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Abstract: Sleeper species are innocuous native or naturalized species that exhibit invasive
characteristics and become pests in response to environmental change. Climate warming is expected
to increase arthropod damage in forests, in part, by transforming innocuous herbivores into severe
pests: awakening sleeper species. Urban areas are warmer than natural areas due to the urban heat
island effect and so the trees and pests in cities already experience temperatures predicted to occur
in 50–100 years. We posit that arthropod species that become pests of urban trees are those that
benefit from warming and thus should be monitored as potential sleeper species in forests. We
illustrate this with two case studies of scale insects that are important pests of urban trees in parts
of the US. Melanaspis tenebricosa and Parthenolecanium quercifex are geographically native to the US
but take on invasive characteristics such as higher survival and reproduction and become
disconnected from natural enemies on urban trees due to the urban heat island effect. This allows
them to reach high densities and damage their host trees. Parthenolecanium quercifex density
increases up to 12 times on urban willow oaks with just 2 °C of warming due to higher survival and
adaptation to warmer temperatures. The urban heat island effect also creates a phenological
mismatch between P. quercifex and its parasitoid complex, and so egg production is higher.
Melanaspis tenebricosa density can increase 300 times on urban red maples with 2.5 °C of warming.
This too is due to direct effects of warmer temperatures on survival and fecundity but M. tenebricosa
also benefits from the drought stress incurred by warmer urban trees. These effects combine to
increase M. tenebricosa density in forests as well as on urban trees at latitudes higher than its native
range. We illustrate how cities provide a unique opportunity to study the complex effects of
warming on insect herbivores. Studying pestilent urban species could be a pragmatic approach for
identifying and preparing for sleeper species.
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Sleeper species are innocuous native or naturalized species that exhibit invasive characteristics
and become pests in response to environmental change [1]. Climate warming is expected to increase
arthropod damage in forests, in part, by transforming innocuous herbivores into severe pests:
awakening sleeper species [2–4]. Several native insect herbivores have already become invasive forest
pests. For example, warming has transformed the mountain pine beetle (Dendroctonus ponderosae
(Hopkins)) from an intermittent outbreak pest to an invasive pest by increasing winter survival,
voltinism, and geographic range (latitude and altitude) [5–8]. In these newly invaded areas, mountain
pine beetles encountered naive host trees, often stressed by climate, amplifying their lethality [9,10].
Southern pine beetle (Dendroctonus frontalis Zimmermann), native to the southern US, and pine
processionary moth (Thaumetopoea pityocampa Denis and Schiffermüller), native to the Mediterranean
region, have also spread and become damaging pests as warmer winters have permitted their
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survival at higher latitudes [11,12]. Trees host a remarkable number of herbivorous arthropod
species. For example, Quercus and Acer trees in the mid‐Atlantic USA host 535 and 297 Lepidoptera
species, respectively [13]. In the British Isles, Quercus trees host over 400 insect species [14]. With so
many native or naturalized insect species on a given tree and continued warming, how do we identify
and prepare for sleeper species?
Cities are warmer than adjacent natural areas due to the urban heat island (UHI) effect [15].
Urban trees live at these warmer temperatures and often have more arthropod pests than trees in
natural areas [16–19]. The UHI effect can increase herbivore populations directly by increasing their
development rate, voltinism, winter survival, or fecundity [18,20–23]. The UHI effect can increase
herbivore populations indirectly by increasing host plant quality or reducing regulation by natural
enemies [18,20]. Warmer temperatures are not the only reason background herbivores become
invasive pests on urban plants but the UHI effect is a major driver structuring arthropod communities
[24–28]. Cities provide opportunities to study the complex effects of warming now, even when
considering for environmental differences, such as landcover, disturbance, soil moisture, and natural
enemies, between cities and natural habitats (as reviewed in [29]). Thus, cities may help predict the
response of plants and animals to climate change [29]. Pestiferous species that thrive on urban trees
may be sleeper species that will become invasive forest pests with continued warming.
Invasive species often have inherent or plastic traits that increase their fitness, competitiveness,
or reproductive rate as compared to non‐invasive species [30–32]. There is no set definition of what
characteristics make a species invasive, but rather a collection of characteristics that are common to
species considered invasive. These characteristics are usually applied to non‐native species and
include sexual and asexual reproduction, high reproductive and dispersal rates, phenotypic plasticity
or adaptation, release from enemies, rapid geographic spread, and negative effects on human
interests and biodiversity [33–38]. Warming can promote or activate these traits in some herbivorous
arthropods [34,39,40]. For example, the diamondback moth (Plutella xylostella (L.)) is a long‐distance
disperser and is a cosmopolitan agriculture pest [41]. Climate warming has increased its dispersal
ability as warmer air currents facilitate longer distance dispersal, allowing it to be pestilent in areas
where it could not successfully overwinter [42,43], though establishment is occurring in some of these
areas as they become warmer [44]. With warming, the eastern larch beetle (Dendroctonus simplex Le
Conte) has become more pestilent in its native range [45], with some populations changing from
univoltine to bivoltine during warmer years [46]. Species that display invasive phenotypes (i.e., those
phenotypes that include characteristics considered invasive) due to urban warming may be the
sleeper species that will become invasive forests pests with continued climate warming e.g., [47,48].
The effects of urban warming have been particularly well studied for two scale insect taxa that
are urban tree pests, gloomy scale, Melanaspis tenebricosa (Comstock) and oak lecanium scale
Parthenolecanium quercifex (Fitch). These scale species develop invasive traits, proliferate, and become
chronic urban tree pests due to the UHI effect [49–51]. Other scale species on the same trees under
the same conditions do not display invasive phenotypes or become pests [52,53]. Melanaspis
tenebricosa and P. quercifex are consistent with characterizations of sleeper species as they are
innocuous native species that become pests with environmental change, here, the UHI effect.
Moreover, we suspect that activation of these species and other species by the UHI effect forewarns
their emergence as forest pests as the climate warms. Here, we present case studies of these scale
insect species to describe how they have become invasive in cities and how these characteristics could
predict their eventual emergence as forest pests. We focus on a few traits associated with invasive
species that could be and have been affected by warming: (1) phenotypic plasticity that increases
fitness and abundance, (2) the uncoupling of interactions with local natural enemies, and (3)
geographic range expansion (Table 1). We review research on these species and demonstrate the
primacy of warming in altering these traits—leading to high densities and virulence of these pests—
as compared to other environmental factors. We also discuss evidence for their potential to spread
into natural forests with climate warming and how this approach could be used more generally.
Table 1. Summary of the effects of urban warming on gloomy scale (Melanaspis tenebricosa) and oak
lecanium scale (Parthenolecanium quercifex) invasiveness.
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M. tenebricosa
Greater embryo production on warmer
trees [21]
Scale density 200 times greater on
urban trees with 2.5 °C of warming
[55];

P. quercifex
Greater ovisac density on warmer trees
[54]
Scale density 8–12 times greater on urban
trees with 2.5 °C of warming [54];

five times more abundant on street
trees than forest trees [56]; greater
accumulation [50]

seven times more abundant at low than
high latitudes and on street than forest
trees (Δ 3.8 °C latitude) [57]

Scales are 30% larger on warmer urban
trees [21]; greater survival [21,58];
greater establishment [50,58]

Crawler survival 20% greater at higher
temperatures [58,59]; three times greater
density [58,59]; three times greater
density in warmed common garden [57]

No increase in total natural enemy
density [21] or parasitoid density [56]
with urban warming or natural enemy
density tracks scale density [56]
Northward expansion [57,60]; found at
greater elevations [61]

Phenological mismatch between scales
and parasitoids on warm urban trees [51]
no observations available

1. Oak Lecanium Scale and Willow Oaks
Natural history. Parthenolecanium quercifex is native to the eastern US and feeds primarily on oak
trees (Figure 1). They feed on phloem from leaves or branches depending on their life stage.
Parthenolecanium quercifex are univoltine and adult females begin oviposition in late spring [62].
During this period, the female swells and arches her test to produce a hemispherical container for the
eggs (i.e., ovisac). Parthenolecanium quercifex produce up to 3000 eggs over a period of approximately
4 weeks. Eggs typically hatch within a week. Crawlers (i.e., first instars) migrate from ovisacs to
leaves where they feed through summer. In fall, they molt to second instars and migrate back to tree
stems. Parthenolecanium quercifex overwinter as second instars and develop into adults in early spring.

Insects 2020, 11, 142

4 of 16

Figure 1. Willow oak (Quercus phellos) branch heavily infested with oak lecanium scale
(Parthenolecanium quercifex) ovisacs. Photo: Clyde Sorenson, North Carolina State University.

Parthenolecanium quercifex feeds on many oak species [63] but is a primary pest of willow oak
trees in the eastern US [49]. The native distribution of willow oaks in eastern US forests is from New
Jersey to northern Florida and they are among the most planted trees in US cities throughout the
southeastern and mid‐Atlantic states [64]. Willow oaks host diverse arthropod communities,
including many specialist and generalist herbivores [63]. Among these are at least 12 scale species
and many other related hemipterans, including the congener, Parthenolecanium corni, which is not
native to the US but often co‐occurs with P. quercifex on urban trees. The species are indistinguishable
during all but the first instar [65]. Therefore, research has often reported their combined abundance.
Severe infestations of P. quercifex can reduce tree growth especially when combined with other
stressors like drought [59]. Parthenolecanium quercifex also produce honeydew that coats leaves and
other surfaces and is a substrate for sooty molds.
Relationship of warming and density. Parthenolecanium quercifex density is generally greater on
urban willow oaks than willow oaks in forests. The relationship between P. quercifex density and
temperature has been explored with observational and manipulative experiments. In one experiment,
a georeferenced urban tree database and Landsat surface temperature data were used to select willow
oak street trees from the warmest and coolest locations in Raleigh, NC, US (35°47′15.8′’ N, 78°38′39.3′’
W) [54]. Temperature was also recorded throughout the experiment with in situ data loggers. Scale
density was recorded throughout the year to assess density at different life stages: ovisacs in spring,
first instars on leaves in summer, and second instars on twigs in fall. The density of each life stage
was 8–12 times higher on the warm trees than cool trees [54]. No differences were found in natural
enemy abundance or percent parasitism of adults, suggesting an important role of temperature on
scale density. Similar observational experiments using street trees produced comparable
relationships between temperature and P. quercifex density and natural enemies [51,59]. Willow oaks,
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and other oak species, host other scale species [49,63], but only P. quercifex density increased with
temperature in this study.
The relationship between P. quercifex density and temperature was further confirmed with
experiments comparing street trees to forest trees at the same and different latitudes [57]. Scale
density, temperature, and natural enemy community were recorded for street trees in Raleigh and
3.8 degrees of latitude higher in Newark, DE, US (39°41′1.4′’ N, 75°44′58.8′’ W). Mean canopy
temperature of street trees in Raleigh was 0.8 °C warmer than that of forest trees and street trees had
over eight times more P. quercifex. Newark had a mean temperature during the observational period
3.1 °C below that of Raleigh, similar to the difference between Raleigh street and forest trees. Overall,
Newark trees had seven times less scales than Raleigh street trees, similar to the differences between
Raleigh street and forest trees. There were no scales detected on forest trees in Newark. This suggests
that the cooler background temperature of Newark, due to latitude, limited P. quercifex from reaching
pest densities on urban trees and that there could be a threshold temperature at which P. quercifex
switch from background to pestiferous herbivores [57]. The mechanisms driving this change in
density need to be uncovered because they are important for understanding the activation of sleeper
species and potential for scales to reach high densities in locations that are currently at low densities.
Invasive trait: phenotypic change. High survival rate is a mechanism that increases the population
growth, spread, and persistence of invasive species [66]. Growth chamber experiments were
conducted to determine whether greater survival is a mechanism for P. quercifex density on trees
under warm conditions [59]. Greenhouse and growth chamber experiments help control for
potentially confounding biotic and abiotic factors that may differ between urban and natural areas,
such as soil type, plant cover, natural enemy presence and activity, water availability, and pollutants.
Parthenolecanium quercifex ovisacs collected from urban trees were attached to willow oak saplings in
large growth chambers (9 m3). Saplings were grown in either warm or cool chambers under high or
low water treatments. The cool chamber temperature was set to the monthly mean outdoor
temperature (30 year normals) [67]. The warm chamber was maintained at 4 °C higher than average
to emulate the UHI effect. First instar scales had approximately 20% greater survival in the month
after eclosion in the warm chambers than cool chambers. Water stress did not have a significant effect
on P. quercifex survival [59]. Crawlers are the most vulnerable stage of scale insects and their survival
is often low. Thus, greater survival during this important life stage could affect population growth in
field populations.
Scale insects can adapt to new hosts or abiotic conditions through genetic or plastic phenotypic
changes that increase their fitness [68–71]. A greenhouse experiment was conducted to determine
whether P. quercifex collected from warm trees were adapted to, and gained an advantage in, warmer
conditions absent other urban environmental characteristics [54]. In this experiment, willow oak
saplings were grown in a warm greenhouse maintained at 36/32 °C (day/night) and in a cool
greenhouse that was 32/28 °C. Parthenolecanium quercifex ovisacs were collected from trees in warm
and cool locations in Raleigh and attached to chamber saplings in a factorial design that included
scale thermal origin (warm or cool) with chamber temperature (warm or cool). After three months,
the density of scales from ovisacs from cool trees was similar in warm and cool chambers. The density
of scales from ovisacs from warm trees was over three times greater in warm chambers than in cool
chambers. This suggests scales from warm trees had some plastic or genetic adaptation to warmer
conditions that increased their survival and densities. Warming scales from cool trees did not
produce the invasive phenotype (i.e., survival was not greater) in the single season of the experiment
[54]. Multigeneration experiments are needed to determine whether scales acquire this phenotype
through maternal effects or other mechanisms.
The hypothesis that scales in cool climates develop invasive phenotypes with climate warming
can be tested with reciprocal transplant and common garden experiments that also help alleviate the
confounding effects of non‐temperature urban conditions on scale responses. A common garden
experiment was conducted to help determine whether P. quercifex at high latitudes could develop
invasive phenotypes that included higher survival and density as the climate warmed [57].
Parthenolecanium quercifex ovisacs were collected from Newark, DE and from Raleigh, NC in spring
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and then attached to young willow oaks planted in a common garden in Raleigh. Raleigh has a mean
temperature that is approximately 2.8 °C warmer than Newark. Thus, this design simulated global
estimates of climate warming over the next 50–100 years [72]. Scales from Newark reached densities
more than three times greater than scales from Raleigh and these densities are not often recorded
from urban trees in Newark [57]. This suggests that climate warming could activate P. quercifex—
through mechanisms such as increased size, fecundity, or survival—in areas where it currently exists
as a background herbivore.
Invasive trait: uncoupled natural enemy interactions. Many native and exotic species become
invasive because they are uncoupled from natural enemies [73]. Climate warming can also disrupt
trophic interactions by changing natural enemy behavior, abundance, or community composition
[74–77]. Warming can also create phenological mismatches between herbivores and natural enemies
which are predicted to occur frequently with climate warming [78–80].
Field research on P. quercifex has shown that its natural enemy communities are similar between
trees in warm and cool areas as well as between forest and street trees [54,57]. In fact, natural enemies,
like parasitoids, are often more abundant in trees with more scales [19,21,81]. Percent parasitism of
P. quercifex, assessed by dissections, was also similar between scales on warm and cool street trees in
Raleigh [54]. Taken together this evidence suggests that warming increased scale density directly, as
discussed above, rather than indirectly by altering interactions with natural enemies. However, a
field experiment uncovered a phenological mismatch between P. quercifex and parasitoids at a key
stage in its life cycle that contributed to greater reproductive success and population growth [51].
Parthenolecanium quercifex produce eggs in spring and around the time of oviposition, several
parasitoids become active and parasitize the adult female scales and lay eggs that develop within the
scale body or ovisac [82]. Parasitism can reduce or prevent oviposition depending when it occurs
during development. In this field experiment, female scales from street trees in warm sites and sites
approximately 2.5 °C cooler were collected weekly, starting prior to oviposition. At each collection,
the proportion of egg‐producing scales and the proportion of parasitized scales was recorded. Scales
on warm trees produced eggs approximately two weeks earlier than scales on cool trees. Scales were
parasitized at similar rates on warm and cool trees but scales on warm trees produced more eggs
before they were parasitized. Thus, egg production by unparasitized scales was similar on warm and
cool trees but egg production was doubled for parasitized scales in warm trees [51]. Greater egg
production due to this mismatch coupled with higher survival of first instars on warm trees could
increase population growth, an invasive trait, and, thus, make P. quercifex an invasive species.
2. Gloomy Scale and Red Maples
Natural history. Gloomy scale, Melanaspis tenebricosa, is native to the southeastern US (Figure 2).
It feeds primarily on red maple and other maples though it can be found on other species, including
tulip poplar (Liriodendron tulipifera), hackberry (Celtis occidentalis), sweet gum (Liquidambar styraciflua),
and holly (Ilex americana) [16,83]. Melanaspis tenebricosa is univoltine and lives on tree bark where it
feeds on fluid from xylem or parenchyma cells [84]. Mated females overwinter and begin oviposition
in late spring. Each scale produces up to 5–7 eggs per day over 6–8 weeks [21,85]. Crawlers (i.e., first
instars) leave the test and settle on branches or the trunk, often within a few centimeters of the mother.
At these settling sites, a crawler molts, builds its test, molts again, and expands its test. After the last
molt in late summer, winged males emerge to mate with females—after which, the males die [83].
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Figure 2. Red maple (Acer rubrum) branch heavily infest with gloomy scale (Melanaspis tenebricosa).
Photo: Elsa Youngsteadt, North Carolina State University. The small bumps covering the bark are
scale tests. See Dale, A.G., Frank, S.D., 2014. Urban Warming Trumps Herbivore Enemies. Bull. Ecol.
Soc. Am. 95, 252–256 for additional images.

In the southeastern US, M. tenebricosa are primarily a pest of planted red maples along streets
and in urban landscapes. They were identified as the most important pest of urban red maples in
1912 [16] and remain so today [49]. Yet, red maples are hosts to specialist herbivores such as painted
maple aphids (Drepanaphis acerifoliae (Thomas)) and maple spider mites (Oligonychus aceris (Shimer)),
generalist herbivores, and at least 16 other scale species [63,84,86]. In the southeastern US, these other
herbivores rarely become chronic pests of red maples in urban or rural forests. Melanaspis tenebricosa
densities increase rapidly on street trees 6 to 10 years after planting [50]. They can reach densities
exceeding 70 scales per cm [87] and encrust branches and trunks, giving trees a dark gray ‘gloomy’
appearance. Heavy M. tenebricosa infestations cause dieback of small branches and sparse canopies.
Eventually, larger branches may die with trees acquiring generally poor condition and appearance
[55].
Relationship of warming and density. Melanaspis tenebricosa density is generally greater on urban
trees than trees in natural areas [16,56,87]. Gloomy scale density is positively correlated with air
temperature and the amount of impervious surface cover around trees [55]. Initial research to
understand M. tenebricosa infestation of urban trees assessed scale and natural enemy density and
community composition on trees that varied in canopy temperature and the amount of circumjacent
impervious surface over two years. The trees spanned a temperature gradient of approximately 2.5
°C as measured within their canopies. Natural enemy density and community composition did not
differ among the trees and were not a significant predictor of scale density in path analyses [21]. The
strongest path indicated that impervious surface cover increased temperature which, in turn,
increased scale density. Subsequent research on urban red maples corroborated these results
[53,56,61,87].
The benefits of warming for M. tenebricosa were also assessed by comparing urban and forest
trees in Raleigh and 3.8 degrees of latitude higher in Newark, DE [56]. Melanaspis tenebricosa density
was measured on solitary trees planted in landscapes and on trees growing naturally on the edge and
interior of adjacent forests. In Raleigh, landscape trees were 1.5 °C warmer than forest edge or interior
trees and had three orders of magnitude more scales. In Newark, which has a mean temperature that
is 2.8 °C cooler than Raleigh, forest and landscape trees had similar, low scale densities as compared
to Raleigh street trees. To separate the effects of temperature from differences in edaphic conditions
(e.g., water availability, compaction, nutrients), an experiment was conducted with potted red maple
saplings. Saplings were planted in bark and sand potting mix and infested with gloomy scales. The
following year the potted trees were placed next to a subset of the landscape and forest trees in late
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spring (May 2014) before the M. tenebricosa oviposition period and moved to nursery pad after
oviposition ended (July 2014). Potted trees were watered three times each week. At the end of the
second summer (September 2016), scale density was five times greater on potted trees next to
landscape trees than on forest trees, indicating a benefit of the higher temperature in landscapes.
Additionally, parasitoid and predator abundances were four times greater in landscapes suggesting
natural enemies were not responsible for lower M. tenebricosa density in forests [56].
Invasive trait: phenotypic change. Common phenotypic changes observed in invasive species are
greater size or fecundity [88–90]. These changes can be due to favorable abiotic conditions, higher
quality food, less competition, or other factors [66,91–93]. In an observational experiment, M.
tenebricosa were collected from urban trees that spanned a temperature gradient of approximately 2.5
°C [21]. The number of embryos within scales was positively correlated with tree canopy temperature
in each of four collections that were each approximately a week apart. Scale size (i.e., body length)
was also positively correlated to temperature in this experiment and scales were up to 30% larger in
trees from warmer locations.
Tree quality for herbivores can increase or decrease with water stress and the effects of water
stress on scales has been equivocal. Research on white peach scale (Pseudaulacaspis pentagona
(Targioni)) found water stress reduced population growth and survival [94]. However, elongate
hemlock scales (Fiorinia externa Ferris) became more abundant on trees subjected to water stress [95].
Some research on M. tenebricosa found that although scale density was positively correlated with
canopy temperature, impervious surface cover was a stronger predictor of scale density [96].
Impervious surface cover affects temperature but also the soil moisture available to trees [97]. As
such, tree water stress, measured as xylem water potential, was found to be correlated with
impervious surface cover around red maples in a different study [55].
A field experiment was conducted to disentangle the effects of temperature and water stress on
M. tenebricosa density and fecundity [98]. Pairs of red maple street trees were selected at 30 sites in
Raleigh that spanned a range of impervious surface cover and air temperature. One tree in each pair
was assigned to a ‘watered’ treatment and received supplemental water through the summer for two
years, ‘unwatered’ trees received no supplemental water. Thus, the temperature which increases with
impervious surface could be separated from water stress which also increases with impervious
surface. Slow release irrigation bags were placed on each tree in the watered treatment and filled
twice each week from June through August, when temperature and water stress are greatest in
Raleigh, NC. Melanaspis tenebricosa fecundity was measured after a two‐year experimental duration.
There were additive main effects of temperature and watering in which the warmest unwatered trees
had approximately 17% more embryos than warm watered trees but these had 65% more than cool
watered trees [98]. Thus, higher temperature and tree water stress, both of which will increase with
climate change, work in concert to produce the invasive phenotypes of higher fecundity and
population growth.
Melanaspis tenebricosa survival and establishment also increases at warmer temperatures. The
proportion of scales that survived from one year to the next was greater on trees that were 2.5 °C
warmer than cooler trees in Raleigh, NC as measured by the ratio of adults from one generation to
the next [21]. In another study, M. tenebricosa establishment and rate of scale accumulation was
greater on trees surrounded by greater proportions of impervious surface [50]. A growth chamber
experiment was used to test the effect of temperature, while limiting or removing the effect of other
uniquely urban conditions, on the establishment and survival of M. tenebricosa. Scales in the warmer
chambers developed faster, reached higher densities, and had greater survival [58]. These results
indicate that the benefits of warming on early stage settlement and survival are important in reaching
high scale densities on already‐warmer urban trees and may also benefit scales when forests warm.
Invasive trait: range expansion. Invasive species are often characterized by geographic range
expansion into previously unoccupied areas [99]. In 1922, the range of M. tenebricosa was delimited
to include states from Maryland in the north to Florida in south along the east coast of the USA and
westward from Missouri to Texas. Recent surveys e.g.,[53,85] have found them throughout the
southeastern US, in agreement with the Metcalf (1922) map. We surveyed red maple street trees in
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Boston, MA, Queens, NY, Philadelphia, PA, Newark, DE, and Baltimore, MD, along the east coast of
the US. Each of these cities is north of the 1922 M. tenebricosa distribution. These surveys revealed M.
tenebricosa in Queens (1 of 40 trees), Philadelphia (4 of 7 trees), Newark (18 of 35 trees), and in
Baltimore (6 of 33 trees) [57,60]. No M. tenebricosa were found in Boston (39 trees). In addition, we
surveyed red maples in Asheville, NC (elevation: 650 m) and found M. tenebricosa on 12 of 35 trees
[61] in a county not previously recorded as having M. tenebricosa [83]. These findings suggest M.
tenebricosa can exist at latitudes north or elevations greater than its previous distribution likely due
to combined effects of the UHI effect and climate warming that reduce winter temperature extremes
and reduces the frequency of lethal cold events [100]. These observations could be followed up with
research to identify the mechanisms (e.g., thermal tolerance [101]) related to this range movement in
cities and whether M. tenebricosa has spread to rural or natural forests in the last century.
3. Cities Simulate Climate Change
There is evidence that cities can have similar effects on plant and animal species as those
predicted by outdoor warming experiments and experiments in growth chambers [29]. The waxy
tests of M. tenebricosa remain on plants after the insects die and, thus, are preserved on herbarium
specimens. Youngsteadt et al. (2014) inspected 342 red maple herbarium specimens collected in
forests from 1895 to 2011 from North Carolina, South Carolina, and Georgia. Melanaspis tenebricosa
were counted on each specimen and temperature was estimated for the collection location by year of
collection. They also collected twigs and temperatures from urban red maples. The modeled response
of herbarium and urban scale to temperature was similar in shape but different in magnitude with
urban scales found at six times greater density. Melanaspis tenebricosa was found on approximately
29% of sites from herbarium specimens. The frequency of M. tenebricosa on samples was greatest in
historically warm periods of the 20th century and lower in historically cool periods. This documents
fluctuation in scale occurrence with climate in forests and the potential for extended warming to
make M. tenebricosa more common in forests. Warming in the past 40 years has been greater in
magnitude and duration than the other warm periods analyzed initially. To determine how recent
extended warming affected M. tenebricosa density, 20 forest sites where herbarium specimens had
been collected were revisited. Random twigs were collected from red maples at each site and
processed for storage that matched the procedures of the herbarium samples. At 16 of the sites, scale
density had increased compared to two that were the same and two that declined [87]. Within the M.
tenebricosa native range, warming increases scale occurrence and density in forests where they
generally occur at low densities, thus providing evidence for potential future spread into forests.
Moreover, recent reviews have evaluated the potential for and evidence of range expansion for plant
pests and pathogens with warming [102,103].
4. Conclusions
Most herbivorous arthropods are not pests. They are background herbivores that contribute to
the biodiversity and functioning of ecosystems. Yet, native and exotic sleeper species are a growing
threat to forests and other ecosystems with continued warming. Here, we illustrated how cities
provide a unique opportunity to study the complex effects of warming on insect herbivores. The two
scale insect species presented show multiple invasive traits on urban trees due to the UHI effect. The
effects of warming were also detected in laboratory experiments and forest observations supporting
the assertion that warming is driving the scale density and the phenotypic changes observed rather
than other urban factors. Many other scale species are chronic or occasional pests on urban trees and
temperature is unlikely to be the primary driver of every species. Geographically native species such
as tulip tree scale, obscure scale, pine needle scale, and others in the US are important pests of urban
trees though mechanisms that drive these pests are not well established [19,49,104]. Tree stress,
depauperate natural enemy communities, insecticides, and fertilizer have all been attributed to high
densities of scale insects and other pests on urban trees [18,19,94,105,106]. Connections between
temperature and scale outbreaks have been described relatively recently but may help unify some
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other proposed mechanisms since, for example, heat is caused by impervious surfaces that also
fragment and reduce natural enemy habitats and cause tree stress [20].
Scales and their relatives can kill or sicken trees across vast geographic areas [107,108], changing
the structure and functions of forest ecosystems [109–111]. Warming can benefit many of these pests
directly and indirectly increasing survival, reproduction, and population growth [112]. Higher fitness
for pests combined with potentially greater stress of their host trees is expected to increase the spread
and pestilence of geographically native and exotic species. For example, hemlock woolly adelgids,
elongate hemlock scale, and the scales associated with beech bark disease benefit from warmer
winters at high latitudes where they would otherwise not survive [113–116]. The geographic ranges
of many other scale and non‐scale tree pests are restricted by cold temperatures. These species would
be expected to survive or even thrive in cities at latitudes higher than where they occur in forests.
This is what we see in gloomy scale but also pine processionary moth which survives in the Paris, FR
heat island although it is north of the natural expansion front [117]. The UHI effect benefits pine
processionary moth caterpillars by increasing development rate and winter survival [118].
Not all arthropods benefit from higher temperatures. Negative effects of the UHI effect have
been documented for many non‐pest arthropod species, including some ants, bees, butterflies, and
spiders [24,27,28,119]. However, negative effects of warming have also been documented for some
pest species, including Adelges tsugae (Annand) (hemlock wooly adelgid) [120], Lymantria dispar L.
(gypsy moth) [121], Matsucoccus matsumurae (Kuwana) (pine best scale) [122], and M. tenebricosa [101]
where studies on each have shown evidence for range stasis or contraction with warming. Thus, the
UHI effect can not only portend the awakening of pest species that benefit from warming but also
identify species destine to decline with climate warming. Identifying and studying pestilent urban
species could be a pragmatic approach for identifying and preparing for sleeper species [29].
Further research is needed to determine whether this approach applies broadly to arthropods,
other ectotherms, plants, and even pathogens. Research in some of these systems has identified
species that are considered latent invasive or pest species (e.g., insects [123], pathogens [124]), where
they remain quiescent until conditions are more suitable. A pragmatic starting point for research to
identify other potential sleeper species would be to examine those insects that are already pests or
more abundant in cities. For example, Thyridopteryx ephemeraeformis (Haworth) (bagworms) are an
urban tree pest whose distribution is limited by cold temperatures [125,126], but have demonstrated
greater survival in areas with greater impervious surface [127]. In Europe, Eotetranychus tiliarum
Hermann (lime mite) had four times greater abundance and three times greater fecundity on Tilia sp.
(linden) trees that were on the sunnier side of the street as compared to mites on trees on the shadier
side [128]. The overwintering survival of Hornadaula anisocentra Meyrick (mimosa webworm) was
greater on trees or branches that were nearer buildings and more protected from the cold [23]. Given
the benefits of the UHI effect on these species, their potential to be future forest pests may be similar
to the scales we discuss here. However, importantly, future monitoring will document whether
gloomy scale, oak lecanium scale, and other potential sleeper species actually become forest pests as
predicted.
Author Contributions: Conceptualization, S.D.F. and M.G.J.; Writing‐Original Draft Preparation, S.D.F. and
M.G.J.; Writing‐Review & Editing, S.D.F. and M.G.J.; Funding Acquisition, S.D.F. and M.G.J. All authors have
read and agreed to the published version of the manuscript.
Funding: This work is supported by a Postdoctoral Fellowship (grant no. 2019‐67012‐29633) from the U.S.
Department of Agriculture, National Institute of Food and Agriculture to MGJ as well as USDA NIFA award
numbers 2016‐70006‐25827 and 2018‐70006‐28914 to SDF. The project described in this publication was also
supported by Cooperative Agreements G15AP00153 and G19AP00041 from the United States Geological Survey
to SDF. Its contents are solely the responsibility of the authors and do not necessarily represent the views of the
Southeast Climate Adaption Science Center or the USGS.
Conflicts of Interest: The authors declare no conflicts of interest.

Insects 2020, 11, 142

11 of 16

References
1.
2.
3.
4.

5.
6.

7.

8.

9.
10.

11.
12.

13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

23.

NRC [National Research Council] Predicting Invasions of Nonindigenous Plants and Plant Pests; National
Academies Press: Washington, DC, USA, 2002; ISBN 978‐0‐309‐08264‐8.
Ayres, M.P.; Lombardero, M.J. Assessing the consequences of global change for forest disturbance from
herbivores and pathogens. Sci. Total Environ. 2000, 262, 263–286.
Robinet, C.; Roques, A. Direct impacts of recent climate warming on insect populations. Integr. Zool. 2010,
5, 132–142.
Dukes, J.S.; Pontius, J.; Orwig, D.; Garnas, J.R.; Rodgers, V.L.; Brazee, N.; Cooke, B.; Theoharides, K.A.;
Stange, E.E.; Harrington, R.; et al. Responses of insect pests, pathogens, and invasive plant species to
climate change in the forests of northeastern North America: What can we predict? Can. J. For. Res. 2009,
39, 231–248.
Bentz, B.J.; Logan, J.A.; Vandygriff, J.C. Latitudinal variation in Dendroctonus ponderosae (Coleoptera:
Scolytidae) development time and adult size. Can. Entomol. 2001, 133, 375–387.
Cudmore, T.J.; Björklund, N.; Carroll, A.L.; Staffan Lindgren, B. Climate change and range expansion of an
aggressive bark beetle: Evidence of higher beetle reproduction in naïve host tree populations. J. Appl. Ecol.
2010, 47, 1036–1043.
Janes, J.K.; Li, Y.; Keeling, C.I.; Yuen, M.M.S.; Boone, C.K.; Cooke, J.E.K.; Bohlmann, J.; Huber, D.P.W.;
Murray, B.W.; Coltman, D.W.; et al. How the mountain pine beetle (Dendroctonus ponderosae) breached the
canadian rocky mountains. Mol. Biol. Evol. 2014, 31, 1803–1815.
Raffa, K.F.; Aukema, B.H.; Bentz, B.J.; Carroll, A.L.; Hicke, J.A.; Turner, M.G.; Romme, W.H. Cross‐scale
Drivers of Natural Disturbances Prone to Anthropogenic Amplification: The Dynamics of Bark Beetle
Eruptions. Bioscience 2008, 58, 501–517.
Rosenberger, D.W.; Venette, R.C.; Maddox, M.P.; Aukema, B.H. Colonization behaviors of mountain pine
beetle on novel hosts : Implications for range expansion into northeastern North America. 2017, 1–26.
Adams, A.S.; Aylward, F.O.; Adams, S.M.; Erbilgin, N.; Aukema, B.H.; Currie, C.R.; Suen, G.; Raffa, K.
Mountain pine beetles colonizing historical and naïve host trees are associated with a bacterial community
highly enriched in genes contributing to terpene metabolism. Appl. Environ. Microbiol. 2013, 79, 3468–3475.
Lesk, C.; Coffel, E.; D’Amato, A.W.; Dodds, K.; Horton, R. Threats to North American forests from southern
pine beetle with warming winters. Nat. Clim. Chang. 2017, 7, 713–717.
Battisti, A.; Stastny, M.; Netherer, S.; Robinet, C.; Schopf, A.; Roques, A.; Larsson, S. Expansion of
geographic range in the pine processionary moth caused by increased winter temperatures. Ecol. Appl. 2005,
15, 2084–2096.
Tallamy, D.W.; Shropshire, K.J. Ranking lepidopteran use of native versus introduced plants. Conserv. Biol.
2009, 23, 941–947.
Kennedy, C.E.J.; Southwood, T.R.E. The number of species of insects associated with British trees: a re‐
analysis. J. Anim. Ecol. 1984, 53, 455.
Oke, T.R. The urban energy balance. Prog. Phys. Geogr. 1988, 12, 471–508.
Metcalf, Z. The gloomy scale, an important enemy of shade trees in North Carolina. J. Elisha Mitchell Sci.
Soc. 1912, 28, 88–91.
Putnam, J. Biological and other notes on Coccidae. Proc. from Davenport Acad. Nat. Sci. 1880, 2, 293–347.
Raupp, M.J.; Shrewsbury, P.M.; Herms, D.A. Ecology of Herbivorous Arthropods in Urban Landscapes.
Annu. Rev. Entomol. 2010, 55, 19–38.
Tooker, J.F.; Hanks, L.M. Influence of Plant Community Structure on Natural Enemies of Pine Needle Scale
(Homoptera: Diaspididae) in Urban Landscapes. Environ. Entomol. 2000, 29, 1305–1311.
Dale, A.G.; Frank, S.D. Urban plants and climate drive unique arthropod interactions with unpredictable
consequences. Curr. Opin. Insect Sci. 2018, 29, 1–7.
Dale, A.G.; Frank, S.D. Urban warming trumps natural enemy regulation of herbivorous pests. Ecol. Appl.
2014, 24, 1596–1607.
Parsons, S.E.; Sozanski, K.S.; Wilson, A.A.; Frank, S.D. Effects of temperature and habitat complexity on an
urban tree pest (Tinocallis kahawaluokalani), natural enemies, and predation services in the city. Urban
Ecosyst. 2019.
Miller, F.; Hart, E. Overwintering survivorship of pupae of the mimosa web worm, Homadaula anisocentra
(Lepidoptera: Plutellidae), in an urban landscape. Ecol. Entomol. 1987, 12, 41–50.

Insects 2020, 11, 142

24.
25.
26.

27.
28.
29.
30.
31.
32.

33.
34.
35.
36.
37.
38.
39.
40.

41.

42.

43.

44.
45.

12 of 16

Meineke, E.K.; Holmquist, A.J.; Wimp, G.M.; Frank, S.D. Changes in spider community composition are
associated with urban temperature, not herbivore abundance. J. Urban Ecol. 2017, 3, 1–8.
McCluney, K.E.; George, T.; Frank, S.D. Water availability influences arthropod water demand, hydration
and community composition on urban trees. J. Urban Ecol. 2018, 4, 1–8.
McGlynn, T.P.; Meineke, E.K.; Bahlai, C.A.; Li, E.; Hartop, E.A.; Adams, B.J.; Brown, B. V. Temperature
accounts for the biodiversity of a hyperdiverse group of insects in urban Los Angeles. Proc. R. Soc. B Biol.
Sci. 2019, 286.
Youngsteadt, E.; Ernst, A.F.; Dunn, R.R.; Frank, S.D. Responses of arthropod populations to warming
depend on latitude: evidence from urban heat islands. Glob. Chang. Biol. 2017, 23, 1436–1437.
Hamblin, A.L.; Youngsteadt, E.; Frank, S.D. Wild bee abundance declines with urban warming, regardless
of floral density. Urban Ecosyst. 2018, 21, 419–428.
Lahr, E.C.; Dunn, R.R.; Frank, S.D. Getting ahead of the curve: cities as surrogates for global change. Proc.
R. Soc. B Biol. Sci. 2018, 285, 20180643.
Hill, M.P.; Clusella‐Trullas, S.; Terblanche, J.S.; Richardson, D.M. Drivers, impacts, mechanisms and
adaptation in insect invasions. Biol. Invasions 2016, 18, 883–891.
Kenis, M.; Auger‐Rozenberg, M.A.; Roques, A.; Timms, L.; Péré, C.; Cock, M.J.W.; Settele, J.; Augustin, S.;
Lopez‐Vaamonde, C. Ecological effects of invasive alien insects. Biol. Invasions 2009, 11, 21–45.
Bertheau, C.; Brockerhoff, E.G.; Roux‐Morabito, G.; Lieutier, F.; Jactel, H. Novel insect‐tree associations
resulting from accidental and intentional biological “invasions”: A meta‐analysis of effects on insect fitness.
Ecol. Lett. 2010, 13, 506–515.
Holway, D.A. Competitive mechanisms underlying the displacement of native ants by the invasive
argentine ant. Ecology 1999, 80, 238–251.
Parmesan, C. Ecological and evolutionary responses to recent climate change. Annu. Rev. Ecol. Evol. Syst.
2006, 37, 637–669.
Corcos, D.; Cerretti, P.; Caruso, V.; Mei, M.; Falco, M.; Marini, L. Impact of urbanization on predator and
parasitoid insects at multiple spatial scales. PLoS One 2019, 14, 1–15.
Preisser, E.L.; Elkinton, J.S.; Abell, K. Evolution of increased cold tolerance during range expansion of the
elongate hemlock scale Fiorinia externa Ferris (Hemiptera: Diaspididae). Ecol. Entomol. 2008, 33, 709–715.
Raupp, M.J.; Cumming, A.B.; Raupp, E.C. Street tree diversity in eastern North America and its potential
for tree loss to exotic borers. Arboric. Urban For. 2006, 32, 297–304.
Knop, E. Biotic homogenization of three insect groups due to urbanization. Glob. Chang. Biol. 2016, 22, 228–
236.
Logan, J.A.; Regniere, J.; Powell, J.A. Assessing the impacts of global warming on forest pest dynamics.
Front. Ecol. Environ. 2003, 1, 130–137.
Bale, J.S.; Masters, G.J.; Hodkinson, I.D.; Awmack, C.; Bezemer, T.M.; Brown, V.K.; Butterfield, J.; Buse, A.;
Coulson, J.C.; Farrar, J.; et al. Herbivory in global climate change research: direct effects of rising
temperature on insect herbivores. Glob. Chang. Biol. 2002, 8, 1–16.
Philips, C.R.; Fu, Z.; Kuhar, T.P.; Shelton, A.M.; Cordero, R.J. Natural history, ecology, and management of
diamondback moth (Lepidoptera: Plutellidae), with emphasis on the United States. J. Integr. Pest Manag.
2014, 5, 1–11.
Coulson, S.J.; Hodkinson, I.D.; Webb, N.R.; Mikkola, K.; Harrison, J.A.; Pedgley, D.E. Aerial colonization
of high Arctic islands by invertebrates: The diamondback moth Plutella xylostella (Lepidoptera:
Yponomeutidae) as a potential indicator species. Divers. Distrib. 2002, 8, 327–334.
Dosdall, L.; Mason, P.; Ofert, O.; Kaminski, L.; Keddie, B. The origins of infestations of diamondback moth,
Plutella xylostella (L.), in canola in western Canada. In Proceedings of the The Management of Diamondback
Moth and Other Crucifer Pests. Proceedings of the Fourth International Workshop; Endersby, N., Ridland,
P., Eds.; Department of Natural Resources and Environment: Melbourne, Australia, 2001; pp. 95–100.
Dosdall, L. Evidence for successful of overwintering of diamondback moth, Plutella xylostella (L.)
(Lepidoperta: Plutellidae), in Alberta. Can. Entomol. 1994, 126, 183–185.
Ward, S.F.; Aukema, B.H. Anomalous outbreaks of an invasive defoliator and native bark beetle facilitated
by warm temperatures, changes in precipitation and interspecific interactions. Ecography (Cop.). 2019, 42,
1068–1078.

Insects 2020, 11, 142

46.

47.
48.

49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.

63.
64.
65.
66.
67.

68.
69.

70.
71.

13 of 16

Mckee, F.R.; Aukema, B.H. Influence of temperature on the reproductive success, brood development and
brood fitness of the eastern larch beetle Dendroctonus simplex LeConte. Agric. For. Entomol. 2015, 17, 102–
112.
Wallner, W.E. Factors affecting insect population dynamics: differences between outbreak and non‐
outbreak species. Annu. Rev. Entomol. Vol. 32 1987, 317–340.
Coyle, D.R.; Pickering, J.; Dyer, K.A.; Lehman, F.R. Dynamics of an unprecedented outbreak of two native
moth dpecies, Cissusa spadix and Phoberia atomaris (Lepidoptera: Noctuidae), on oak trees (Quercus spp.)
in the southeastern United States. Am. Entomol. 2013, 59, 82–94.
Frank, S.D. A survey of key arthropod pests on common southeastern street trees. Arboric. Urban For. 2019,
45, 155–166.
Backe, K.M.; Frank, S.D. Chronology of gloomy scale (Hemiptera: Diaspididae) infestations on urban trees.
Environ. Entomol. 2019, 48, 1113–1120.
Meineke, E.K.; Dunn, R.R.; Frank, S.D. Early pest development and loss of biological control are associated
with urban warming. Biol. Lett. 2014, 10, 10–13.
Meineke, E.K.; Youngsteadt, E.; Dunn, R.R.; Frank, S.D. Urban warming reduces aboveground carbon
storage. Proc. R. Soc. B Biol. Sci. 2016, 283, 20161574.
Just, M.G.; Dale, A.G.; Long, L.C.; Frank, S.D. Urbanization drives unique latitudinal patterns of insect
herbivory and tree condition. Oikos 2019, 128, 984–993.
Meineke, E.K.; Dunn, R.R.; Sexton, J.O.; Frank, S.D. Urban warming drives insect pest abundance on street
trees. PLoS One 2013, 8, 2–8.
Dale, A.G.; Frank, S.D. The effects of urban warming on herbivore abundance and street tree condition.
PLoS One 2014, 9, e102996.
Long, L.C.; D’Amico, V.; Frank, S.D. Urban forest fragments buffer trees from warming and pests. Sci. Total
Environ. 2018, 658, 1523–1530.
Long, L.C. Effects of Urbanization and Warming on Trees, Pests, and Urban Birds, Doctoral Dissertation,
North Carolina State University, 2019.
Just, M.; Frank, S. Gloomy scale growth and survival in climate chambers. unpublished data. 2019.
Meineke, E.K.; Frank, S.D. Water availability drives urban tree growth responses to herbivory and
warming. J. Appl. Ecol. 2018, 55, 1701–1713.
Youngsteadt, E.; Frank, S. Gloomy scale occurence. unpublished data. 2012.
Just, M.G.; Frank, S.D.; Dale, A.G. Impervious surface thresholds for urban tree site selection. Urban For.
Urban Green. 2018, 34, 141–146.
Robayo Camacho, E.; Chong, J.H.; Braman, S.K.; Frank, S.D.; Schultz, P.B. Natural enemy communities and
biological control of parthenolecanium spp. (Hemiptera: Coccidae) in the Southeastern United States. J.
Econ. Entomol. 2018, 111, 1558–1568.
Johnson, W.; Lyon, H. Insects that feed on trees and shrubs; Cornell University Press: London, UK, 1976; ISBN
19760346329.
Burns, R.; Honkala, B. Silvics of North America: 2. Hardwoods. United States Deparment of Agriculture, Forest
Service. Agriculture Handbook 654. Washington, DC, USA; 1990;
Hodges, G.S.; Williams, M.L. Descriptions and illustrations of the first instars of Parthenolecanium corni
(Bouché) and Parthenolecanium quercifex (Fitch) (Hemiptera: Coccidae). J. Entomol. Sci. 2003, 38, 489–493.
Renault, D.; Laparie, M.; McCauley, S.J.; Bonte, D. Environmental adaptations, ecological filtering, and
dispersal central to insect invasions. Annu. Rev. Entomol. 2018, 63, 345–368.
Di Luzio, M.; Johnson, G.L.; Daly, C.; Eischeid, J.K.; Arnold, J.G. Constructing retrospective gridded daily
precipitation and temperature datasets for the conterminous United States. J. Appl. Meteorol. Climatol. 2008,
47, 475–497.
Gullan, P.J.; Kosztarab, M. Adaptations in scale insects. Annu. Rev. Entomol. Vol. 42 1997, 23–50.
Hanks, L.; Denno, R. The role of demic adaptation in colonization and spread of scale insect populations.
In Evolution of Insect Pests. Patterns of Variation; Kim, K., McPheron, B., Eds.; John Wiley & Sons, Inc.: New
York, NY, 1993; pp. 393–411.
Wardhaugh, C.W.; Didham, R.K. Establishment success of sooty beech scale insects, Ultracoelostoma sp., on
different host tree species in New Zealand. J. Insect Sci. 2006, 6, 1–9.
Edmunds, G.F.; Alstad, D.N. Coevolution in insect herbivores and conifers. Science 1978, 199, 941–945.

Insects 2020, 11, 142

72.

73.
74.

75.
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.
92.
93.
94.
95.
96.
97.

14 of 16

Kunkel, K.E.; Stevens, L.E.; Stevens, S.E.; Sun, L.; Janssen, E.; Wuebbles, D.; Konrad II, C.; Fuhrman, C.;
Keim, B.; Kruk, M.; et al. Regional Climate Trends and Scenarios for the U.S. National Climate Assessment. Part
2: Climate of the Southeast U.S. US Dept. of Commerce, National Oceanic and Atmospheric Administration.
NOAA Technical Report NESDIS 142‐2. Washington, DC, USA; 2013;
Colautti, R.I.; Ricciardi, A.; Grigorovich, I.A.; MacIsaac, H.J. Is invasion success explained by the enemy
release hypothesis? Ecol. Lett. 2004, 7, 721–733.
Chidawanyika, F.; Mudavanhu, P.; Nyamukondiwa, C. Global climate change as a driver of bottom‐up and
top‐down factors in agricultural landscapes and the fate of host‐parasitoid interactions. Front. Ecol. Evol.
2019, 7.
Barton, B.T.; Schmitz, O.J. Experimental warming transforms multiple predator effects in a grassland food
web. Ecol. Lett. 2009, 12, 1317–1325.
Schmitz, O.J.; Barton, B.T. Climate change effects on behavioral and physiological ecology of predator‐prey
interactions: Implications for conservation biological control. Biol. Control 2014, 75, 87–96.
Hance, T.; van Baaren, J.; Vernon, P.; Boivin, G. Impact of extreme temperatures on parasitoids in a climate
change perspective. Annu. Rev. Entomol. 2007, 52, 107–126.
Damien, M.; Tougeron, K. Prey–predator phenological mismatch under climate change. Curr. Opin. Insect
Sci. 2019, 35, 60–68.
Van Nouhuys, S.; Lei, G. Parasitoid‐host metapopulation dynamics: The causes and consequences of
phenological asynchrony. J. Anim. Ecol. 2004, 73, 526–535.
Parmesan, C.; Yohe, G. A globally coherent fingerprint of climate change. Nature 2003, 421, 37–42.
Frank, S.; Backe, K.; McDaniel, C.; Green, M.; Widney, S.; Dunn, R. Exotic trees conserve similar natural
enemy communities to native congeners but have fewer pests. PeerJ 2019, 7, e6531.
Schultz, P.B. Natural enemies of oak lecanium (Homoptera: Coccidae) in eastern Virginia. Environ. Entomol.
1984, 13, 1515–1518.
Metcalf, Z. The gloomy scale. N. Carol. Agric. Exp. Stn. Tech. Bull. No. 21, Raleigh, NC, 1922; 1–21.
Frank, S.D.; Klingeman, W.E.; White, S.A.; Fulcher, A. Biology, injury, and management of maple tree pests
in nurseries and urban landscapes. J. Integr. Pest Manag. 2013, 4, 1–14.
Stoetzel, M.B. Seasonal history of seven species of armored scale insects of the Aspidiotini (Homoptera:
Diaspididae). Ann. Entomol. Soc. Am. 1975, 68, 489–492.
García Morales, M.; Denno, B.D.; Miller, D.R.; Miller, G.L.; Ben‐Dov, Y.; Hardy, N.B. ScaleNet: a literature‐
based model of scale insect biology and systematics. Database (Oxford). 2016, 1–5.
Youngsteadt, E.; Dale, A.G.; Terando, A.J.; Dunn, R.R.; Frank, S.D. Do cities simulate climate change? A
comparison of herbivore response to urban and global warming. Glob. Chang. Biol. 2015, 21, 97–105.
Lupi, D.; Jucker, C.; Rocco, A.; Harrison, R.; Colombo, M. Notes on biometric variability in invasive species:
The case of Psacothea hilaris hilaris. Bull. Insectology 2015, 68, 135–145.
Graziosi, I.; Rieske, L.K. Potential fecundity of a highly invasive gall maker, Dryocosmus kuriphilus
(Hymenoptera: Cynipidae). Environ. Entomol. 2014, 43, 1053–1058.
Seiter, S.; Kingsolver, J. Environmental determinants of population divergence in life‐history traits for an
invasive species: Climate, seasonality and natural enemies. J. Evol. Biol. 2013, 26, 1634–1645.
Berg, M.P.; Ellers, J. Trait plasticity in species interactions: A driving force of community dynamics. Evol.
Ecol. 2010, 24, 617–629.
Ward, N.L.; Masters, G.J. Linking climate change and species invasion: An illustration using insect
herbivores. Glob. Chang. Biol. 2007, 13, 1605–1615.
Mattson, W.J. Invasion of North American forests by European phytophagous insects. Bioscience 1996, 46,
741–753.
Hanks, L.M.; Denno, R.F. Natural enemies and plant water relations influence the distribution of an
armored scale insect. Ecology 1993, 74, 1081–1091.
McClure, M.S. Dispersal of the scale Fiorinia externa (Homoptera: Diaspididae) and effects of edaphic
factors on its establishment on hemlock. Environ. Entomol. 1977, 6, 539–544.
Dale, A.G.; Youngsteadt, E.; Frank, S. Forecasting the effects of heat and pests on urban trees: Impervious
surface thresholds and the “pace‐to‐plant” technique. Arboric. Urban For. 2016, 42, 181–191.
Savi, T.; Bertuzzi, S.; Branca, S.; Tretiach, M.; Nardini, A. Drought‐induced xylem cavitation and hydraulic
deterioration: Risk factors for urban trees under climate change? New Phytol. 2015, 205, 1106–1116.

Insects 2020, 11, 142

98.
99.

100.
101.
102.
103.
104.
105.
106.

107.
108.

109.
110.

111.
112.
113.
114.
115.
116.
117.
118.
119.
120.
121.

15 of 16

Dale, A.G.; Frank, S.D. Warming and drought combine to increase pest insect fitness on urban trees. PLoS
One 2017, 12, e0173844.
Crooks, J.A.; Soulé, M.E. Lag Times in population explosions of invasive species: causes and implications.
In Invasive Species and Biodiversity Management; Terje Sandlund, O., Johan Schei, P., Viken, A., Eds.; Kluwer
Academic Publishers: Dordrecht, Netherlands, 1999; Vol. 24, pp. 103–125.
Yang, J.; Bou‐Zeid, E. Should cities embrace their heat islands as shields from extreme cold? J. Appl.
Meteorol. Climatol. 2018, 57, 1309–1320.
Just, M.G.; Frank, S.D. Thermal tolerance of gloomy scale (Hemiptera: Diaspididae) in the eastern United
States. Environ. Entomol. 2020, 49, 104–114.
Bebber, D.P. Range‐Expanding Pests and Pathogens in a Warming World. Annu. Rev. Phytopathol. 2015, 53,
335–356.
Bebber, D.P.; Holmes, T.; Gurr, S.J. The global spread of crop pests and pathogens. Glob. Ecol. Biogeogr. 2014,
23, 1398–1407.
Stoetzel, M.B.; Davidson, J.A. Biology of the obscure scale, Melanaspis obscura (Homoptera: Diaspidae), on
pin oak in Maryland. Ann. Entomol. Soc. Am. 1971, 64, 45–50.
Herms, D.A. Effects of fertilization on insect resistance of woody ornamental plants: Reassessing an
entrenched paradigm. Environ. Entomol. 2002, 31, 923–933.
Luck, R.; Dahlstein, D. Natural decline of a pine needle scale (Chionaspis pinifoliae [ Fitch]), outbreak at
South Lake Tahoe , California following cessation of adult mosquito control with malathion. Ecology 1975,
56, 893–904.
Preisser, E.L.; Lodge, A.G.; Orwig, D.A.; Elkinton, J.S. Range expansion and population dynamics of co‐
occurring invasive herbivores. Biol. Invasions 2008, 10, 201–213.
Schulz, A.N.; Mech, A.M.; Asaro, C.; Coyle, D.R.; Cram, M.M.; Lucardi, R.D.; Gandhi, K.J.K. Assessment of
abiotic and biotic factors associated with eastern white pine (Pinus strobus L.) dieback in the Southern
Appalachian Mountains. For. Ecol. Manage. 2018, 423, 59–69.
McGee, G.G. The contribution of beech bark disease induced mortality to coarse woody debris loads in
northern hardwood stands of Adirondack Park, New York, U.S.A. Can. J. For. Res. 2000, 30, 1453–1462.
Ellison, A.M.; Bank, M.S.; Clinton, B.D.; Colburn, E.A.; Elliott, K.; Ford, C.R.; Foster, D.R.; Kloeppel, B.D.;
Knoepp, J.D.; Lovett, G.M.; et al. Loss of foundation species: Consequences for the structure and dynamics
of forested ecosystems. Front. Ecol. Environ. 2005, 3, 479–486.
Morin, R.S.; Liebhold, A.M. Invasions by two non‐native insects alter regional forest species composition
and successional trajectories. For. Ecol. Manage. 2015, 341, 67–74.
Frank, S. Review of the direct and indirect effects of climate on scale insect pests of trees. Forests. 2020, in
press.
Houston, D.; Valentine, H. Beech bark disease: the temporal pattern of cankering in the aftermath forests
of Maine. Can. J. For. Res. 1988, 18.
Kasson, M.T.; Livingston, W.H. Relationships among beech bark disease, climate, radial growth response
and mortality of American beech in northern Maine, USA. For. Pathol. 2012, 42, 199–212.
Parker, B.L.; Skinner, M.; Gouli, S.; Ashikaga, T.; Teillon, H.B. Low lethal temperature for hemlock woolly
adelgid (Homoptera: Adelgidae). Environ. Entomol. 1999, 28, 1085–1091.
Skinner, M.; Parker, B.L.; Gouli, S.; Ashikaga, T. Regional responses of hemlock woolly adelgid
(Homoptera: Adelgidae) to low temperatures. Environ. Entomol. 2003, 32, 523–528.
Robinet, C.; Imbert, C.E.; Rousselet, J.; Sauvard, D.; Garcia, J.; Goussard, F.; Roques, A. Human‐mediated
long‐distance jumps of the pine processionary moth in Europe. Biol. Invasions 2012, 14, 1557–1569.
Backe, K.; Roques, A.; Frank, S. Human health risks of invasive caterpillars increase with urban warming.
Landsc. Ecol. 2020, under review
Penick, C.A.; Diamond, S.E.; Sanders, N.J.; Dunn, R.R. Beyond thermal limits: comprehensive metrics of
performance identify key axes of thermal adaptation in ants. Funct. Ecol. 2017, 31, 1091–1100.
Mech, A.M.; Tobin, P.C.; Teskey, R.O.; Rhea, J.R.; Gandhi, K.J.K. Increases in summer temperatures
decrease the survival of an invasive forest insect. Biol. Invasions 2018, 20, 365–374.
Tobin, P.C.; Gray, D.R.; Liebhold, A.M. Supraoptimal temperatures influence the range dynamics of a non‐
native insect. Divers. Distrib. 2014, 20, 813–823.

Insects 2020, 11, 142

16 of 16

122. McClure, M.S. Temperature and host availability affect the distribution of Matsucoccus matsumurae
(Kuwana) (Homoptera: Margarodidae) in Asia and North America. Ann. Entomol. Soc. Am. 1983, 76, 761–
765.
123. Price, P.W.; Cobb, N.; Craig, T.P.; Fernandes, G.; Itami, J.; Mopper, S.; Preszler, R. Insect herbivore
population dynamics on trees and shrubs: new approaches relevant to latent and eruptive species and life
table development. In Insect‐Plant Interactions Volume II; Bernays, E., Ed.; CRC Press: Boca Raton, FL, 1990;
Vol. II, pp. 1–38 ISBN 9781138505902.
124. Hayward, A. Latent infections by bacteria. Annu. Rev. Phytopathol. 1974, 12, 87–97.
125. Sadof, C. Purdue Landscape Report: Cold weather in January 2018 may have killed bagworms in some parts of
Indiana; Purdue Unviversity. West Lafayette, IN, 2018;
126. Rhainds, M.; Régnière, J.; Lynch, H.J.; Fagan, W.F. Overwintering survival of bagworms, Thyridopteryx
ephemeraeformis (Lepidoptera: Psychidae): Influence of temperature and egg cluster weight. Can. Entomol.
2013, 145, 77–81.
127. Dawadi, S.; Sadof, C.S. Impervious surface enhance the chances of overwintering survival of evergreen
bagworm. In Proceedings of the Entomological Society of America Annual Meeting; Entomological Society
of America: St. Louis, MO, 2019.
128. Schneider, K.; Balder, H.; Jackel, B.; Pradel, B. Bionomics of Eotatranychus tiliarum as influenced by key
factors. In Proceedings of the International Symposium on Plant Health in Urban Horticulture; Backhaus,
G., Balder, H., Idczak, E., Eds.; Parey Buchverlag Berlin: Braunschweig, Germany, 2000; pp. 102–108.
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

