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Abstract: The conservation status of monarch butterflies in North America is a topic of intense
scrutiny and debate. It is clear that winter colonies in Mexico are declining, yet some recent studies
suggest that summer breeding populations are relatively stable and similar to historical abundances.
One possible explanation for these discordant patterns is that fall migration success has been
recently disrupted. Here, we use a relatively unexplored citizen-scientist dataset on the size of
monarch “roosts,” which are resting aggregations on vegetation, to infer changes in monarch
abundance along the fall migration route over the last 17 years. We found that the timing of
migration remained relatively unchanged while the flyway has generally become warmer and
greener. Warmer and greener conditions were associated with larger roosts, yet we found steady,
dramatic declines in roost sizes through time that were independent of climate and landscape
factors. Roost sizes have declined as much as 80%, with losses increasing from north to south along
the migration route. These findings suggest that failure during the fall migration could explain the
apparent drop in monarch numbers from summer breeding to overwintering populations. This in
turn suggests that conservation efforts that support fall migration success are most needed, such as
limiting the planting of non-native milkweeds that enhance parasite loads and perhaps dampen
migration success. Overall, it appears the fall migration of monarch butterflies is under imminent
threat, even if the species” overall survival is not.

Keywords: conservation biology; insect decline; climate change; citizen science; endangered species

Significance Statement

Observations of far fewer overwintering monarch butterflies, alongside apparent rebounds
during the summer breeding season, have led to heated debate whether monarchs are truly
endangered. We used ~2600 citizen scientist observations of monarch “roosts” — mass aggregations
of fall-migrating monarchs — to assess whether they are struggling to reach Mexico. Positive effects
of a warming and greening flyway were overwhelmed by unexplained declines in roost size of up to
80%, increasing all along the path of their arduous southern migration. This suggests that to save
monarchs, we should focus on avoiding well-meaning efforts such as planting non-native milkweeds
that foster parasites, sicken monarchs, and disrupt migration.

Main Text

Monarch butterflies have become a “flagship species” for insect conservation in North America,
in large part because of their distinctive coloration and spectacular yearly migrations (1). In eastern
North America, monarchs migrate each spring from overwintering colonies in Mexico, north to
summer breeding grounds in the U.S. and Canada, over several generations, before returning to
Mexico in the fall in one generation (2). It seems clear that monarch abundance has been in steep
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decline at the overwintering sites (3-8), and these declines have driven efforts by government and
non-government agencies in the U.S. and Canada to move monarchs to endangered status (9-11). Yet,
other monitoring datasets from the summer breeding range suggest little to no change in monarch
population size (12, 13), supported by recent genomic analyses finding no evidence for a recent
genetic bottleneck that would be consistent with population decline (14). Puzzlingly then, data from
the summer therefore suggest no need for protected status for the species, in turn leading to great
confusion and heated debate about what needs to be done, if anything, to “save” monarch butterflies
(15).

One possible way to resolve the conundrum of fewer winter monarchs alongside relatively
stable summer populations, could be substantial losses during the annual fall migration (16).
Unfortunately, the magnitude of monarch fall migratory losses has been difficult to directly assess.
A prior study attempted to do so using annual estimates of return-rates of tagged monarchs over
time (17), though that study was challenged due to unstandardized search efforts for tagged monarch
at winter colonies and questions about statistical approaches (18). Another effort demonstrated that
greater plant drought stress along the migration route, likely correlated with nectar availability,
correlated with fewer monarchs reaching overwintering sites in Mexico (19). While quite compelling,
in that study monarch population size during fall migration could not be directly measured.

Migrating monarchs do not fly at night, and so each evening during the 2-month journey, they
settle in trees or shrubs, where they remain until at least the next morning (20). These roosts can be
composed of dozens to thousands of monarchs (see Fig. 51), and the size of monarch roosts, especially
when considered across the entire fall flyway, may serve as a useful index of the overall size of the
migratory generation that travels to Mexico. It remains unclear why monarchs roost sizes are so
variable, but anecdotal reports suggest that southerly winds or rain that retard progress might
encourage larger roosts (21). Of course, in the absence of a clear understanding of the underlying
drivers of roosting behavior, it is difficult to correlate roost size with underlying population size.

Here, we utilized a unique, and previously untapped resource to infer monarch population size
during the fall migration: reports of migratory roost sizes to the “Journey North” public science
program (22). Since 2006, Journey North has encouraged citizen scientists to report the date, location
and size of monarch roosts that they observe. This dataset now includes > 5000 observations of roost
sizes across the eastern fall migration route, from southern Canada into Mexico (Fig. S2). Our
objective was two-fold: 1) characterize spatiotemporal changes in monarch roost size across the fall
migration route and 2) test whether these trends are underlain by recent changes in weather (e.g.,
temperature, rainfall, wind speed and direction) and landscape (e.g., NDVI, a commonly-used proxy
for nectar resources along the flyway) (19, 23).

Results

We compared a suite of models via model selection to test the following hypotheses: 1) monarch
roosts are experiencing directional change over time, 2) roost changes vary spatially, and 3)
spatiotemporal changes in roost size are underlain by variability in weather and landscape factors.
Of the 39 models compared, a few key takeaways emerged. First, including a year effect greatly
improved model fit (Table 1). Second, a spatially varying year effect was preferred to a fixed year
effect; that is, temporal trends varied across the flyway. And third, including covariates improved
model fit and did not affect the spatiotemporal patterns found in the year-only models (Figure S3),
indicating that the spatiotemporal roost trends reported here cannot be explained by the weather and
landscape variables alone. We used a model averaging approach to summarize the models that
outperformed the year-only model. For models lacking a given covariate, we used zero-centered
posteriors (with a S.D. = 1) as a substitute, producing conservative estimates of covariate effects.

Across the flyway, we found that roost sizes were generally declining, with a median of 6.6%
decline per year (95% Credible Intervals: [-11.2, -3.4]). Declines exhibited some spatial clustering, such
that declines grew more severe toward the southern edge of the fall migration route (Figure 1).
However, the range parameter estimates were quite large (3190 km + 1002 S.D.; Table S1), indicating
relatively weak clustering and high synchrony in trends across the flyway. Nonetheless, information
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criteria ranked a spatially varying trend model higher than a fixed year effect model (Table 1),
providing support for a latitudinal gradient in roost size declines increasing in magnitude from north
to south. Spatial surfaces of the median and 95% C.I. ranges for ks, as, and 7s can be found in the
Appendix (Figure 54).

Of the models outperforming the year-only model, temperature was included in 83%,
precipitation in 75%, tailwinds in 42%, NDVIin 42%, and the temperature by precipitation interaction
in 25%. Averaged marginal posteriors for precipitation and tailwinds overlapped substantially with
0, whereas temperature and NDVI estimates were all or mostly greater than 0, respectively (Figure
S5). Roost size tended to be larger under higher temperatures and greater NDVI values (Figure 2).
Temperatures and NDVI values were also greater in the southern and northern parts of the flyway,
respectively, and each increased across the flyway (Figure S6). Moreover, despite these changes in
climate and landscape features, the timing of peak monarch observations changed little over the 17-
year period (Figure S6; y* =5.39, P =0.02; delayed 0.08 days/year).

Table 1. Model selection results comparing the effects of temperature, precipitation,
temperature*precipitation interaction, NDVI, and tailwinds on monarch roost size. Low AWAIC
values are associated with relatively better models in terms of predictive performance and AWAIC
values can be compared to assess relative support for the models compared. All models contained a
spatially-structured intercept and an unstructured site-level intercept to account for spatial and site-
level dependencies.

Model Year included? — WAIC AWAIC Weight
temp + NDVI + year (SVC) yes 36600.03 0 0.575
rain + temp + year (SVC) yes 36603.23 32 0.116
temp + year (SVC) yes 36603.31 3.28 0.111
wind + rain + temp + NDVI + year (SVC) yes 36603.44 3.41 0.104
wind + temp + year (SVC) yes 36605.22 5.19 0.043
rain*temp + year (SVC) yes 36606.77 6.74 0.02
rain + temp + NDVI + year (SVC) yes 36607.41 7.38 0.014
wind + rain + temp + year (SVC) yes 36608.26 8.23 0.009
rain*temp + wind + year (SVC) yes 36609.79 9.76 0.004
rain*temp + NDVI + year (SVC) yes 36613.32 13.29 0.001
rain + NDVI + year (SVC) yes 36613.91 13.88 0.001
wind + rain + year (SVC) yes 36614.58 14.55 0
year (SVC) yes 36615.62 15.59 0
rain*temp + wind + NDVI + year (SVC) yes 36615.76 15.73 0
wind + year (SVC) yes 36618.12 18.09 0
NDVI + year (SVC) yes 36618.85 18.82 0
wind + NDVI + year (SVC) yes 36619.6 19.57 0
rain + year (SVC) yes 36621.2 21.17 0
year (fixed) yes 36622.62 22.59 0
wind + rain + NDVI + year (SVC) yes 36625.01 24.98 0
rain*temp + NDVI no 36652.71 52.68 0
wind + rain + temp + NDVI no 36657.42 57.39 0
temp + NDVI no 36657.55 57.52 0
rain + temp + NDVI no 36657.97 57.94 0
wind + NDVI ne 36659.41  59.38 0
rain*temp + wind + NDVI no 36661.1 61.07 0
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NDVI Lo 36662.23 62.2 0
wind + rain + NDVI no 36664.19 64.16 0
rain + NDVI no 36664.41 64.38 0
temp no 36668.88 68.85 0
rain*temp + wind no 36671.2 71.17 0
wind + rain no 36671.29 71.26 0
wind Lo 36671.56 71.53 0
wind + temp no 36672.35 72.32 0
rain + temp no 36673.57 73.54 0
wind + rain + temp no 36680.35 80.32 0
intercept no 36680.36 80.33 0
rain*temp no 36681.61 81.58 0
rain Lo 36682.89 82.86 0
50°N A
[5)
40°N +
A per year
-4%
-6%
30°N -
-8%
- -10%
20°N -
1000 km I

Figure 1. Map of monarch roost size trends with blue regions indicating stable roost patterns over
time and red regions indicating relatively severe annual decline rates. Roost observation locations are
marked with black X’s and regions where trends are significantly differed from zero (95% C.I.) are
demarcated by the black polygon. Thick black line represents the estimated start of the monarch
journey south for the northernmost summer populations.
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Figure 2. Predicted effects of temperature and NDVI on relative monarch roost size using weighted
means of the marginal posterior distributions for each covariate. Weights were determined by relative
model weight using WAIC information criteria. All models performing better than the year-only
model (Table 1) were averaged. Predictions were then obtained by sampling the mean marginal
posterior distributions of each covariate 5000 times and summarizing the median count across the
range of covariate values (black line) + 50% Credible Intervals (gray shaded region).

Discussion

Using 17 years of citizen-reported sightings of migratory roosts and their estimated sizes, along
with analyses of landscape characteristics and climate data, our study provides the most detailed and
comprehensive picture to date of the health of the monarch fall migration in eastern North America.
Our analysis shows that there may be two opposing trends operating simultaneously. On one hand,
consistent with climate change extending summer conditions into the fall, the flyway is becoming
warmer and greener over time, and these conditions correlated with larger monarch roost sizes (Fig.
2). This suggests that climate change might generally be benefiting monarch migration by creating
milder flight conditions and enhancing nectar availability along the flyway (but see 24). However,
once controlling for these increasingly beneficial weather conditions, our analyses revealed severe
roost size declines through time that increased in magnitude from north to south (Figure 1). That is,
while roost sizes were declining throughout the flyway, these declines grew increasingly severe
further along the migration route. This latitudinal gradient in roost size declines would be consistent
with increasing mortality during migration and/or monarchs increasingly abandoning migration as
they move south. This apparent disruption of migration might be the missing puzzle piece that
explains relatively stable summer populations in the Midwest (12) and declining overwintering
populations in Mexico (3).

An obvious limitation of our study is that roost size is determined, at least in part, by butterfly
behavior, and does not necessarily correlate with monarch population size. For example, observation
of 50% smaller roost size would not indicate overall population decline if there are twice as many
roosting sites established. However, our analyses suggest that this scenario may be unlikely. Roost
size was positively correlated with warmer and greener conditions (Fig. 2), and these same conditions
were generally increasing during the years sampled by Journey North (Fig. S6). So, weather
conditions were generally encouraging the formation of larger, rather than smaller, roosts. This is
consistent with previous work linking inter-annual variation in NDVI in the southern portion of the
midwestern flyway to variation in abundance in the overwintering colonies (19). Likewise,
Diffendorfer et al. (25) found that land use, climate, and milkweed and nectar availability are
relatively stable or actually improving over the last 20-30 years along the flyway in Texas and Mexico.
A second possibility is that climate change is shifting roost formation outside of times when citizen-
scientist observers would be expecting to see them, leading to increasing misalignment between
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when people are looking for and recording roosts, and when roosts are actually being formed. Here
again our results suggest this explanation is unlikely, as the timing of peak roost observations appears
relatively unchanged during the 17-year course of the data (Fig. S57).

Then what is driving the clear, dramatic declines in roost size seen in these data? We can only
speculate, but the literature suggests at least four possibilities. First, prevalence of the monarch
parasite Ophryocystis elektroscirrha (“OE”) has increased ca. 10-fold in North America since the early
2000s (26). Parasite infection reduces monarch wing strength and flight capacity, contributing to
migratory dropout (27, 28). Second, concern about monarch decline has led to the widespread
planting of non-native milkweeds such as Asclepias curassavica and Calotropis gigantea by homeowners
and even land managers (29, 30). These host plants maintain vegetative growth later into the fall than
native milkweeds, and this can pull monarchs out of their migratory phase (31). Also, monarch
caterpillars feeding on tropical milkweeds tend to develop stunted wings (32) or accelerated
metabolic rates (33) that limit later migratory ability. The longer leaf period of non-native milkweeds
also allows accumulation of OE spores (34, 35). Third, well-meaning, concerned individuals are
raising and releasing thousands of captive-reared monarch each year, which, compared to wild
monarchs, are weaker (36), have reduced navigational ability (37-39), and thus exhibit reduced
survival during migration (40). When these captive reared butterflies mate with wild monarchs, they
may be diluting genes associated with effective migratory ability (37). Finally, year-round resident
populations of monarchs appear to be increasingly common and growing along the western and
southern edges of the species range (29). Monarch migration leads to a natural culling of monarchs
weakened by OE infection or other flaws, and abandonment of migration by these year-round
residents is associated with dramatically higher OE infection levels (34, 35), smaller wing and body
sizes (41), and weakened dispersal abilities (42). Interbreeding between migratory and non-migratory
monarchs, in turn, likely dilutes genes associated with migratory ability (37). Thus, one or all of these
factors could be leading to increasingly higher mortality during travel, behavioral abandonment of
migration, or both.

The factors triggering roost-forming behavior during fall migration have been a subject of some
speculation (20, 43, 44) but relatively little study. A reasonable assumption is that these aggregations
protect monarchs from predators and insulates them from rainy and/or cold weather, similar to the
perceived value of forming mass overwintering aggregations in Mexico. That is, roosts form to allow
monarchs to escape from ecological and meteorological threats. Our findings suggest that the largest
roosts, in contrast, are formed during relatively benign warm weather, and in landscapes where green
plants were relatively abundant. So, roosts might instead represent stopover locations serving as
refueling sites. Indeed, we found that roosts were larger in sites with higher NDVI values, which is
often used as a proxy for the availability of nectar resources along the flyway (19, 23).

Debate over the conservation status of monarch butterflies has largely focused on how to weigh
two very different sets of population trends, with clear declines at overwintering sites in Mexico (3,
4, 8) but possible relative stability in the summer breeding range (despite clear summer declines in
regions where use of the herbicide glyphosate is particularly high, for example) (12). This disparity
in population trends for winter versus summer monarchs has led to confusion and controversy over
the conservation status of monarchs, perhaps best exemplified by the recent listing, and then
delisting, of monarchs as “endangered” by IUCN (45). Our findings suggest that steep declines
among fall-migration monarchs might bring these seemingly irreconcilable trends into alignment (see
also 7, 16, 46). Indeed, migrations of many other animals have been diminishing in the face of rapid
global change (47). Our analyses of roost size data collected by citizen scientists and analyzed here,
suggest that the original IUCN listing of an “endangered biological phenomenon” (48), but not
necessarily an endangered species overall, may best fit monarch butterflies in North America. This
idea was later reinforced by the late monarch researcher, Lincoln Brower (49). In fact, Dr. Brower
once said that “the (potential) loss of the monarch migration would be like losing the Mona Lisa —
both are cherished symbols of inspiration and wonderment” (50). It is perhaps unfortunate that well-
meaning efforts to “save” monarchs by planting non-native milkweeds and releasing captive-reared
butterflies might be contributing to the loss of the migration phenomenon. Instead, conservation
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efforts might best focus upon eliminating non-native milkweeds and ending captive rearing, and
turning great effort to enhancing nectar resources along the southern flyway.

Materials and Methods

Roost Dataset. Since the 1990s, The Journey North program has provided an online platform for
people to submit observations of events relevant to monarchs and other migratory animals, which
are logged with date and site-specific GPS information and mapped in real time
(https://maps.journeynorth.org). Since 2003, the program has asked volunteers to provide a count of
the number of monarch butterflies in each roost. The roost database consisted of 4984 records of roosts
between 2003 and 2023. However, records were relatively sparse until 2007 (n = 52 total). So, to
identify spatiotemporal patterns in roost size trends, we used data from 2007-2023 in our models to
ensure adequate sample size and spatial coverage of the Midwest flyway (Figure S2). In some cases,
multiple observations were recorded for a given location within a year. Because our goal was to
characterize changes in peak roost size, we only used maximum roost size values recorded for a
particular locale for a given year. We also excluded observations below 25.5° latitude where the
distinction between migrating and overwintering roosts is unclear. A roost here is defined as an
observation of at least five monarchs. Lastly, we only included observations recorded within the
following Midwest flyway states: Nuevo Ledén, Coahuila, and Tamaulipas in Mexico; Texas,
Oklahoma, Kansas, Missouri, Arkansas, Louisiana, lowa, Michigan, Minnesota, Ohio, Indiana, South
Dakota, North Dakota, and Wisconsin in the United States; and Ontario in Canada. This resulted in
a total of 2670 roost observations from 2007-2023, with a median of 134 unique site observations per
year (min: 47 obs/yr, max: 384 obs/yr).

Modeling Spatiotemporal Variation in Roost Size and Determining Drivers. Our first
objective was to assess directional changes in fall roost size through time and whether these changes
varied spatially. If monarchs experience similar mortality or migratory behavior each year, then we
would expect relatively stable roost size trends across the flyway. If mortality during migration is
increasing or if migratory behavior is becoming increasingly disrupted over time, then we would
expect roost size declines across the flyway. Moreover, these declines should become more
pronounced from north to south if threats to migration have a cumulative effect on roost size during
the journey. Using the analytical approach outlined in Meehan et al. (51), we modeled monarch roost
size counts as a random variable from a negative binomial distribution with a spatially varying
coefficient (SVC) model. The expected count has a log-linear predictor:

log(Ast)=Ks + as + TsYearst
where the natural log of expected count, log(Ast), at site s during year t, is modeled with a zero-
centered, normally distributed intercept per site, ks, a spatially varying intercept, as, and a spatially
varying linear effect of year, 7s. We used a penalized complexity prior (52) for ks, set such that the
probability of the standard deviation associated with the random effect exceeding 1 is 0.01. The
spatially structured effects are modeled as Gaussian random fields with Matérn covariance functions
with range and variance parameters, and we used penalized complexity priors (52), with the
probability of the range exceeding 500 km set to 0.5, and the probability of the standard deviation of
the range exceeding 1 set 0.5 (53). Following trend model analysis, we used the modeling mesh to
obtain an interpolated raster of posterior medians and 95% C.I. for ks, as, and 7s that can be mapped
to visualize spatial variation in site effects, relative roost size, and relative roost size trends.

Determining Weather and Landscape Attributes that Influence Roost Size. Our second
objective was to explain spatiotemporal patterns in roost size trends. We predicted that headwinds
(southerly winds) would increase roost sizes by making migration more difficult, and wind speed
might magnify this effect when winds come from the south. In contrast, winds from the north might
reduce roost size by facilitating migration, and this might be exacerbated when northerly winds are
stronger. Because monarch flight is restricted by cold temperatures and rainfall, temperature and
precipitation were included as main effects and allowed to interact. That is, we anticipated that rain
and cold might interact synergistically to increase roost size. The normalized difference vegetation
index (NDVI) has been used as a proxy for the availability of nectar resources along the flyway (19).
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It also likely reflects variation in plant productivity due to variability in cumulative rainfall. Thus, we
predicted that higher NDVI values reflect higher quality stopover conditions for monarchs.
Weather data associated with the roost locations were compiled using the Visual Crossing
weather API (https://www.visualcrossing.com/), which provides access to historic weather dailies
using distance-based weighted means of available weather station data within a 50 km radius of the
queried coordinates. Wind direction ranges from 0-360° and describes the direction of the wind
source, with 0° and 180° indicating winds coming from the north and south, respectively. We
combined wind direction and windspeed into a simple tailwind metric using the following equation:

tailwind = speed*cos(0), where 0 is the direction of the wind source in radians (54). We assumed
that wind coming from the north (i.e., 0°) was best for facilitating migration. We extracted and
averaged weather data 7 days prior to the day of each roost observation (including the observation
day). Same-day NDVI data were obtained from the NOAA Climate Data Record database using 0.05°
resolution (55).

We then compared a suite of models we deemed plausible using the widely applicable
information criteria (WAIC), which approximates out of sample prediction error (56). Lower WAIC
values indicate lower error, and these models are considered relatively better fit after penalizing the
models for parameter count to avoid overfitting. All models compared contained both an
unstructured, site-level random effect (ks) and a spatially-structured random effect (as). Covariates
were combined using all possible additive combinations, with temperature and precipitation being
allowed to interact These covariate-only models were compared to both year-only models, as well as
covariate models containing year effects. The idea here is that if the spatiotemporal patterns were
being driven by a combination of covariates, then the covariate-only models should perform better
than, or as well as, the year-only models. However, if covariates and year-effect models perform best,
then this would suggest that the covariates explain different axes of roost size variation. It is also
particularly important to include both year and covariates in the same model because our model
selection procedure does not include an exhaustive comparison of hypothetical roost size drivers. For
instance, parasite infection is thought to be disrupting monarch migration (26), but we do not have
comprehensive parasite load data to include in this modeling effort. Therefore, we may find spurious
relationships between roost size and covariates if we do not include year as a stand-in variable for
unknown sources of roost size variation. For covariates, we used default priors for covariates (log
gamma distribution with shape parameter = 1 and a scale parameter = 0.00005).

To summarize the models compared, we averaged models that performed better than the year-
only models (see Table 1). To do this, we first calculated AWAIC values for each model (i.e.,
differences in WAIC between a model and the top model) to obtain the relative likelihood of each
model using the following equation: e®5*@WAIO) The relative likelihoods were then divided by the
sum of the relative likelihood to obtain model weights. These weights were used to compute a
weighted average of the marginal posterior distributions of each covariate estimate, using zero-
centered, normally distributed posteriors with a S.D. = 1 in place for the marginal posterior
distribution when a model did not contain the covariate. This zero-centered approach biases the
distributions towards 0 (i.e., shrinkage) to produce conservative covariate estimates.

All models were analyzed within a Bayesian framework using the R-INLA package and related
wrapper functions using inlabru in R (51, 57-59).

Author Contributions: A.K.D., J.R.C.,, and W.E.S. designed and performed research; J.R.C. and
W.E.S. analyzed data; AK.D., J.R.C., and W.E.S. wrote the paper.

Data, Materials and Software Availability. Data used in our analyses are publicly available at
https://github.com/croycrab/monarch-roosts.
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