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Abstract

Historically, most North American periodical cicada (Hemiptera: Cicadidae: Magicicada spp. Davis 1925) dis-
tribution records have been mapped at county-level resolution. In recent decades, Magicicada brood distribu-
tions and especially edges have been mapped at a higher resolution, aided by the use of GIS technology after 
2000. Brood VI of the 17-yr cicadas emerged in 2000 and 2017 and is the first for which detailed mapping has 
been completed in consecutive generations. Overlaying the records from the two generations suggests that in 
some places, Brood VI expanded its range slightly between 2000 and 2017, although the measured changes are 
close to the lower limit of detectability given the methods used. Even so, no simple alternative to range expan-
sion easily accounts for these observations. We also bolster Alexander and Moore’s assertion that M. cassini 
does not occur in Brood VI.
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Species range shifts are an active area of research, fueled by the ur-
gency of understanding how species might respond to projected cli-
mate change (Menendez 2007). Quantifying range shifts, however, is 
difficult because of the challenge of using point data to infer species 
ranges (Yalcin and Leroux 2017) and the inherent biases of methods 
that infer change by comparing historical records (including mu-
seum specimens) and contemporary range maps (e.g., Parmesan 
1996). The periodical cicadas (Hemiptera: Magicicada Davis 1925) 
of eastern North America are potentially useful bioindicators, since 
they are key components of eastern temperate deciduous forest bi-
omes and have been mapped more thoroughly and for longer periods 
than most North American species (Cooley et al. 2013b). Periodical 
cicadas sidestep some of the pitfalls of inferring distributions and 
their shifts because they have been recently surveyed in extremely 
fine detail, so conclusions about their range shifts can be made on 
the basis of direct observation rather than on the basis of estimated 
ranges (Table 1).

Magicicada have life cycles of 13 or 17 yr and mass, periodical 
emergences termed ‘broods’ each of which represents a year-class 
and is designated by a Roman numeral reflecting its life cycle and 

emergence order. The 15 extant broods fit together somewhat like 
puzzle pieces (Marlatt 1902; Fig. 1). Although periodical cicada 
emergences have been mapped in great detail, attempts to make 
generalizations about brood ranges are problematic. For example, 
Stannard (1975) delineated ranges for periodical cicada broods 
in Illinois, but his inferred ranges were based on few data points 
and have not stood up to more detailed examination (Cooley et al. 
2013a). Given that periodical cicada broods are known to have com-
plex, interdigitating ranges, unless the underlying data are extremely 
fine grained, the assumptions involved in connecting data points to 
construct range maps could easily have overwhelming influence on 
any conclusions.

Although periodical cicada brood ranges are difficult to charac-
terize, it is clear that they must have changed substantially over time. 
Many contemporary populations or even entire broods of period-
ical cicadas exist far north of the last glacial boundary, so period-
ical cicadas must have a history of confinement in and expansion 
from restricted glacial refugia (Sota et al. 2013, Fujisawa et al. 2018, 
Du et al. 2019). However, attempts to infer change by comparing 
historical and contemporary records have met with limited success. 
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Although different sets of published maps show different ranges, 
these mismatches can be as much due to methodological differences 
as to actual range shifts. For example, Marlatt’s (1923) maps often 
suggest broader ranges than do Simon’s (1988) maps of the same 
broods (Fig. 2), but that should not be taken as an unqualified in-
dication that all brood ranges are shrinking; rather, the criteria for 
delineating brood boundaries in the two sets of maps are not the 
same (see Supp Mater [online online]).

As part of our long-term project to map periodical cicada emer-
gences, we made detailed maps of Brood VI in 2000 and 2017. 
Historical estimates of this brood’s range vary widely. Marlatt (1923) 
stated that Brood VI was an ‘unimportant scattering brood’, with 
populations spread over eastern North America, from Georgia to 
Wisconsin and considerably overlapping other broods, though dense 

populations of Brood VI were reported only in mountainous areas 
of North Carolina, southwestern South Carolina, and northeastern 
Georgia (Marlatt 1898; Fig. 2). Maier (1985) noted that many scat-
tered eastern reports of Brood VI were likely attributable to mis-
identification or off-cycle emergences as hypothesized by Lloyd and 
Dybas (1966) and Lloyd and White (1976). Marshall (2001) ex-
tended this observation to scattered reports across the general range 
of periodical cicadas. Broods V, X, and II could each produce off-
cycle stragglers in Brood VI emergence years via 1-yr delays, 4-yr 
early emergences, or 4-yr late emergences, respectively (Lloyd and 
Dybas 1966, Lloyd and White 1976, Simon and Lloyd 1982, Maier 
1985, Marshall 2001, Marshall et al. 2011, Cooley et al. 2018), ac-
counting for some of the confusion surrounding Brood VI. Simon’s 
(1988) revised map of Brood VI confined it to a ‘core’ mountainous 
region in North Carolina, South Carolina, and Georgia, with all 
other populations doubtful (Fig. 2).

Although we did not make our 2000 and 2017 maps of Brood 
VI with the intent of detecting range changes, nevertheless, they pro-
vide an opportunity to examine the cross-generational stability of a 
brood’s range while sidestepping some of the issues that have ham-
pered past efforts. Our efforts also provide an opportunity to inves-
tigate another unusual aspect of this brood: although most 17-yr 
broods contain all three 17-yr species (M.  septendecim (Linnaeus 
1758), M.  cassini (Fisher 1852) and M.  septendecula Alexander 
and Moore 1962), a lack of museum specimens led Alexander and 
Moore (1962) to speculate that Brood VI does not contain M. cas-
sini even though -cassini cicadas are found in neighboring 13- and 
17-yr broods (ICZN 33.3.1 provides direct instructions upon how 
to act in cases of prevailing usage. Although ‘cassinii’ is the original 
spelling, usage of the ‘cassini’ spelling appears to be more prevalent, 

Fig. 1.  Verified records of all periodical cicada broods, based on published and unpublished georeferenced maps (Table 1).

Table 1.  Contemporary georeferenced brood maps

Brood Publication

I Cooley (2015)
II Cooley et al. (2015)
III Cooley et al. (2013a)
V Cooley et al. (2018)
VII Cooley et al. (2004)
X Cooley et al. (2009)
XIII Cooley et al. (2016)
XIV Cooley et al. (2011)
XIX (partial) Marshall and Cooley (2000), Cooley et al. (2001)
XXII (partial) Kritsky et al. (2017)
XXIII (partial) Cooley et al. (2006)
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especially in the past 50 yr, so we adopt the ‘cassini’ spelling in this 
article, acknowledging that the original spelling is ‘cassinii’). Though 
no published project to date has deliberately searched for M. cassini 
in Brood VI, establishing its absence, as we have here, is key baseline 
information should the species be found at some later date.

Materials and Methods

2000 Records
Between 10 May and 23 May 2000, we collected ‘verified’ records by 
driving within the approximate published range of Brood VI (Simon 
1988) looking for active periodical cicadas, noting species present 
and using criteria described in Cooley et al. (2013a) to classify our 
observations of full choruses, lighter choruses, single or scattered 
individuals, and absence of cicadas (Table 2). We did not take re-
cords if we were unsure about whether or not cicadas were present. 
Density information is essential for distinguishing ordinary emer-
gences from possible ‘straggler’ or off-cycle emergences. Periodical 
cicadas depend on high population density and predator-swamping 
(White and Lloyd 1979; Lloyd and White 1980; Karban 1982a,b; 
Williams et  al. 1993; Williams and Simon 1995; Marshall 2001), 
so records of single or scattered individuals are unlikely to repre-
sent sustaining populations. Lacking GPS technology in 2000, we 
marked presence and absence records on 1:150,000 paper maps 
(DeLorme 2012), placing our marks relative to the detailed informa-
tion on road orientation, intersections, and other printed landmarks 
offered in this map series. In situations where cicada choruses were 

not immediately adjacent to roads, we designated their locations 
using guidance from the maps’ topography and forest cover features. 
While driving within the range of the brood and within appropriate 
habitat (deciduous forest), we recorded positive locations on the map 
at approximately 1-km or smaller intervals. We attempted to identify 
the edges of the emergence by collecting both positive and negative 
records, locating the edges of the brood with multiple flanking pres-
ence and absence records whenever possible. We digitized the maps 
in ArcGIS 10.5 (ESRI 2009) by transferring locations on the paper 
maps to locations on maps composed of US Census 2000 TIGER 
Line Data County-Level All Roads, Linear Hydrography, and Area 
Hydrography Shapefiles (US Census Bureau). Through trial and 
error, we estimate that this method has a resolution on the order of 
200 m or better. We conducted all mapping activities under appro-
priate conditions for periodical cicada activity; weather in April and 

Fig. 2.  Brood VI county map redrawn from Simon (Simon 1988). Filled symbols represent counties with well-supported records; gray symbols represent counties 
reported in Marlatt (Marlatt 1923) for which there are unclear records or that have become extinct.

Table 2.  Density ratings by record type

Record type Rating 2000 count 2017 count

No cicadas present 0 260 877
Cicadas heard in distance 1 5 34
Single cicada 2 1 16
Scattered cicadas 3 5 280
Light chorus 4 6 371
Full chorus 5 147 932
Total  424 2,510
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May 2000 was generally warm and sunny. Data from the year 2000 
are summarized in Table 3.

2017 Records
During the next emergence of Brood VI, in the period spanning 
29 April–12 June 2017, we and our collaborators collected data 
with handheld GPS units or custom GPS dataloggers that had 
a minimum resolution of approximately 10 m.  When possible, 
we took records at roughly 150-m intervals, and sometimes as 
often as every 30–40 m (i.e., much more often than in the 2000 
study). To the best of our abilities, and given limits imposed by 
time and weather, in 2017 we revisited data points taken in 2000 
within a few calendar days of our earlier records, to minimize 
effects of emergence timing, which can vary across generations de-
pending on spring conditions. In 2017, we also inspected counties 
in Wisconsin noted in Marlatt (1923) as having Brood VI; wea-
ther had prevented us from doing a thorough search of Wisconsin 
in 2000. In 2017, we used crowdsourced records from our web-
site (www.cicadas.uconn.edu) to direct some of our mapping 
efforts (the website did not exist in 2000). Although individual 
crowdsourced records are not necessarily reliable, in aggregate 
they can help target search efforts and reveal previously unknown 
populations (Cooley 2015, Cooley et al. 2015). Data from 2017 
are summarized in Table 3.

Estimating brood boundary changes by comparing our datasets 
is not straightforward, and we wanted to develop a method of 
estimating change that was conservative and that avoided the 
known biases in our data. Our data collection methods in 2000 
and 2017 were not identical; our 2017 data set contains far 
more data points collected using GPS dataloggers, which we first 
used starting with Brood XIII in 2007 (Cooley et  al. 2016). In 
2017, our work was also guided by records we collected via a 
crowdsourcing website that did not exist in 2000; although we 
did not include any of these records in our final data set, we did 
use them to guide our mapping efforts. Our 2000 and 2017 data 

sets are not repeated visits to the same points; instead, they are re-
peated visits to local areas, in which points collected in 2000 and 
2017 rarely fall on the exact same locations.

Perhaps most importantly, the arrangement of our data points 
along passable roads limits our ability to estimate brood bound-
aries. In some regions, such as parts of the Midwest, roads are 
arbitrarily arranged on a grid with roughly 1-mile spacing; these 
dense road networks make range-map construction relatively 
straightforward, with some reassurance that the arbitrarily ar-
ranged roads cross the actual brood boundaries in ways that 
roughly approximate unbiased sampling. In other regions, such 
as the Appalachians, roads generally follow ridges or valleys and 
form only sparse networks if they are interconnected at all. Since 
these landscapes are topographically complex on an extremely 
small scale, maps made using such feature-based road networks 
may be biased in ways that are not evident or easily quantifiable. 
For this reason, most standard methods of estimating distribu-
tions, either by drawing envelopes around our data points or by 
rasterizing or kriging our data set, are not good options, since 
they would make unwarranted assumptions about areas that we 
could not sample. Consequently, we developed two novel methods 
of estimating boundary changes that rely only minimally on infer-
ences about presence or absence in unsampled areas.

In spite of the limitations of our data, some patterns bear ex-
planation, such as instances in which the reported densities are 
not the same in both sampling years, or situations in which ab-
sence records from one year are closely associated with presence 
records from the other year. We used two methods focused on 
these patterns to quantify changes (if any) in brood distribution 
between 2000 and 2017. First, instead of an arbitrary, fixed raster 
grid, we built ‘floating’ raster-like neighborhoods placed only in 
locations where there were sufficient data from both 2000 and 
2017. Based on Strang’s (2013) estimate of a 52 ha minimum 
patch size for stable periodical cicada populations, we assumed 
that each positive record represented at the very least a minimum-
sized viable patch. Accordingly, we constructed neighborhoods of 
400 m radius around each record collected in 2000 and 2017 
using the ArcGIS 10.5 ‘Buffer’ tool (ESRI 2009); a 400-m-radius 
circle has an area of approximately 52 ha. For each such neigh-
borhood, we assigned the reported density as the highest of any 
record from the same year found in that neighborhood. Then, 
we examined the records from the other sampling year that also 
fell in the 400-m neighborhood and found the record with the 
highest density. By comparing these records, we inferred whether 
the density decreased, stayed the same, or increased between 2000 
and 2017. These inferences do not rely on any single record and 
are made only in locations where cicadas were present in both 
survey years.

We also estimated brood boundary changes by looking for situ-
ations in which negative records from one year (2000 or 2017) were 
flanked in close proximity by positive records from the other year. 
First, we rarefied the negative records by eliminating all negative re-
cords for which a positive record collected in the same year fell within 
a 400 m radius. We then used the ArcGIS ‘Buffer’ tool to construct 
a 400-m buffer around the remaining negative records and merged 
any overlapping buffers. Then, we searched for instances in which 
the buffered negative records from one year were overlapped by 
400-m buffered positive records from the other year. In this manner, 
we constructed linear features connecting alternating sequences of 
negative records from one year with positive records from the other 
year (Fig. 3). This method is extremely conservative, since it prevents 
construction of features in areas where sampling was sparse. Because 

Table 3.  Summary of data points collected 2000–2017, with ex-
pected numbers of positive 2017 observations in each category 
based on the 2000 data

Record 
type

Records col-
lected in 2000/
as percentage of 
positive records

Records Col-
lected in 2017/
as percentage of 
positive records

Expected number 
of 2017 positives 
in each category 

based on 2000 data 

Negative 
(ab-
sence)

261 880  

One or a 
few ci-
cadas

6/3.77 295/18.1 61.5

Light 
chorus

11/6.91 404/24.79 112.8

Full 
chorus

142/89.31 931/57.12 1,455.7

Total 
posi-
tive

159 1,630  

The actual number of each category of positive records in 2017 differed 
significantly from the predicted number (χ 2 = 1,825.61, 2 df, P < 0.001). If 
the ‘light chorus’ and ‘full chorus’ categories are combined, the ‘one or a few 
cicadas’ category is still overrepresented in the 2017 data (χ 2 = 921.091, 1 df, 
P < 0.001).

D
ow

nloaded from
 https://academ

ic.oup.com
/aesa/article/114/4/477/6224430 by guest on 13 July 2021

http://www.cicadas.uconn.edu


481Annals of the Entomological Society of America, 2021, Vol. 114, No. 4

the sampling densities in 2017 were much greater than the densities 
in 2000, we a priori expect more examples of negative records taken 
in 2000 flanked by positive records taken in 2017, simply as a func-
tion of greater sampling effort in 2017. For that reason, counts of 
such instances are of no value; however, the lengths of these features 
are estimates of the minimum extent to which the range changed.

Results

We found that Brood VI has a distribution similar to that shown in 
Simon (1988), extending roughly from Tiger, Georgia to Moravian 
Falls, North Carolina, with a gap separating populations in 
northeast Georgia from those in South Carolina and a larger gap 
separating these populations from the ‘main body’ of the brood in 
North Carolina (Figs. 4 and 5). Within each major segment of the 
brood, periodical cicadas were more or less continuously distrib-
uted within forested areas with no absences in appropriate habitat. 
We also found that the brood lacks M.  cassini and contains only 
M. septendecim and M. septendecula; the latter sometimes forming 
dense, loud, apparently single-species choruses of continuous sound. 
The main body of Brood VI in North Carolina is not currently in 
contact with Brood II (Cooley et al. 2015) or Brood X (Cooley et al. 
2009); our unpublished data from Broods IX and XIX also provide 
no evidence of contact with Brood VI. We did find extensive con-
tact or slight overlap between North Carolina portions of Broods 
VI and XIV. Weather prevented us from searching for Brood VI in 
Wisconsin in 2000. In 2017, we only briefly searched Wisconsin 
counties recorded by Marlatt (1923) as having Brood VI period-
ical cicadas (an area roughly bounded by Dodgeville on the west, 
Janesville on the south, and the Wisconsin Dells on the north). 
We found no evidence of them in this region, although our search 

Fig. 3.  Illustration of ‘Linear Feature’ method. Hypothetical sequence of 
records (A, B, C, D, E, and F) taken along the light grey (green in online 
version) road. Each has been buffered with a 400-m buffer. Records B, C, and 
D are connected to form a linear feature (shown in dark grey (red in online 
version)). Record A is not included, since its buffer does not overlap Record 
B. Record E is not included, because its buffer is overlapped by a positive 
record from the same year.

Fig. 4.  Verified Brood VI locality records (square symbols). Filled symbols are positive (presence) records; gray symbols are negative (absence) records. Diamond 
symbols are verified M. cassini records from neighboring broods.
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should not be considered exhaustive, and the status of Brood VI in 
Wisconsin remains uncertain.

Although the recorded distributions of Brood VI in 2000 and 
2017 were similar, records from 2017 extended slightly farther from 
the core of the main body of Brood VI in most directions. Many 
of our records for each sampling year did not have records from 
the other year falling within their 400-m-radius neighborhood. For 
most of the records that could be paired, the density was unchanged 
between 2000 and 2017. Among records where the density changed 
between 2000 and 2017, the density was most likely to increase 
(Fig. 6A–D, Table 4). For 31 linear extension features measured to 
estimate expansion of the brood’s range, all involved 2000 absence 
records in close proximity to 2017 presence records. The average 
length of these features was 0.546 km, up to a maximum of 3.47 km 
(Fig. 6A–D and Table 4). Most of these features are extremely short 
and do not extend beyond the 400-m-radius neighborhood of the 
negative records at their core, suggesting that they represent isolated 
patches in which cicadas were present in 2017 and not 2000. Two 
of these features were longer (Fig. 6D and E), suggesting locations 
where cicadas expanded their range over a more substantial area.

Our neighborhood analysis identified some locations in which 
cicada densities appear to have changed, especially around the per-
iphery of the brood. Some of the 2017 peripheral records were 
recorded as light choruses, with an occasional record of single or 

scattered individuals beyond (Fig. 6A–D). Some of the peripheral 
locations where only single or scattered cicadas were found in 2000 
had light choruses in 2017; similarly, some of the peripheral loca-
tions that had light choruses in 2000 had full choruses in 2017. We 
found no examples of locations in which periodical cicadas were pre-
sent in 2000 but absent in 2017, although we found one instance in 
which a location was marked as having strong choruses in 2000 but 
only light choruses in 2017. We found no M. cassini in any Brood VI 
population in Georgia, South Carolina, or North Carolina; however, 
this species is found in the adjacent Broods II, X, and XIV, including 
small portions of XIV that overlap Brood VI (Fig. 4).

Between 29 April and 25 June 2017, the website www.
magicicada.org received 9,077 crowdsourced reports of periodical 
cicadas whose locations could be resolved. Of these records, the 
majority were in the Washington, DC metropolitan area, within the 
range of Brood X and likely reflecting significant 4-yr early emer-
gences of that brood (Supp Fig. 1 [online only]). We found that 246 
of the crowdsourced records were within the known range of Brood 
VI as updated by Simon (1988), and some revealed areas that we 
had missed sampling in 2000. During this period, we received two 
reports from WI: one, from Marathon County, does not seem to be 
credible, since it is located far north of any other verified records 
in any other brood, and the other report, from Dane County, is in 
a county that Marlatt mapped as having Brood VI. Although our 

Fig. 5.  Main body of Brood VI. Verified Brood VI records (square symbols). Filled symbols are positive (presence) records; gray symbols are negative (absence) 
records. Rectangles indicate extent of areas shown in Figs. 6A–E.
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Fig. 6.  (A–E) Detail maps of Fig. 5. Range shift of Brood VI 2000–2017. 2000 Brood VI records (circles) and 2017 Brood VI records (squares). Filled symbols are 
positive (presence) records; gray symbols are negative (absence) records. Presence records are scaled by estimated density; largest symbols represent full 
choruses, whereas smallest symbols represent single individuals. The 400-m neighborhoods surrounding 2000 Brood VI negative records are shown (shaded 
circles) as are linear features (lines connecting records). See text for details.
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Fig. 6.  Continued.
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current methods of collecting crowdsourced records allow photo 
and/or sound verification, we did not collect such information in 
2017, so this record must be considered plausible but unconfirmed. 
We received no reports of 2017 emergences in Connecticut, where 
Maier (1985) found a population of Brood II stragglers on a Brood 
VI schedule.

Discussion

Brood VI consists of at least two and possibly three disconnected 
parts. Among all periodical cicada broods, some disjuncts appear 
to be relicts of once-larger distributions (Facon et al. 2006, Kritsky 
et  al. 2017), whereas other disjuncts are best explained as having 
independent origins, formed by temporal shifts from a neighboring 
brood on a different schedule (Simon and Lloyd 1982; Cooley 2015; 
Cooley et al. 2015, 2018). The northeast GA populations of Brood 
VI are part of a complex of small, isolated populations of other 17-yr 
broods (II, X, and XIV; Cooley et al. 2009, 2011, 2015) reminiscent 
of those on Long Island (Simon and Lloyd 1982). It remains un-
known whether the isolated GA populations of Brood VI are relicts 
of a once-larger distribution, whether they were formed contempor-
aneously with the main body of Brood VI but are disjunct because 

the events leading to their formation were spatially heterogeneous in 
nature, or whether, like the Long Island broods, these southern dis-
juncts formed independently, but synchronic with the main body of 
a brood with which they share no recent common history.

We found no M.  cassini in Brood VI, confirming Alexander 
and Moore’s statement that this species is absent in this brood 
(Alexander and Moore 1962). This absence is interesting because the 
three morphologically distinct forms (-decim, -cassini, -decula) typ-
ically co-occur except in some peripheral sections of the Magicicada 
distribution (only -decim in Brood VII; Cooley et al. 2004, Gilbert 
and Klass 2006) and along the northern edge of Broods X (Cooley 
et al. 2009) and XIII (Cooley et al. 2016), and only -cassini in the far 
southwest (unpublished data, Brood IV). In contrast to these periph-
eral populations, Brood VI is centrally located and surrounded by 
or slightly overlapping other broods in which M. cassini is present; 
in the most extreme example, where Broods VI and XIV slightly 
overlap in McDowell County, NC, in 2008 we found scattered and 
lightly chorusing Brood XIV M. cassini within 75 m of full Brood 
VI emergences that lacked M. cassini. Whether M. cassini was once 
in Brood VI but has since been lost or whether this species has never 
been in Brood VI remains unknown. Even though M. cassini is found 
in Broods IX and XIV nearby, the 3-yr offset separating Broods VI 
and IX and the 8-yr offset between Broods VI and XIV may make 
it difficult for M. cassini temporally to colonize into Brood VI by 
straggling, since straggling intervals of other than ±1, ±4 yr seem 
relatively uncommon (Kritsky 1987, Marshall et al. 2017).

We received many crowdsourced reports of periodical cicadas 
emerging in the Washington–Baltimore and Cincinnati metropol-
itan areas, which are not in the range of Brood VI as traditionally 
understood. These populations, which emerged in 2017 (and in prior 
Brood VI emergence years), seem best understood as 4-yr early ‘strag-
gler’ emergences of Brood X, since they fall within the known range 

Table 4.  Comparison of records in ‘neighborhood’ of 400 m radius 
around each data point

Total
Higher dens-

ity 2000
No 

change
Higher dens-

ity 2017
No compar-
able record

2000 424 10 143 37 234
2017 2,495 33 447 98 1,917

Fig. 6.  Continued.
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of this brood (see Kritsky 1987) for further discussion of ‘Brood VI’ 
records in southern Ohio and Indiana. Although cicadas of any one 
brood show remarkable fidelity to their emergence schedule, the for-
mation of the broods and the divergence of these cicadas into two 
life cycles (13 vs 17 yr) must have involved at least temporary life 
cycle switching (Simon and Lloyd 1982; Kritsky 1988; Marshall 
et al. 2011, 2017; Cooley et al. 2018), so straggler emergences are 
not unheard of, though they are generally not thought to be exten-
sive or involve emergences of sufficient density to create choruses as 
were heard in the DC-Baltimore and Cincinnati metro areas in 2017. 
A full understanding of these emergences awaits the 2021 emergence 
of Brood X (see Supp Mater [online only]).

Our data include records of Brood VI in NC, SC, and GA, ex-
tending slightly farther outward from the main body of the brood in 
2017 compared with 2000, suggesting that Brood VI cicadas emerged 
over a slightly larger area in 2017. However, since past efforts to 
understand range shifts in these species have been complicated by 
the difficulty of distinguishing actual shifts from data artifacts, it is 
worth considering the ways in our data could be biased. First and 
foremost, practical considerations prevented us from collecting re-
cords according to a repeated sampling design. Our data were not 
collected in a matter specifically designed to reveal range changes but 
are instead two maps of the same phenomenon created using slightly 
different techniques. In 2000, we dedicated some of our time to map-
ping the brood, but we also took records while traveling to a field 
site where we were conducting behavioral experiments; in transit to 
the site, we traveled on routes multiple times over periods of days 
and weeks, taking records along the way. In 2017, we did not make 
many repeated passes through given areas; with the benefit of our 
previous records as well as crowdsourced records, we could plan our 
mapping efficiently so that we passed through some areas only once. 
Thus, although our 2000 records tend to depict some chorus inten-
sities as they were over several days, our 2017 records tend to be a 
more focused snapshot of chorus activity. Such differences in our 
2000 and 2017 sampling schemes could have led to underestimates 
of the extent of the 2017 emergence in areas that were visited only 
once, and this bias would have a tendency to show the brood’s range 
shrinking between 2000 and 2017.

Weather-mediated differences in emergence timing in different 
years could also bias our data by causing a declining chorus to be 
scored as weak in one generation and strong in another, simply 
due to differences in emergence phenology. The weather in 2000 
and 2017 was not exactly the same; for instance, annual average 
temperature in Asheville NC near the main body of Brood VI was 
11.7°C in 2000 and 15.9°C in 2017 (National Weather Service 
2020). On the other hand, May 2000 was slightly warmer than May 
2017 across the range of Brood VI (average monthly temperatures at 
Asheville 19°C in 2000 vs 18.2°C in 2017; National Weather Service 
2020). We cannot confirm or exclude the possibility that weather-
related phenological differences between 2000 and 2017 contributed 
to the patterns we found.

The possibility that our data include unquantifiable biases is 
somewhat mitigated by our intentionally conservative methodo-
logical design. Our ‘neighborhood’ method mitigates potential biases 
by favoring records of higher density and reducing the reliance of our 
conclusions on any single record. The linear feature method is neces-
sarily inexact, but its biases are conservative—due to the density of 
sampling and the large number of negative records, all linear features 
are relatively short, and because estimates are made only for loca-
tions where sampling was conducted in both 2000 and 2017, areas 
that were not well-sampled in either year are not included and do 
not influence our results. Our conclusions are also based on patterns 

across the main range of Brood VI, insulating them from the effects 
of local anomalies.

The simplest explanation for the patterns in our data set is that 
Brood VI expanded its range slightly over one generation from 2000 
to 2017. These likely changes are small—on the order of one or a 
few kilometers, and they suggest that brood boundaries are more 
dynamic, at least on extremely small scales, than previously ap-
preciated. Some of the patterns in our data suggest the manner in 
which broods might expand their ranges. Records in the ‘one or a 
few’ and ‘light chorus’ categories were considerably more common 
in the 2017 data set than in the 2000 data set (Table 3), which is 
consistent with a brood dispersing and expanding over a larger area. 
Although the distinction between light and strong choruses can be 
strongly affected by weather conditions or emergence phenology, if 
we combine both light and strong chorus categories, then the ‘one 
or a few’ category is still overrepresented relative to choruses in the 
2017 data set. Some variation in local densities has been reported for 
other broods; for example, Karban (2014) found that local popula-
tion densities of Brood II differed considerably over the course of 
three generations. A recurrent pattern in our dataset is that records 
around the periphery of the brood (in either sampling year) include 
a number of low-density records (single or scattered individuals) that 
could represent adults that had dispersed away from main chorusing 
centers, facilitated by a relatively continuous forest cover (Cook 
and Holt 2006) and reflecting patterns noted in Karban (1981) and 
Strang (2013). If so, then cases in which we found that a low-density 
population record from 2000 was replaced by a higher-density 
population record in 2017 could represent successful reproduction 
by dispersing cicadas; the high fecundity of female periodical cicadas 
(up to 600 eggs; Marlatt 1923) makes rapid increases in population 
density possible under the right conditions.

Although the magnitudes of the apparent range shifts we iden-
tified might seem slight, nothing substantially more is required to 
explain the current extent of the periodical cicada distribution. 
Indeed, moving at a rate of only 2 km per generation, periodical 
cicadas could cover a distance of 500 km in only 250 generations, 
or 4,250 yr, ample time to leave glacial refugia and fill expanding 
forest biomes in postglacial North America. Indeed, it may well be 
that the cicadas’ own dispersal and colonization abilities were less 
limiting than the rate of deciduous forest expansion. On the other 
hand, given cicadas’ ability to spread, it is difficult to reconcile a 
change of even 0.5 km over one periodical cicada generation with 
the strong pattern of parapatry found today across the Magicicada 
broods, since just a few thousand years of even slight expansion of 
adjacent broods would create deep overlaps. Broods clearly have the 
potential to expand and overlap each other, so some other process 
must maintain brood parapatry. Perhaps periodical cicadas can ex-
pand relatively easily into new territory, even if it is already occupied 
by a different periodical cicada brood (e.g., Lloyd and Dybas 1966, 
Lloyd et al. 1983), and parapatry is maintained because local brood 
coexistence may be unstable and only temporary (Lloyd and White 
1976). Possibly, the seeming present-day stability of periodical ci-
cada broods is a dynamic equilibrium, in which brood boundaries 
ebb and flow, tracking conditions as local populations prosper or 
wane, such that conditions at any one time are simply snapshots of a 
system that is more in flux than previously assumed.

Supplementary Data
Supplementary data are available at Annals of the Entomological Society of 
America online.
Stragglers

D
ow

nloaded from
 https://academ

ic.oup.com
/aesa/article/114/4/477/6224430 by guest on 13 July 2021

http://academic.oup.com/aesa/article-lookup/doi/10.1093/aesa/saab007#supplementary-data


487Annals of the Entomological Society of America, 2021, Vol. 114, No. 4

‘Stragglers’ or off-cycle cicadas, are relatively common, at least in low densities, with 
4-yr shifts most common and 1-yr shifts less so, other shifts even rarer. But there are 
also notable examples of mass off-cycle emergences in 17-yr cicadas. Dybas (1969) 
reported periodical cicada emergences but no chorusing or egg-laying in the suburbs 
of Chicago in 1969, 4 yr prior to the emergence of Brood XIII; 4-yr early emergences 
with moderate chorusing were reported in similar locations in 2003 and 2020, again, 
4 yr prior to Brood XIII emergences (Cooley et al. 2016). In 2017, as we mapped 
the expected Brood VI emergence, we received reports of substantial numbers of 
Brood X stragglers emerging 4 yr early. Accordingly, we mapped these unexpected 
emergences in order to compare them to emergences expected in 2021 (Supp Fig. 1 
[online only]).
Back to the Future
Simon (1988) updated the maps of periodical cicada brood distributions created 
by Marlatt in the late 1800s and early 1900s (Marlatt 1923). Updating information 
came from numerous publications since Marlatt, her personal field observations, 
Cooperative Extension records, and USDA Animal and Plant Health Inspection 
Service files. All maps report records by county only. Comparing the Simon 
(1988) map of Brood VI represented by filled symbols (Fig. 2) to the Marlatt map 
(represented by filled and empty symbols; Fig. 2) to the 2017 map (Supp Fig. 1 [on-
line only]) gives the impression of a decline and resurgence of ‘Brood VI’ records 
over time. However, we suggest that the areas of Marlatt’s (1923) Brood VI map 
falling outside of the Simon (1988) map represent 4-yr early Brood X stragglers, and 
that apparent changes in abundance between Marlatt’s map (Marlatt 1923) and our 
2017 crowdsourced data reflect technological changes in data collection method-
ology, changes in Brood X abundance, changes in the frequency of straggling from 
Brood X, or some combination of the above. In 2017, we mapped in detail an area 
west of Washington DC from the Potomac River south to Reston, VA. Some choruses 
were as loud as typical emergences and the duration of the emergence in the DC area 
was typical of periodical cicadas. Additional detailed observations of stragglers were 
observed in the Cincinnati metropolitan area. These observations will be the subject 
of a future paper.
Fig. S1. Crowdsourced records collected in 2017.
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