmelt (Fig. 2c, d). Additionally, Mount Rainier National
Park could provide earlier seasonal access to high mountain meadows,
as current access is limited by road maintenance and campsite opening
dates, which are less variable timing-wise as compared to snowmelt and
wildflower phenology [13]. However, given the accelerated pace of cli-
mate change forecasted for the region, we believe the wildflower season
at Mount Rainier National Park will eventually shift to before the sum-
mer vacation, which would greatly limit behavioral changes by visitors,
even if changes to park management would allow visitors to shift their
visits earlier.

The extent to which the biological impacts of climate change will
result in an increasing social-ecological mismatch between visitors and
ecological phenomena of interest in other natural areas, as we believe
it will in Mount Rainier National Park, will depend on several factors.
Most obviously, a social-ecological mismatch won’t occur in natural
areas where visitors are primarily drawn by non-seasonal phenomena
(e.g., volcanic activity in Yellowstone National Park). This is not to say
that there won’t be effects of climate change on visitor experiences in
these natural areas, just that these impacts will not be related to the al-
tered timing of biological phenomena. For example, range contractions
and local extinctions may threaten the iconic Joshua Trees in Joshua
Tree National Park within the next century [32], providing future vis-
itors with fewer opportunities to see this charismatic species. It is also
possible that some natural areas primarily draw visitors who can more
easily respond to shifts in seasonally attractive phenomena, as might be
the case when visitors are local or primarily from an older demographic
without school-aged children and are thus less tied to an academic cal-
endar. Finally, there are some cases where climate change could increase
the likelihood that visitors experience a seasonal phenomenon of inter-
est, as might occur in two Japanese cities, where climate change could
shift cherry flowering to more often coincide with flower festivals that
occur at a fixed time [33].

4.2. Hikers enjoy wildflowers, but not only wildflowers

Of course, whether or not a social-ecological mismatch between
flowering and peak visitation in Mount Rainier National Park results in
declining visitor enjoyment with climate change depends on how much
wildflowers contribute to that enjoyment in the first place. Hikers with
a higher wildflower sentiment (i.e., wrote more enthusiastically about
wildflowers in their trip report) also expressed a higher overall satis-
faction with their hike (Fig. 3), implying that wildflowers do increase
visitor satisfaction, as we expected. Of course, as a majority of hikers did
not explicitly mention wildflowers in their trip report (58%), it is possi-
ble that these results are primarily driven by the subset of hikers seek-
ing out wildflowers and expressing their excitement or disappointment
depending on their experience. We do not believe this is the sole expla-
nation for these results, as hikers visiting during the peak wildflower
season and experiencing a greater richness of wildflowers on their hike
also reported a higher overall satisfaction with their hike, regardless of
whether they described wildflowers in their trip report (Fig. 4).

However, our results also suggest that although wildflowers increase
hiker satisfaction, the effects are probably not large enough to sub-
stantially shift visitor satisfaction in a future, warmer Mount Rainier
National Park where visitors are less likely to experience wildflowers
(Fig. 2). For one, given that a large fraction of visitors to Mount Rainier
National Park already do not experience peak flowering, a further de-
cline in this number may only have marginal effects on the average sat-
isfaction across all visitors. Moreover, while significant, wildflower met-
rics had relatively small effects on overall satisfaction (Table 4, Fig. 4),
which was generally high to start with [29]. Finally, non-seasonal trail
experiences that are less likely to be influenced by climate change also
influenced overall hiker satisfaction, and in some cases, the effects of
these experiences on overall trail satisfaction were equal to if not greater
than the effects of wildflowers (e.g. views, weather, trail conditions -
Fig. 3). This likely explains why hikers largely expressed positive satis-
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faction with their hikes on our two focal trails, regardless of their stated
or likely experience with wildflowers in peak bloom (Fig. 3, 4).

4.3. Altered visitor experiences under future climate change

Clearly, climate change will bring changes to the biological features
visitors come to visit in natural areas [34], and these effects could have
negative impacts on their experiences. For example, as the peak wild-
flower season at Mount Rainier National Park shifts earlier, visitors that
cannot also shift their visitation may be disappointed at missing this
iconic feature. Fortunately, there are ways to help visitors manage their
expectations. One option is to ensure visitors are also aware of non-
seasonal features of recreational interest (e.g. views) that could help
maintain their satisfaction even as seasonal features of interest might
shift in a way that makes them inaccessible to many (as the peak wild-
flower season at Mount Rainier National Park might). Another option
is to create alternative experiences that do not require in-person visits,
for example, virtual tours of mountain meadows during peak flowering.
Finally, relieving seasonal constraints on visitor access could allow vis-
itors to better match their activities to phenological features of interest
[14,28,34]. For example, access to high mountain meadows at Mount
Rainier National Park is often constrained by road clearing and camp-
ground opening schedules in the early part of the summer that could be
eased to allow for earlier visitation that matches the peak wildflower
season [13]. However, this latter strategy requires that visitors have up-
to-date information on the timing of the seasonal features of interest as
they shift in response to climate change, so visitors can better time their
visits. In all, we believe that partnerships between managers of natu-
ral areas, interpretive staff (who communicate regularly with visitors)
and scientists who study seasonal phenomena of recreational interest
are best equipped to prepare visitors for altered experiences under a
changing climate.

4.4. Caveats and limitations of these analyses

Our conclusions about visitor satisfaction rely on our assumption
that trip reports posted to the Washington Trail Association are repre-
sentative of the broader visitor experience, but there are several aspects
we should be aware of when interpreting our results. For one, WTA trip
report posters are unlikely to be representative of all visitors to Mount
Rainier National Park. For example, the regional focus of the Washing-
ton Trail Association means that WTA trip reporters likely represent hik-
ers from Washington state rather than out of town visitors to Mount
Rainier National Park. It is also likely that WTA trip reporters represent
a small but enthusiastic subset of all Washington State residents who
are users of this platform, as is generally the case for social media posts
[30]. Finally, WTA account holders may be more or less likely to post
a trip report depending on the very trail-wide experiences whose sen-
timents we explored, potentially biasing trip report sentiments of these
features. Whether or not any of these factors strongly influence our es-
timates of the timing of hiker visits to focal trails (e.g. Fig. 2¢, d) or
the sentiment expressed by these hikers about these experiences (e.g.
Fig. 3, 4) is still unknown. We hope that the large number of WTA trip
reports we analyzed will aid in producing more general results, but these
biases are currently impossible to quantify without a long-term in-situ
assessment of visitor sentiments and their overall satisfaction with their
hike.
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4.5. Conclusions

There is no doubt that the effects of climate change on natural fea-
tures of interest will also alter the experience of visitors to National
and Regional State Parks, and other natural areas drawing recreational
visits [34]. Given the large and complex challenges faced by resource
managers, interpretive staff, and scientists in natural areas experienc-
ing a warming climate [34,35], prioritizing strategies to allow visitors
to adapt to climate-change induced shifts in the timing of key biolog-
ical features of interest (e.g. peak flowering) may not seem like a top
priority. However, developing strategies to address a potential future
mismatch between visitors and a seasonal feature of interest may offer
additional benefits. For example, providing visitors with information on
how seasonal phenomena of recreational interest have shifted over time
would complement existing efforts within natural areas to highlight cli-
mate change impacts on the abundance of threatened plants and ani-
mals, while potentially increasing public support for action [36,37]. In-
terpretive materials that focus on shifts in phenological features of inter-
est (e.g. wildflowers), rather than the outright disappearance of natural
features (e.g. glaciers - [38]) may also minimize the ecological grief as-
sociated with climate change related loss [39] while helping the public
understand the nuanced and complex effects of climate change. Devel-
oping virtual tours of high mountain meadows during peak flowering,
while not a substitute for an in-person hiking experience, could allow
those who are unlikely to ever visit National Parks to also experience
this iconic feature [40]. In all, we believe combining an ecological and
sociological understanding of how climate change will alter seasonal
features of recreational interest can contribute to efforts to help visitors
to natural areas understand and adapt to these changes.
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Table Al
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Thirteen focal species monitored by MeadoWatch volunteers. Four additional MW species were not included in this study because they are not

abundant in mountain meadows.

Species (code)

Flower Color

Flowering lag after snow*

Trail(s) monitored

Total year / plot locations

Anemone occidentalis (ANOC) White 11
Arnica latifolia (ARLA) Yellow 66
Aster ledophyllus (ASLE) Pink 69
Castilleja miniata (CAMI) Orange / red 66
Castilleja parviflora (CAPA) Pink / Magenta 35
Erigeron peregrinus (ERPE) Pink 39
Erythronium grandiflorum (ERGR) Yellow 12
Erythronium montanum (ERMO) White with yellow center 14
Ligusticum grayii (LIGR) White 41
Lupinus arcticus (LUAR) Purple 45
Pedicularis bracteosa (PEBR) Yellow / green 36
Polygonum bistortoides (POBI) White 41
Valeriana sitchensis s(VASI) White 38

Reflection Lakes 25
Glacier Basin 23
Glacier Basin 29
Glacier Basin 20
Reflection Lakes 49
Reflection Lakes 19
Glacier Basin 10
Reflection Lakes 37
Reflection Lakes 35
Glacier Basin, Reflection Lakes 111
Glacier Basin, Reflection Lakes 43
Glacier Basin, Reflection Lakes 58
Glacier Basin, Reflection Lakes 76

* Average days between snowmelt and peak flowering. On average, snowmelt occurs in early June on the Glacier Basin trail and early July on

the Reflection Lakes trail.

Appendix B. MeadoWatch plot locations

Trail Plot name(s) Years monitored Type Latitude Longitude Elevation
RL RL1 2013-2016 Forest 46.77058 -121.723 1490
RL RL1 2017-present Forest 46.77058 -121.72337 1496
RL RL2 2013-present Forest 46.77334 -121.72337 1540
RL RL3, RL3a 2013-2016 Forest 46.7748 -121.7198 1600
RL RL3 2017-present Forest 46.7748 -121.7198 1605
RL RL4, RL3b, RL4 2013, 2016-present Forest 46.77567 -121.72017 1615
RL RL4 2014-present Forest 46.77567 -121.72017 1650
RL RL5, RL5a, RL6 2013-present Meadow (low) 46.7817 -121.71968 1680
RL RL5b, RL7 2016-present Meadow (low) 46.78403 -121.72019 1711
RL RL6 2013-2016 Meadow (low) 46.78736 -121.71936 1745
RL RL7, RL9 2013-present Meadow (low) 46.7919 -121.71693 1805
RL RL8 2017-present Meadow (low) 46.78736 -121.71936 1745
RL RLS, RL10 2013-present Meadow (high) 46.79403 -121.71604 1840
RL RL9, R11 2013-present Meadow (high) 46.79654 -121.71194 1889
GB GB1 2015-2016 Forest 46.90013 —-121.665671 1460
GB GB1 2017-present Forest 46.90013 —-121.665671 1483
GB GB2 2015-present Forest 46.89985 -121.667978 1469
GB GB3 2015-present Forest 46.89945 -121.671581 1500
GB GB4 2015-2016 Forest 46.89918 -121.672367 1512
GB GB5, GB4 2015-present Forest 46.89704 —121.678036 1547
GB GB6, GBS 2015-present Forest 46.89661 —-121.681483 1613
GB GB6 2017-present Forest 46.89661 —121.681483 1582
GB GB7 2015-present Forest 46.89693 —-121.683676 1600
GB GB8 2015-present Forest 46.89612 —121.687292 1647
GB GB9 2015-present Forest 46.89422 —-121.692884 1713
GB GB10 2015-present Meadow (low) 46.89297 —-121.696405 1748
GB GB11 2015-present Meadow (low) 46.89089 —-121.698386 1766
GB GB12 2015-present Meadow (low) 46.89052 —121.698728 1776
GB GB13 2015-present Meadow (low) 46.89004 —-121.699324 1775
GB GB14 2015-present Meadow (low) 46.88932 —-121.700194 1804
GB GB15, GB17 2015-present Meadow (high) 46.8885 —-121.704328 1831
GB GB15 2017-present Meadow (high) 46.8885 —121.704328 1823
GB GB16 2017-present Meadow (high) 46.88932 —-121.700194 1810

Appendix C. Estimating snow disappearance from temperature
loggers

To quantify snow duration, we buried temperature sensors (Hobo
pendant loggers) just beneath the soil surface in each plot and year to
record temperature from late summer until early summer the follow-
ing year. Loggers were set to record temperature every 2 or 3 h. When
plots are covered in snow, temperature sensors measure temperatures
close to 0 °C without diurnal variation (Raleigh et al. Ford et al.). Thus,
these temperature records can be used to identify the date when snow
first covers the ground as well as the date when snow disappears. Tem-
perature data was missing in some plots due to sensor failure and / or
lost sensors (approximately 20% of the data). However, we replaced
these missing values with estimates from models fit to snowmelt disap-

pearance dates from MeadoWatch and three other datasets collected in
the same years in nearby locations (890 total observations). Models in-
cluded a year and location specific coefficient. This was possible because
spatial and annual differences in snow duration were highly consistent
between plots and trails. Model predictions vs. observed values of snow
disappearance dates were high with an R?> = 0.931 (Fig. C1), similar to
models fit for previous studies (Kroiss et al.).

References cited in Appendix C

KR Ford, AK Ettinger, JD Lundquist, MS Raleigh, J HilleRisLam-
bers.,Spatial heterogeneity in ecologically important climate variables
at coarse and fine spatial scales, Plos One. 8 (6) (2013) e65008.

S.J. Kroiss, J. HilleRisLambers, The importance of recruitment and
microsite limitation for conifer regeneration in a warming world, Ecol-
ogy. 96 (5) (2015) 1286-1297.
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Fig. C1. Relationship between predicted snow disappearance date (in days after
January 1) and observed snow disappearance date, from 890 observations of
snow disappearance measured between 2013 and 2020.

M.S. Raleigh, C.C. Landry, M. Hayashi, W.L. Quinton, J.D. Lundquist,
Approximating snow surface temperature from standard temperature

and humidity data: New possibilities for snow model and remote sensing
evaluation, Water Resources Research 49 (2013) 8053-8069.

Appendix D. Sampling Effort

Table D1 and Fig. D1, Fig. D2

Glacier Basin

Table D1

Climate Change Ecology 2 (2021) 100008

Sampling effort on both trails - specifically, the number of total hikes
volunteers conducted each year on each trail (corresponding to the num-
ber of observations per species in each plot in which it occurred in that
year); the average number of observations per week, and the time span
over which observations occurred (DOY latest — DOY earliest hike).

Metric (in days)

Glacier Basin Trail Reflection Lakes Trail

Years sampled
Sampling effort (total)
2013

2014

2015

2016

2017

2018

2019

Observations per week (avg)
2013

2014

2015

2016

2017

2018

2019

Sampling range (last-first)
2013
2014
2015
2016
2017
2018
2019

2015-present 2013-present
NA 93
NA 114
57 101
73 82
87 105
70 20
81 99
NA 8.27
NA 8.58
3.14 5.72
4.14 5.46
6.55 7.12
4.84 7.31
5.95 7.43
NA 77
NA 90
124 121
121 103
91 101
99 84
93 91
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Fig. D1. Distribution of sampling effort each
year of sampling in the Glacier Basin Trail. The
start of each sampling season was determined
by trail access after snow disappearance.
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Reflection Lakes
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Fig. D2. Distribution of sampling effort each
year of sampling on the Reflection Lakes trail.

The start of each sampling season was deter-

mined by trail access after snow disappearance.
0 RITHARTRRLIADE R 0 00 P
2018 &3 IR0 BRI TP @ Ve
2017 o
2016
2015 o
2014
2013
May Jun Jul Aug Sept Oct
observation date

Appendix E. QA / QC of MeadoWatch data

ANoC | R o@0 |© © o o O 5331

One question frequently asked about data collected by community

scientists, who generally do not have the same level of scientific train- ARLA @D (@) @) 0/568
ing as professional scientists, is whether the quality of the data is suffi-
cient for scientific insight. High quality data depends greatly on program ASLE m o) d&o @) 2/625
structure. In the case of MeadoWatch, we ensured high data quality in CAMI m ® D 2/549
several ways. First, we required all volunteers to attend a three-hour
training session, in which volunteers were trained in sampling meth- CAPA Wb 0le)O) 8/1445
ods and species identification. Returning volunteers were strongly en-

ERGR 2/124
couraged to attend training sessions each year, or view materials and m © o ©
orientation videos posted online. Second, we provided volunteers with ERMO m @) ® o (@) 4/311
a pamphlet including information on plot locations (including latitude
/ longitude, descriptions of sampling sites, and pictures of landmarks) ERPE m cop 1/923
and species / phenophase identification (including text and pictures). LIGR m © 0@ o 1/694
Third, our MeadoWatch volunteer coordinator and / or members of the
HilleRisLambers lab (including the PI, graduate students, and trained in- LUAR m 20 o0 o 8/2544
terns) collected flowering phenology data from 2013 to 2018 (6 of the
7 years) approximately once weekly so we could compare phenological PRER m @ o © Q o 40
parameters derived from volunteer data to those derived from data col- POBI m D O 3/1654
lected by trained scientists. Finally, we identified likely false positives
(likely due to misidentifications) by examining the pairwise distances VASI m @) :CQ oO 6/1802
(in days) between all observations of flowering in a year (yes — flow-
ering). We assumed that any observation of flowering 3 or more weeks (.') 1'0 2'0 3'0 4'0 5'0 6'0

away from the nearest flowering observation of that species in that same
plot and year reflects an identification mistake and excluded these ob-
servations from model fitting (Fig. E1). A comparison of species-specific
estimates of peak flowering at each MeadoWatch plot location for which
both volunteer and ‘expert’ data exists suggests that MeadoWatch vol-
unteers provide data that is consistent with that collected by trained
scientists (Fig. E2).

11

Time between yes observations

Fig. E1. The distribution of the pairwise distance (in days) between all yes
observations of flowering for each of the fourteen focal species (one per row).
Observations are jittered. The vertical line represents the threshold for inclusion
- any flowering observation of yes that was more than 21 days (3 weeks) sep-
arated from the nearest yes observation was assumed to be an error. Numbers
on the right-hand side of the graph indicate the number of such outlier observa-
tions (number on the left) discarded out of all ‘yes’ observations for each species
(number after the / on the right).
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cor=0.958
p<0.001
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Fig. E2. The relationship between peak flowering (in days since January 1 of
the year in question) as estimated per year, plot and species collected by ‘trained’
scientists (graduate students, postdocs, the PI, and trained interns) on the x-axis
as compared to estimates of peak flowering from data collected by volunteers
(y-axis).

Appendix F. Wildflower phenology models

We relied on our previous work (Theobald et al. 2017, Sethi et al.
2019) to develop models relating phenology to snow disappearance
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(Fig. G1), but simplified functions describing these relationships. For
example, we know that climate variables besides snow disappearance
(e.g. warmth, soil moisture) can influence the timing of peak flowering
for wildflower species occurring within Mount Rainier National Park.
Additionally, previous work indicates that climate not only influences
the timing of peak flowering (pijk) but can also influence the duration of
flowering and max flowering (., p,)- Unfortunately, location-specific
information on climatic parameters besides snow disappearance do not
exist for MeadoWatch plots, and preliminary model fitting suggests al-
lowing duration and max parameters to vary with snow disappearance
rendered maximum likelihood models unstable during model fitting.
However, we believe the simpler phenological models we fit (Egs. (3)
& 4 in the main text) are still reasonable for our purposes, for two rea-
sons. First, our previous work demonstrates that snow disappearance
has its largest and most consistent effects on wildflower species through
its impacts on peak flowering (Theobald et al.), while effects on duration
and maximum flowering parameters are smaller and less consistent. Sec-
ond, snow disappearance has much larger and more consistent effects
on flowering phenology than do other microclimate variables (Theobald
et al.). Since our estimates of the timing and richness of the wildflower
season largely rely on estimates of the date of peak flowering, we there-
fore feel comfortable with the simplified models we fit.
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M.L. Sethi, E.J. Theobald, I. Breckheimer, J. HilleRisLambers, Early
snowmelt and warmer, drier summers shrink postflowering transi-
tion times in subalpine wildflowers, Ecology. 101 (2020) e03171.
https://doi.org/10.1002/ecy.3171.

E.J. Theobald, I. Breckheimer, J. HilleRisLambers, Climate drives
phenological reassembly of a mountain wildflower meadow community,
Ecology. 98 (2017) 2799-2812. https://doi.org/10.1002/ecy.1996.

Fig. F1


https://doi.org/10.1002/ecy.3171
https://doi.org/10.1002/ecy.1996

J. Hille Ris Lambers, A.F. Cannistra, A. John et al. Climate Change Ecology 2 (2021) 100008

g
o o~ o
& d
8 o o
o« oL [T
33 g° &x
E."] . 5"
R ® @ o
e~ £R &R
o
= o
g (e 10 ° 3 o)
150 160 170 180 190 200 120 140 160 180 130 150 170
SDDDOY SDDDOY SDDDOY
CAMI CAPA ERMO
o
2 &
8 (3]
_— o .8
9] [T o
2 3N 2
o o o3
= o = =2
x>0 x X
3 58 33
o o« s
o o
o IS R
120 140 160 180 140 160 180 200 140 160 180 200
SDDDOY SDDDOY SDDDOY
o ¢
0 o (o]
< o o E % =] o0
o o (o] [
o [y [} 9] 8°
3e 3o d 3 L]
= =5 =g
x ~ x2
[ [%] o N
D o} o)
a8 ag o o
8
810 e (e}
140 160 180 200 140 160 180 200
SDDDOY SDDDOY
PEBR POBI
o g
N
o
3 g *
5 5 °od 5o
28 2 =9
o« ] o o
= =g =
ﬁg o« ©
RS o} Jog=y
a o [
g glg” o0
=18 5
120 140 160 180 200 120 140 160 180 200 140 160 180 200
SDDDOY SDDDOY SDDDOY
o
&
o}
2o
ox
| —
I
LE
R

120 140 160 180 200
SDDDOY

Fig. F1. The relationship between snow disappearance date (in days since January 1) and peak flowering as estimated from phenological curves fit to individual
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Appendix G. WTA trip report protocol

We used trip reports posted online on the Washington Trails Associa-
tion (http://www.wta.org) to explore hiker experiences and sentiments
along two hikes: Glacier Basin (GB) and Skyline Loop (SL — which over-
laps with our Reflection Lakes MeadoWatch trail). MeadoWatch volun-
teers have collected in-situ flowering presence and timing data along all
or parts of these trails for seven years.

Categorical information

For each trip report, we collected information that would allow us to
identify when the hiker in question hiked the trail and some categorical
(non-text) aspects of the hikers’ experience:

e reviewer.uw: trip report reviewer’s name

¢ hike: either ‘glacier basin’ or ‘skyline loop’.

e year: numeric, YYYY, year the hike was completed.

e month: character, month name, month the hike was completed.

e day: numeric, DD, day of the month the hike was completed.

e author: character, name of the author of the report (this was not used

for analysis, but used together with year / month / day to identify

unique reports).

flowerbadge: ‘yes’ / ‘no’. When posting a trip report, hikers can select

a flower badge to indicate ‘wildflowers blooming’. These data were

not used for analysis.

e bugs.summary: When posting a trip report, hikers can select among 4
options to indicate their experience with bugs: ‘No Bugs’, ‘Bugs were
not too bad’, ‘Bugs were an annoyance’, and ‘Bugs were terrible’.
This was coded as an NA if none of these four options were included.
These data were not used for analysis.

e snow.summary: When posting a trip report, hikers can select among
5 options to indicate their experience with snow on the trail: ‘Snow
free’, ‘Intermittent snow — not hard to cross’, ‘Trail snow-covered
at times — gear and expertise recommended’, ‘Snowfields to cross —
could be difficult’ and ‘Avalanche danger’. This was coded as an NA
if none of these five options were selected. These data were not used
for analysis.

In addition to the information above, we also noted whether hikers
visited additional trails on their hike (both hikes have the possibility of
linking up to additional trails for much longer hikes), whether hikers
posted pictures (and how many pictures), whether those pictures in-
cluded flowers, and (for a subset of pictures) what species of wildflower
was pictured. These variables were not included in analyses.

Sentiments

Report reviewers also read and examined the text associated with
the trip report to code, on a numeric scale, the ‘sentiment’ associated
with different experiences hikers might have encountered on the trail.
Prior to collecting sentiment data, report reviewers discussed which in-
dividual experience categories to include in sentiment coding. Eventual
categories (e.g. bugs, wildflowers, etc.) chosen was based on a com-
bination of own personal experience on the trails, and what was most
frequently mentioned in an initial scan of a subset of trip reports. Report
reviewers also discussed how to score sentiments (after each reading a
handful of trip reports) prior to sentiment scoring. Additionally, exam-
ples of phrases that would be coded in the different categories were dis-
cussed and included in the protocol (see below). Final sentiments scored
included: bugs, wildlife, crowding, trail conditions, weather, view, and
an overall hike experience (name satisfaction in the main text). If the
trip reporter in question did not describe the experience in question, the
sentiment was coded as an “NA” (i.e. experience not mentioned).

Sentiments were coded on a 5-point likert scale, including 1 (strongly
negative), 2 (negative), 3 (neutral - neither positive or negative), 4 (pos-
itive) and 5 (strongly positive). Half point scales (e.g. 3.5) were allowed.
Eight reviewers were involved in trip report assessments, with each trip
report receiving at least 2 assessments from different reviewers. An ad-
ditional third assessment was provided for a subset of trip reports (from
a different reviewer than the first two reviewers).
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Example phrases for sentiment scoring
bugs.sentiment

Example: “The bugs were very annoying” (strongly negative) or “No
bugs, it was awesome!” (strongly positive) or “No bugs.” (neutral)

wildlife.sentiment

Example: “We were disappointed by the lack of wildlife!” (strongly
negative). “Wildlife was fantastically plentiful” (strongly positive).
“There were squirrels near the trail” (neutral).

crowding.sentiment

Example: “The trail was so crowded; I won’t be returning here.”
(strongly negative). “The trail had no other people on it, it really
improved the day!” (strongly positive), “Saw a few people” (neu-
tral).

trail. condition. sentiment

Example: “Trail was very hard to follow and in terrible condition”
(strongly negative). “The trail was very well maintained, a pleasure!”
(strongly positive). “The trail was easy to follow in some places but
not others” (neutral).

view.sentiment: We include in ‘view’ all the visual non-flower ele-
ments of the trail. Therefore, descriptions of mountain view, glacier
sighting, rivers, fall leaf colors, etc. were included in this category.

O Example: “The vista at the end of the trail was stunning and totally
worth it!” (strongly positive) “Way too long of a hike for a pretty
boring view!” (strongly negative). “OK views” (neutral).

weather.sentiment

O Example: “The rain really put a damper on our day” (strongly neg-
ative). “The blue sky and sunshine were wonderful!” (strongly posi-
tive). “It was partially cloudy” (neutral)
wildflower.sentiment

O Example: “There were very few wildflowers blooming this year,

such a disappointment” (strongly negative). “Amazing flowers in full
bloom” (strongly positive). “There were some flowers along the trail”
(neutral)

Overall.report.sentiment: Note this was scored based on text that in-
dependently described the experience of hikers on trail, and was not
related to text describing the individual experiences (e.g. bugs, wild-
flowers).

O Example: “What a perfect day we had!” (strongly positive). “Waste
of time, would not recommend” (strongly negative). “Alright hike”
(neutral).

Table G1: Interrater Reliability (IRR)

Cohen’s Kappa (IRR) describing interrater reliability between coders
for all sentiment scores, calculated using the ‘icc’ function in the irr pack-
age in R (R Core Team, 2018). Scores above 0.7 indicate high agreement;
those < 0.7 were excluded from analysis (wildlife, crowding).

Sentiment IRR

bugs 0.768
wildlife 0.611
crowding 0.661
trail 0.786
weather 0.814
view 0.734
wildflowers 0.727
overall 0.775
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Appendix H. Methods flowchart illustrating how MW and WTA

data are combined to address our objectives. Illustration by Elia
Pirtle
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