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TABLE 1 | Total number of random and non-random transects surveyed and the
average number of monarchs seen per transect in lowa, 2006-2017.

Year Transects Monarchs per transect
Random Non-random Random Non-random
2006 0 14 NA 4.07
2007 16 12 2.06 5.75
2008 33 11 2.79 3.91
2009 49 18 3.06 13.56
2010 57 5 5.28 12.4
2011 73 0 4.30 NA
2012 76 3 1.62 21.0
2013 72 21 1.06 1.14
2014 25 17 2.64 13.18
2015 104 25 4.19 5.40
2016 70 12 1.07 2.33
2017 66 4 2.06 1.5
Total 333 87 5.41 11.0

TABLE 2 | Model selection results comparing the influence of different fixed
effects on monarch density in lowa, 2006-2017.

Fixed effects AlC 1AIC w Deviance
Site Type*YearCSeason 19351.7 0.0 1.0 19301.7
Site Type*YearCCanopy 20132.3 780.6 0.0 20082.3
Site Type*YearCUTMN 20142.7 791.0 0.0 20092.7
Site Type*YearCMilkweed 20168.1 816.4 0.0 20118.1
Site Type*Year 20172.3 820.6 0.0 20124.3
Year 20235.9 884.2 0.0 20207.9
Site type 20483.3 1131.6 0.0 20475.3
Null 20488.2 1136.5 0.0 20482.2

The “Null” model is an intercept-only model and includes no xed effets. “w” represents
the AIC weight of the particular model.

throughout the breeding season (b D 0.949, 95% CI D 0.878,
1.02). Finally, monarch density was negatively correlated with
percent tree canopy cover (b D 0.999, 95% CI D  1.289,

0.709; Figure 4A) and positively correlated with percent cover
of milkweed (b D 0.582, 95% CI D 0.128, 1.04; Figure 4B). The
top model (AIC D 19351.7) included the interaction Site Type
Year interaction and the additive effect of season (Table 2).

Our model of monarch density as a function of the interaction
between the numeric year variable and the dummy variable
representing randomly selected sites indicated a significant
difference in temporal trend across years between random and
non-random site types (b D 0.25, 95% CI D 0.120, 0.384;
Figure 5). Additionally, the correlation between annual density
estimates from random and non-random sites was relatively low
and not significant (r D 0.235, P D 0.514).

Including a random intercept for both transect and sampling
unit within transect illustrated significant variability both
among and within survey transects. Variability among the
different survey transects throughout Iowa (SD D 1.272) was
greater than the variability within each individual survey
transect (SD D 0.523).

FIGURE 2 | Estimated density per 50-m? (95% Cl) of monarchs on both
random and non-random transects surveyed in lowa, 2006-2017.

DISCUSSION

Our study is the first to estimate annual monarch density on
the breeding grounds using a long-term monitoring program
with a randomized study design. Similar estimates have proven
critical for evaluating monarch population viability and response
to various habitat management and restoration actions in other
studies (Flockhart et al., 2015; Oberhauser et al., 2017). We found
considerable annual variation in monarch density on the Iowa
breeding grounds from 2006 to 2017, which is not surprising
given our current knowledge of the dynamic nature of monarch
populations on the overwintering areas in Mexico (Vidal and
Rendon-Salinas, 2014).

Random vs. Non-random Site Type

For random site types, monarch density was highest in 2010
and lowest in 2013; and a linear trend fit across all years
showed a decline in monarch density (b D  0.110, 95%
CID 0.175, 0.048). While a decline in monarch populations
on the breeding grounds has been suggested by other studies
investigating factors leading to overall monarch population
declines (Flockhart et al., 2015; Pleasants et al., 2017), our study
is the first to demonstrate such a decline using empirically-
derived estimates of density. Our result, coupled with the
continual decline in monarch populations on overwintering
grounds (Vidal and Rendén-Salinas, 2014), emphasizes the
importance for continued monitoring on the breeding grounds.
Using standardized monitoring programs such as the MSIM
program in Iowa and the Integrated Monarch Monitoring
Program (Cariveau et al, 2019), overseen by the Monarch
Joint Venture, combined with efforts to increase appropriate
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FIGURE 3 | Estimated density per 50-m?2 (95% ClI) of monarchs on both random and non-random transects surveyed in lowa by year, 2006-2017. No random sites
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breeding habitat in the Upper Midwest, should provide a
better understanding of the importance of habitat work in
the breeding grounds. The MSIM Program collects data only
on adult butterflies, whereas additional programs such as the
IMMP, similar to the MLMP, collect needed data on egg
and larval density to further inform models such as those in
Oberhauser et al. (2017).

Other studies have failed to document a declining trend
on the breeding grounds and argue that their findings suggest
that factors leading to successful fall migration and survival
on the overwintering grounds are more critical to conserving
monarch populations rather than habitat restoration on the
breeding grounds (Ries et al., 2015; Inamine et al., 2016). Both
studies, however, used data from citizen science monitoring
programs collected on targeted survey sites that were not
located randomly on the landscape. Pleasants et al. (2016,
2017) challenged these studies, indicating that population trend
estimates based on survey sites that are not representative
of all possible survey sites can differ from estimates based
on randomly-located and representative survey sites. Similarly,
Saunders et al. (2019) highlights the inability to determine
whether the lack of trends on the breeding grounds occurred
due to a true absence of trend or a result of bias in data
collection. Our study corroborates Pleasants et al. (2017)
claim with empirically-derived density estimates, showing that
monarch density on the breeding grounds was lower on average
and by year on random site types compared to non-random
site types.

Year

In addition, we found a significant difference in temporal
trend of monarch density between random and non-random
site types. Both results have important implications for future
monitoring of monarch populations throughout their breeding
range. First, some policy for threatened and endangered species
is based on estimates of population size, and it is critical these
estimates both accurately and precisely represent population
dynamics through time. This is also true for indices used to track
population trends, which often require strict standardization and
assumptions about the ability of the index to approximate true
population size which if not satisfied can result in misleading
population trends. We know that broad inference based on
non-random or targeted sampling strategies is problematic for
several reasons, often leading to biased parameter estimates and
challenges associated with standardization of data collection.
The need for rigorous, random site selection has been well-
established in the ecological literature (Williams et al., 2001;
Johnson, 2002; Mazzocchi, 2007; Nusser et al., 2008). Our results
showed poor correlation between annual density estimates for
random and non-random site types, indicating that density
estimates from one site type cannot reliably predict those for the
other site type.

Therefore, based on this previous work and our results, we
emphasize caution when interpreting results from studies based
on targeted sampling strategies and argue for randomization
in future studies of long-term monarch population trends
to ensure unbiased inference at appropriate spatial scales. It
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FIGURE 4 | Estimated density per 50-m2 (95% ClI) of monarchs as a function
of (A) percent of plots containing milkweed and (B) percent tree canopy cover
on all survey transects in lowa, 2006-2017.

may be worth adding that we included non-random sites
in a robust design occupancy analysis (Dinsmore et al,
2019) and argued that the inclusion of these sites was of
less concern for presence/absence data than for density or
count data (as in this study). This is due to the high
occupancy rate of monarchs (often > 0.90), independent of
actual counts.

Spatial Stratification

We documented significant variation both among and within
survey transects and found that monarch density increases
from south to north in Iowa. Both of these findings have
implications for the design of future surveys to track monarch
population trends. Monarch density varied more among different
survey transects across the state than among sampling units
within a single transect. Variation among different survey
transects is driven primarily by spatial heterogeneity in the
distribution of animals caused by factors such as changes
in habitat quantity and quality or climatic variables. Factors
influencing the counting of animals during a survey are the
primary drivers of within-transect variability which include
temporal variability in the number of animals present on
a sampling unit, differences in habitat characteristics among
sampling units, or differences in conditions that affect an
observer’s ability to detect animals (i.e., measurement error;
Skalski, 1994). Accounting for both sources of variability in
long-term surveys improves the ability to detect population
trends as illustrated in other long-term monitoring programs
such as the North American Breeding Bird Survey (BBS;
Link et al., 1994).

Season

In addition to demonstrating that monarch density increases
from south to north in Iowa, our results also suggested monarch
density increases throughout the breeding season. Given results
from the MLMP (K. Oberhauser pers. comm., Prysby and
Oberhauser, 2004), it appears that monarchs will breed in
southern Iowa in June and early July, but late July and August
may be too hot and monarchs may move further north. While
further analyses could show a more pronounced difference in
density from south to north throughout the breeding season,
the significant individual effects illustrate the need to consider
repeated surveys throughout the breeding season along with
spatial stratification. Furthermore, annual variation in climate
could lead to changes in the magnitude of the spatial effect
on density. For example, we might expect the south-to-north
increase in monarch density to be less pronounced or perhaps
disappear in breeding seasons with below-average temperatures.
Nonetheless, for future large-scale monitoring of monarch
population trends, we suggest researchers consider stratification
if prior knowledge suggests potential spatial variation in counts in
order to increase precision of estimates (Skalski, 1994; Williams
et al., 2001; Johnson, 2002).

Milkweed

We found that percent cover of milkweed was positively
correlated with monarch density, which confirms the results of
other studies and adds to the growing evidence that restoring
milkweed on the breeding grounds should be a priority for
conserving monarch populations in North America. Milkweed
should be embedded, however, within a matrix of additional
nectar sources to provide food for the adults in addition to the
milkweed host plant for the larvae (Bull et al., 1985; Suzuki
and Zalucki, 1986; Brower, 1995; Zalucki and Lammers, 2010;
Pleasants and Oberhauser, 2013; Thogmartin et al., 2017).

Tree Canopy

Our study found that forest canopy cover is negatively correlated
with monarch density, although we did document monarchs at
properties with tree canopy cover. Kaul et al. (1991) documented
the tallest specimen of Common Milkweed (Asclepias syriaca)
along forest borders and other habitat edges in Nebraska.
Although it has long been assumed that open habitats, such
as grasslands, are more important for monarchs (Thogmartin
et al, 2017; Midwest Association of Fish Wildlife Agencies,
2018), we were not able to find empirical studies confirming that
monarchs are less likely to be found in areas with a closed tree
canopy suggesting this may be a topic for further investigation.
The species description in Seitz (1924) states that monarchs
will move into previously forested areas quickly after clearings
are created, which may include small tree clearings thereby
creating disturbance needed for Common Milkweed to thrive
(Kaul et al., 1991). The ability of the monarch to use small
openings in forested habitats is confirmed by our study; even
small disturbances within a closed tree canopy habitat that allows
for the establishment of milkweed could benefit monarchs.
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Study Implications

Evaluating diagnostics of our models indicated some bias in
model fit, suggesting our models were over-simplified and did
not capture all existing variability in our data. We utilized a
hypothesis-driven modeling approach, which allowed us to build
simple models that allowed for direct comparison of different
covariate effects that satisfied our objectives. It’s uncertain
whether a more complex modeling approach, for example
one that employed multiple models with additive covariate
effects, would reduce model bias, but it would almost certainly
complicate the interpretation of the results relative to our original
objectives. Although our models may be too simplistic, they
adequately address over-dispersion in our data and produce
reasonable parameter estimates that can be used to inform future
monitoring efforts for monarchs on the breeding grounds.

We are in no way criticizing the use of trained citizen scientists
to collect data on monarchs and their habitats. We have many
observers in our program, making it challenging to account for
an observer effect in our models. While we provide training
on sampling methods and identification to ensure consistency
in data collection, as well as a certain level of rigor common
to all observers, we still have variability among the skill levels.
Oberhauser et al. (2015) provides an excellent summary of
the major advances citizen scientists have contributed to the
knowledge of monarch conservation. Our critique is that those
citizens should receive guidance about where to survey and

should not be allowed to choose where to collect the data. While
not every volunteer will be willing to be directed to locations,
other existing programs (e.g., the North American BBS or North
American Amphibian Monitoring Program) demonstrate that
some volunteers will be willing to monitor suggested locations.
This highlights the tradeoff between fewer data collected in a
standardized manner vs. more data that are unstandardized.
Data from our program show clear differences in conservation
lands chosen randomly vs. those chosen non-randomly by
property managers. We expect these differences would be even
more pronounced if the sampling frame were expanded to
include properties from other land-use types (e.g., rights-of-way,
agricultural, urban, and privately owned/working grasslands)
beyond conservation lands. Despite good intentions, people often
want to collect data where they will see the animals of interest.
Therefore, when allowed to choose, they will often pick the best
quality habitat within a reasonable distance from their home.
Our study demonstrates the importance of spatial and temporal
patterns in monarch densities in Iowa and reinforces the need to
randomly select sites for long-term monitoring efforts.
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