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| 1. Introduction

The Monarch butterfly, Danaus plexippus (Linnaeus, 1758), in western North America appears to be undergoing a period
of flux in terms of population size and ecology. From a historical high of an estimated three to ten million butterflies
overwintering annually along the California coast in the 1980s, the population fell precipitously to about 200,000-400,000
overwintering butterflies at the beginning of the 21st century (L. For 16 years (2001-2017), winter populations ranged from
about 58,000—-300,000 butterflies before another substantial decline to around 30,000 butterflies occurred in 2018. The
smallest overwintering population of monarchs ever recorded in western North America occurred in 2020 (1899), before a
remarkable rebound to 247,246 in 2021 and 335,479 in 2022 [https://www.westernmonarchcount.org/ accessed on 2
January 2024].

| 2. Monarch Population Dynamics in Western North America (1980s-2022)
2.1. Monitoring

In common with the eastern North American population of monarchs, the size of aggregated overwintering populations
has been used to provide an estimate of the population size of western North American monarchs W[, However, unlike
the eastern population, most of which overwinter in a single geographic area in Mexico Bl the western population
overwinters at almost 400 widely separated sites along 1100 km of the California coastline &l During the 1980-1990s,
estimates were made at small numbers (1-40) of overwintering sites as part of scientific studies € or limited citizen
scientist efforts [, In 1997, a more organized count conducted by citizen scientists was established by Walt Sakai, Dennis
Frey, Mia Monroe, and David Marriott . They proposed to conduct a count over a three-week period every Thanksgiving
at 100 or more overwintering sites. The Western Monarch Thanksgiving Count (WMTC) was adopted by the Xerces
Society for Invertebrate Conservation in 2000 and since 2016 has included counts from 253-272 overwintering sites
annually. Citizen scientists are trained annually to count monarchs roosting at overwintering sites, but the numbers are
estimates at best because of the density of individuals in clusters. Nevertheless, these ‘counts’ are more accurate than the
estimates of overwintering monarchs in Mexico derived from the number of hectares that they occupy . Ultimately, the
WMTC provides with a proxy for the size of the western monarch population since at least 1997. Less confidence can be
applied to pre-1997 estimates, but they still provide a useful ‘snapshot’ of monarch populations during the 1980-1990s.

2.2. The Big Decline Post-1997

Schultz et al. [l estimated that the monarch overwintering population at the turn of the century had fallen by 97% of its
average historic abundance in the 1980s from about 3—10 million to 200,000-400,000 butterflies. Thereafter, for 16 years
until 2017, the overwintering population fluctuated within a range of 100,000—-300,000 individuals (Figure 1). The sudden
drop and consistent lower overwintering numbers after 1997 suggest a major detrimental change within the ecology of
western monarchs occurred at that time. A 67% drop in the eastern North American overwintering population in Mexico
occurred one year before the 55% drop in the western population, suggesting some commonality of causative factors.
Many monarch scientists believe that the rapid increase in the use of genetically-modified herbicide-resistant crops,
primarily soybean and corn, over vast areas of the eastern US from 1996 onwards was a prime driver of the decline in
overwintering populations in Mexico 9. For the first time, weeds could be sprayed without affecting crops, resulting in



large cropland areas, particularly in the mid-west, devoid of weeds, including milkweed L. While herbicide-resistant crops
were also used in the western US, croplands occupy a much smaller area west of the Rocky Mountains 221,
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Figure 1. Western North American overwintering populations of monarch butterflies for 1997-2017 as assessed by
annual Western Monarch Thanksgiving Counts (The Xerces Society for Invertebrate Conservation).

2.3. Neonicotinoids as the Potential Primary Driver of the Western Monarch Decline Post-1997

The major stressors on monarch populations in North America are widely considered to be habitat loss, climate change,
and increased use of pesticides 18], Habitat loss is considered to be an important driver of monarch decline in North
America 14, but its impact is likely to be relatively progressive over time and not sudden. Similarly, any adverse impact of
climate change on monarch ecology would likely be progressive and not sudden. While the growth in the use of synthetic
pesticides has also been progressive since the 1950s, a new class of pesticides, the neonicotinoids, emerged in the early
1990s to rapidly become the most widely used insecticides in the world 2], Neonicotinoid use in North America increased
dramatically from 1994-2011 28], coinciding with a 55-67% decline in the size of monarch overwintering populations.
Today, neonicotinoids still maintain the largest global share of the insecticide market (24%) (14,

While any association between monarch population decline and the rise of neonicotinoid use in the late 1990s remains
correlative, there is now much field and laboratory evidence for lethal and harmful sub-lethal effects from this class of
insecticides on beneficial insects, including butterflies L8200 Correlative associations have also been reported for
population declines of butterfly faunas in Great Britain and California and the increased use of neonicotinoid insecticides
(2111221 \while most studies on the sub-lethal impacts of neonicotinoids have focused on honey bees 231241 an increasing
number have looked at butterflies 23, Sublethal impacts of field-realistic levels of the neonicotinoids, imidacloprid, and
clothianidin on monarch larvae were reported by Pecenka and Lundgren 28 and Krischik et al. . Clothianidin at levels
of 0.5-5.0 ppb reduced the weight and body length of first instar larvae. It also increased the period spent as first instar
larvae and resulted in 50% mortality (28] Krischick et al. [2 showed imidacloprid at 15 ppb significantly reduced survival of
early instar monarch larvae. Arrested pupal ecdysis occurred in 60—-82% of monarch larvae exposed to neonicotinoids as
late instar larvae [28129],

Neonicotinoids are highly systemic compounds readily transported through the vascular system of plants, poisoning
herbivores whether they feed on stems, leaves, flowers, or seeds 2%, A likely important route of neonicotinoid exposure to
pollinators like butterflies is dissemination through nectar and pollen B, In addition to crop flowers being contaminated
with neonicotinoids, the mobility and longevity of these compounds in soil and water 233l means that residues can also
be found in non-target plants at distances from crops B4l Surveys of streams in agricultural and urban areas in the US
have found neonicotinoid residues widespread in surface waters B3I38I37 and they have also been found in snow and
spring meltwater in Canadian prairie wetlands [28!. Neonicotinoid insecticide residue levels in crop nectar and pollen differ
considerably according to the amount applied to crops and landscapes as well as the method of application. Seed
treatments result in relatively low levels of nectar and pollen, usually less than 10 ppb B4 Residues in pollen and
nectar from crops treated with foliar applications range from 10-100 ppb Z4. The greatest neonicotinoid residues (1000—
4500 ppb) are found in nectar and pollen from landscape trees and plants treated with soil drenches 24. Another less-
researched, but likely source of high levels of neonicotinoid contamination of pollen and nectar, are home garden plants
891 which may receive recommended application rates > 40 times greater than those used in agricultural systems.
Garden plants propagated in nurseries receive even higher rates of application and may contain neonicotinoid residues in
nectar and pollen of up to 45,000 ppb 24, Recent research indicates that plant species vary in the efficiency of uptake of
neonicotinoids. Milkweeds (two species) had a low uptake (<0.5%) compared to Red Clover (50%) 9.



A brief laboratory study assessed the impact of the neonicotinoid, imidacloprid, provided as adult nourishment on adult
monarch longevity 1. Imidacloprid at 23.5 ppb, a field-realistic rate reported from wild nectar and pollen, was fed ad
libitum to newly-eclosed monarchs in a sugar-based diet for 22 days. Treated monarchs showed reduced longevity, with
78.8% mortality by day 22, compared to 20% in untreated monarchs. In a similar study, imidacloprid/syrup, force-fed at 15
and 30 ppb, had no effect on the survival of monarchs . In addition, free-ranging monarchs in small mesh cages
allowed to feed on flowers containing 6030 ppb or 10,400 ppb also showed no difference in survival and fecundity from
non-exposed butterflies 24, However, the authors noted that monarchs may not have been able to forage adequately in
the small cages. Uncontaminated 30% honey water sponges were also supplied as food, and monarchs may have fed
less on or avoided the neonicotinoid-contaminated flowers. More recently, Prouty et al. 42 concluded that adult monarchs
show high tolerance to field-realistic levels of neonicotinoid insecticides. However, these authors held monarchs for only
10 days during exposure to imidacloprid, which is insufficient to show an impact on medium- to long-term survival, judging
from the results of James (41, Similarly, Krishnan et al. 28 held neonicotinoid-treated monarchs for just four days to
assess mortality. Mortality in monarchs exposed to field-realistic levels of imidacloprid occurred during days 12—22 411, |f
laboratory insecticide bioassays are to reflect real-world scenarios, then materials used in the field should be tested. Thus,
commercially formulated insecticide products 41 rather than active ingredients 242811421 should be used. Commercial
formulations of insecticides have invariably proven to be more toxic than active ingredients alone 31441451 More work is
needed on the impact of nectar-borne neonicotinoids (commercial formulations) on the medium- to long-term survival of
adult monarchs. The possibility of ingested neonicotinoids during adult life impacting the survival and development of
progeny should also be investigated.

The extent to which neonicotinoids currently contaminate the wider landscape is an important question. The ability of
neonicotinoids to move away from sites of application through water, air, and soil 2848l combined with residual
persistence ¥4, provides the potential for widespread landscape contamination. The contamination of waterways and
urban water supplies by neonicotinoids is increasingly being documented 414849 ang is concerning not only for
pollinators but also for human health BU552 The ubiquity of neonicotinoids as ingredients in home garden pest control
treatments, along with the higher rates used for these applications, has the potential to make urban areas highly
contaminated with neonicotinoids. Gardens not directly exposed to neonicotinoid sprays may still be contaminated by run-
off from other gardens that use these compounds. Urban areas may be reservoirs of high-level neonicotinoid
contamination 331,

Shortened adult longevity has serious consequences for monarch population development, migration, and overwintering.
Although egg production appeared to be unaffected by adult exposure to imidacloprid 4, we do not know whether the
viability of eggs and resultant larvae is unaffected. Mating behavior could also be affected, as shown in a parasitic wasp
species 24 Monarch migration is powered by feeding on a wide range of nectar in natural, agricultural, and urban
landscapes, at least some of which are likely to be contaminated with neonicotinoids. Could the migratory ability of
monarchs be affected by these residues? Neonicotinoid-mediated impairment of foraging behavior has been reported for
bumblebees 53, The flight behavior of locusts (Locusta migratoria L.) is impaired by imidacloprid 58], and the migration
and metabolism of some birds also appear to be impaired by this chemical BAEEIEI],

Correlative declines in butterfly 2122 and bird faunas 96 have been associated with the introduction and widespread
adoption of neonicotinoids. The relatively abrupt decline in western Monarch populations between 1997 and 2001 may
have been another example of this.

2.4. Sudden Decline 2018-2019

After a 16-year period (2001-2017) of relatively stable overwintering populations fluctuating between 100,000-300,000
butterflies, there was an 86% decline between 2017 (192,624) and 2018 (27,721). A similarly low estimate was made in
2019 (29,436). This sudden drop was considered to mirror a ‘textbook extinction vortex’ [, These authors restated a 2016
proposition that 30,000 butterflies represented the quasi-extinction threshold for western monarchs 2],

What was the cause of this sudden and rapid decline? Mid-to-late winter (January—March) in 2017, 2018, and 2019 was
characterized in coastal California by significant winter storms with substantial rainfall and high winds (e.g.,
https://www.climate.gov/news-features/event-tracker/soaking-rains-and-massive-snows-pile-california-january-2017,

accessed on 2 January 2024) which caused serious damage to some overwintering sites. Monarch populations in late
winter are most vulnerable in terms of physical wear and tear to wings and lipid depletion, and it is possible that much
mortality and/or early dispersion occurred during these winters, as has been recorded for overwintering monarch
populations in Mexico €2, Substantially earlier dispersal of butterflies was recorded at Lighthouse Field in Santa Cruz,
with an 80% decline in January 2017 (J. Dayton, pers. comm). Dispersal at this early time may limit the reproductive



potential of females. The first storm event in January—February 2017 was followed by a 35.5% overwintering population
decline from 298,464 in 2016 to 192,624 in 2017. The storms during January—March 2018, were followed by an 86%
decline to less than 30,000 overwintering butterflies in 2018/19 (Table 1). Although no data are available on the size of
reproductive populations in the summers following these severe winter storm events, it is possible that the winter storms
caused the decline. An overwintering population of ~200,000 may not be large enough to provide a good buffer against
winter storms which may be increasing in frequency and intensity in California (€21,

Table 1. Thanksgiving count estimates of monarch butterflies at overwintering sites in California for 2018-2022 (Xerces
Society for Invertebrate Conservation).

Year Total Monarchs Reported Number of Sites
2018 27,721 213
2019 29,436 242
2020 1899 249
2021 247,246 284
2022 335,479 272

2.5. 2020: The Western Monarch Nadir

2020 was the year that the ‘extinction vortex’ seemed to have become a reality for the western monarch butterfly. With just
1899 monarchs counted at 249 overwintering sites, the population declined by 93.6% in a single year (Table 1).
Populations at overwintering sites ranged from 1-550 and only 100 sites actually hosted butterflies
[https://www.westernmonarchcount.org/ accessed on 2 January 2024]. The western monarch population, at less than
0.5% of its 1980s peak, was considered on the ‘brink of collapse’ with the possibility that they could be lost from the
interior west (631,

In October—November 2020, the Washington State University monarch tagging program recorded some unusual data. For
the first time, no tagged butterflies were recovered from overwintering sites. During 2017-2019, 67% of recovered
monarchs tagged in the Pacific Northwest were found at overwintering sites €4, Of about 1300 monarchs tagged in late
summer-fall 2020 (mostly in southern Oregon), all recoveries (10) were made in northern CA or the San Francisco Bay
area, in association with host plant milkweeds. These butterflies, after traveling 300-500 km, appeared to have become
reproductive. A precedent for this was seen in 2017 and 2019, when two tagged females from Oregon were observed
laying eggs in Santa Barbara 3 and San Francisco after migrating 877 and 537 km, respectively B4l James [63]
suggested that migrants becoming reproductive might contribute to the population decline at overwintering sites.

In December 2020, it was also apparent that citizen scientists were finding large numbers of monarch eggs and larvae in
the San Francisco Bay area. An analysis of the number of sightings of monarch larvae and pupae in the San Francisco
Bay area in January 2021 showed more than three times as many larvae and pupae reported than in the same month
over the previous six years (Figure 2) 5],
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Figure 2. January (2015-2023) sightings of monarch larvae/pupae and adults in the bay area of San Francisco reported
to https://www.inaturalist.org./ accessed on August 19 2023.

A study of monarch winter breeding in the San Francisco Bay area during January—April 2021 showed that adults were
common during February-March with numbers ranging from 0.23—1.54/min during ~30 min weekly surveys 7. Eggs and
larvae were abundant during the same period. The convergence of data on the absence of butterflies at overwintering
sites and the presence of novel breeding populations in the San Francisco Bay area (and anecdotally in other near-
coastal urban areas of California, including Los Angeles), indicated a possible shift in overwintering strategy by western
monarchs.

Monarch populations in south-eastern Australia in the early 1960s overwintered as non-reproductive populations
comparable to California (up to 40,000 butterflies/site) in the Sydney Basin, New South Wales 8. Research on these
populations during 1978-1984 showed the existence of synchronous reproductive and non-reproductive overwintering
populations BATA Coincident with this apparent shift in overwintering behavior was a fall in the size of overwintering
colonies from 40,000 to a maximum of 3500 butterflies per site 9. This 90%+ decline in overwintering monarch
populations was thought to have resulted from the loss of milkweed habitat, but it is possible that the shift towards winter-
breeding was at least partly responsible.

If monarch butterflies migrating through the San Francisco Bay area during September 2020 became reproductive and
stopped migrating to overwintering sites, as the tag recovery and iNaturalist data indicate, why did this happen? Migrating
monarchs in eastern North America are in reproductive diapause 2, which means diapause usually cannot be broken
until a period of refraction (when there is no response to temperatures normally stimulatory to reproductive tract
development) has passed, normally in mid-winter (2], While this may apply to most of the population and monarchs arrive
at the Mexican overwintering sites with undeveloped reproductive tracts B!, some do break diapause in the southern US
and drop out of the migration 4731, Australian monarch butterflies possess a flexible reproductive dormancy, oligopause,
that has no refractory period 8, Exposure of reproductively dormant Australian monarchs to temperatures optimal for
reproduction at any time results in reproductive tract development. The nature of reproductive dormancy has not been
explored in western monarchs but might be expected to be diapause, given that the North American population is
genetically homogenous 4. However, some environmentally induced biological differences have been detected in the
western population X4, and reproductive dormancy in western monarchs may be more labile than in the eastern
population.

It does seem likely that reproductive dormancy and migratory behavior were terminated prematurely in many western
monarchs arriving in California in the autumn of 2020. Temperature is the main driver of reproductive development in adult
monarchs 88 and the San Francisco Bay area experienced record-breaking temperatures during September—October
2020. The mean daily maximum temperature for San Francisco during September—October 2020 was 24.7 °C, 2.5 °C
above the historical mean, and migrants were exposed to temperatures up to 39 °C 68 |f some migrants became
reproductive in autumn 2020, forming a substantial winter-breeding population in the San Francisco Bay area, then the
official WMTC count of 1899 underestimated the size of the western monarch population. Crone and Schultz €3] estimated
a summer breeding population of about 12,000 monarchs in the Bay Area, and it seems likely there were at least that
many, if not more, in the Bay Area during winter 2020/21.

2.6. 2021: Monarch Resurrection

In February 2021, the result of a New Year count of the overwintering population was released, showing that the already-
small  population in late  December/early January had fallen  further to 1069  butterflies
[https://www.westernmonarchcount.org/ accessed on 2 January 2024]. If we assume a 50:50 sex ratio, then there were
just 535 females remaining to begin the development of the 2021 summer population. However, as indicated above, a
likely substantial population of monarchs also existed as breeding populations in near-coastal urban California, from San
Francisco to Los Angeles.

The extent and success of the first generation of eggs and larvae produced in March—April by surviving overwintered
females and females in winter-breeding populations in 2021 is unknown. This generation develops within California, and it
is notable that the intensity of breeding at South Bay winter-breeding sites increased during March €4, Adults from this
first spring generation migrate during May and June into far northern California, Oregon, and Washington. The number of
monarchs seen in Oregon, ldaho, and Washington during migration in April-June 2021 reported to websites like
iNaturalist, was the same (25) as during the same period in 2020 [James, unpubl. obs]. This was surprising given the
difference in the size of overwintering populations (WMTC January counts) that spring migrants were derived from in
2019/2020 (11,971) and 2020/2021 (1069). This is likely further evidence that the ‘true’ size of overwintering populations



in 2019/2020 and 2020/2021 may have been comparable if winter-breeding populations were included. During July and
August 2021, 43 monarchs were reported from the Pacific Northwest, almost double the number reported during the same
period in 2020 (22).

The summer 2021 population of monarchs in the west appeared robust enough to improve populations at the traditional
overwintering sites in winter 2021/2022 as long as migration was strong and temperatures during September—October in
California were seasonal. The mean daily maximum temperature during September—October 2021 in San Francisco was
21.3 °C, below the long-term mean of 22.2 °C for this period (Figure 3).
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Figure 3. Mean daily maximum temperatures (°C) for San Francisco for September—October 2014-2022. Thirty-year
mean: 1985-2015.

Consequently, monarchs migrated through the Bay Area and other parts of California, likely with minimal loss of
individuals to reproductive populations. The number of larvae and pupae reported in the San Francisco area during
January 2022 to iNaturalist was substantially lower than in 2021 (Figure 2), indicating a lower incidence of winter
breeding.

The overwintering monarch population in California increased from 1899 in 2020 to 247,246 in 2021
[https://www.westernmonarchcount.org/ accessed on 2 January 2024], a 130-fold increase (Table 1). Simple mathematics

shows that a population of 535 females leaving overwintering sites in late winter 2021 could not result in a population
increase of this size. Even with overly-optimistic assessments of development and survival, a population of between
10,000 and 20,000 post-overwintering females would be needed to produce a population of 300,000+ in one season [Chip
Taylor, pers. comm.]. This is further evidence that there were other females (e.qg., those in winter-breeding populations) in
early 2021 to help produce the scale of increase that occurred during the summer. It seems likely that winter-breeding
populations were part of this, but it is also possible that some migrants reacted to the above-average warm-hot conditions
of September—October 2020 by forming small, inconspicuous, non-reproductive overwintering populations at
undiscovered sites, perhaps in the higher-elevation coastal range of California. There is precedent for this, with monarchs
sometimes forming temporary roosts in hot autumn conditions in Texas [Chip Taylor, pers. comm.] and in Australia [Z2,
Another possibility for increasing the western population during a single season could come from spring migrants leaving
overwintering populations in Mexico and arriving and laying eggs in Arizona 2, Most likely, winter-breeding populations,
undiscovered overwintering butterflies, and a spring incursion from Mexico all contributed in some way to the recovery of
western monarchs in 2021.

Pacific Northwest summer populations in 2022 as judged from iNaturalist reports and personal communications appeared
to be almost 10-times greater than in 2021 [James, unpubl. obs.] The mean daily maximum temperature for San
Francisco during September—October 2022 (22.1 °C) was close to the long-term average (22.2 °C) (Figure 3), and the
overwintering population grew by about 35% to 335,479 [https://www.westernmonarchcount.org/ accessed on 2 January
2024] (Table 1).

2.7. Western Monarchs: The Future

It is likely that there will be wide swings in abundance as the monarch responds to a changing environment, primarily the
climate. From their arrival in Australia in 1872 8182 monarchs adapted to a new environment by substantially changing



their physiology and behavior B2l Migratory butterflies like the monarch have great genetic diversity and a better ability to
adapt and produce larger populations 4],

Callifornia’s climate has demonstrably warmed during recent decades B2l88 and may have reached a tipping point in
terms of facilitating ‘normal’ migratory and overwintering behavior for monarch butterflies. Autumn temperatures in
California may now determine whether the majority of migrants overwinter at traditional sites in reproductive dormancy or
develop winter-breeding populations in near-coastal urban areas. Warmer conditions may enable monarchs to breed
during the winter in coastal areas north of San Francisco. Since the 1960s, a northward spread of monarch winter-
breeding from San Diego to San Francisco 487 A warming climate is also predicted to result in more frequent and
intense winter storms in California B8], which will increase monarch mortality at traditional overwintering sites (but not
necessarily at winter-breeding sites). Traditional overwintering populations in the future will be the product of interaction
between higher fall temperatures, an increased frequency of winter storms, and the ability of monarchs to cope with and
adapt to these environmental changes.

Future Thanksgiving counts at traditional overwintering sites may not always provide a realistic assessment of western
monarch population size and trends, depending on the proportion that develops winter-breeding populations. There may
also be a shift in occupied overwintering sites towards the north or to higher elevations as winter temperatures rise 2. The
future of Monarch populations in western North America will depend on how successful the butterfly is in responding and
adapting to a changing environment, primarily a warming climate.
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