Physiological Ecology

Environmental Entomology, XX(XX), 2020, 1–11
doi: 10.1093/ee/nvz154
Research

Michael G. Just1, and Steven D. Frank
Department of Entomology and Plant Pathology, North Carolina State University, Campus Box 7613, Raleigh, NC 27695, and
1
Corresponding author, e-mail: mjust@ncsu.edu
Subject Editor: Kelly Johnson
Received 18 September 2019; Editorial decision 3 December 2019

Abstract
An insect species’ geographic distribution is probably delimited in part by physiological tolerances of environmental
temperatures. Gloomy scale (Melanaspis tenebricosa (Comstock)) is a native insect herbivore in eastern U.S. forests.
In eastern U.S. cities, where temperatures are warmer than nearby natural areas, M. tenebricosa is a primary pest
of red maple (Acer rubrum L.; Sapindales: Sapindaceae) With warming, M. tenebricosa may spread to new cities
or become pestilent in forests. To better understand current and future M. tenebricosa distribution boundaries,
we examined M. tenebricosa thermal tolerance under laboratory conditions. We selected five hot and five cold
experimental temperatures representative of locations in the known M. tenebricosa distribution. We built models
to predict scale mortality based on duration of exposure to warm or cold experimental temperatures. We then
used these models to estimate upper and lower lethal durations, i.e., temperature exposure durations that result
in 50% mortality. We tested the thermal tolerance for M. tenebricosa populations from northern, mid, and southern
locations of the species’ known distribution. Scales were more heat and cold tolerant of temperatures representative
of the midlatitudes of their distribution where their densities are the greatest. Moreover, the scale population from
the northern distribution boundary could tolerate cold temperatures from the northern boundary for twice as
long as the population collected near the southern boundary. Our results suggest that as the climate warms the
M. tenebricosa distribution may expand poleward, but experience a contraction at its southern boundary.
Key words: Acer rubrum, cold tolerance, lethal duration, Melanaspis tenebricosa, range limits

Climate, particularly temperature, is a major factor governing the
geographic distribution of arthropods (Andrewartha and Birch
1954). Local minimum, mean, and maximum temperatures affect
arthropods’ fitness and survival and, thus, their sustained presence
in any given location. A species’ physiological capacity to withstand
local temperatures is a robust predictor of current and future distributions (Robinet and Roques 2010, Rezende et al. 2014, Bebber
2015). So, if the temperature is too warm or too cold, a species’
geographic distribution could be constrained by thermal tolerances.
For example, the southern pine beetle (Dendroctonus frontalis
Zimmermann; Coleoptera: Curculionidae) suffers significant mortality when exposed to winter temperatures below −12°C (Ungerer
et al. 1999). Consequently, the distribution of established populations of D. frontalis was restricted to latitudes below 35.4°N until
the early 2000s, when warmer winters and a reduced frequency of
cold temperature extremes contributed to greater overwinter survivorship (Dodds et al. 2018). Subsequently, D. frontalis has since
expanded poleward and has established populations above 35.4°N
(Lesk et al. 2017). Contrastingly, the distributions of some arthropod
species contract under warmer temperatures due to reduced insect

survival (e.g., Thomas et al. 2006, Oliveira et al. 2017). For example, bumble bee species (Bombus spp.; Hymenoptera: Apidae)
have among the lowest heat tolerances of bee species tested along
an urban thermal gradient (Hamblin et al. 2017) and their distributions are contracting due to climate warming (Kerr et al. 2015).
Thus, physiological thermal tolerances are an important trait for
describing or predicting species’ responses to climate and climate
change (Youngsteadt et al. 2017, Diamond et al. 2018). However,
physiological thermal tolerances are species specific, and most are
not known. Determining a species’ thermal tolerance will enhance
our understanding of how climate delimits the species’ distribution
(Sunday et al. 2011, Hoffmann et al. 2013), and this will inform predictions of range expansion or contraction for both pests and species
of conservation concern (Musolin 2007, Lancaster 2016).
Insects are ectothermic and generally benefit from warmer temperatures through a number of potential mechanisms that may increase their survival or range, including thermal adaptation (Preisser
et al. 2008, Janes et al. 2014), increased voltinism (Janes et al. 2014),
and increased fecundity (Dale and Frank 2014a), provided that
the magnitude and duration of a temperature do not exceed their
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southern locations within their geographic distribution collected
throughout winter. Because M. tenebricosa densities are the greatest
in the midlatitudes of their distribution (Metcalf 1922, Just et al.
2019), we predicted that survival would be highest at temperatures
from these latitudes. Finally, because scale insect thermal tolerances
can vary by season (e.g., Zhang et al. 2010, Wang et al. 2019a), we
predicted that cold tolerance would decline in late winter when conditions become milder.

Materials and Methods
Study System
Melanaspis tenebricosa is an armored scale insect native to the
eastern United States. It is a primary insect pest of Acer spp., particularly A. rubrum (Frank 2019). Tree species in the genus Acer are
among the most common forest and ornamental trees in the eastern
United States (Abrams 1998). Within Acer, A. rubrum are the most
commonly planted (Raupp et al. 2006) and are one of the most abundant trees in eastern North American forests, with a continuous geographic distribution that is over 2,500 km long (Burns and Honkala
1990). Importantly, A. rubrum is widespread throughout (and beyond) the entire geographic extent of our study, allowing us to focus
on thermal tolerance, and not host availability, as the potential factor
delimiting the distribution of M. tenebricosa. Melanaspis tenebricosa
feed on the parenchyma cells of their hosts with specialized mouthparts, and heavy infestations reduce tree vigor and may lead to premature death (Frank et al. 2013, Backe and Frank 2019). Melanaspis
tenebricosa are univoltine and ovoviviparous and nymphs generally
begin to emerge in mid to late spring and quickly settle on the bark
of the host’s trunk or branches; they become sessile after settling and
then produce a waxy, protective covering (i.e., a test; Metcalf 1922).
Approximately 5 mo after emergence, nymphs become adults and
then mate and produce eggs in the autumn. Melanaspis tenebricosa
overwinter as adult females; thus, their density and distribution are a
product of reproduction and survival, not the number of generations
completed per year.

Insect Sources
We collected overwintering M. tenebricosa adults from infested
A. rubrum twigs in three eastern U.S. cities: Newark, DE; Raleigh,
NC; and Gainesville, FL (Table 1; Supp Fig. A1 [online only]). We
collected scales in Raleigh on three dates in winter 2018 (19 and 24
February and 24 March 2018) and five dates in winter 2018–2019
(3 December; 14, 17, and 28 January, and 27 February 2019). We
refer to the experiments associated with these dates of collection as
Raleigh 2018 and Raleigh 2019, respectively (Table 2). In winter
2018–2019, we collected scales in Newark and Gainesville on two
dates (5 December 2018 and 28 January 2019) to match two dates
from the Raleigh 2019 collections. Experiments and analyses associated with these collections from Newark, Gainesville, and Raleigh
are referred to as Three-city 2019. These collection cities largely encompass the latitudinal extent of the known distribution of M. tenebricosa (Metcalf 1922), with Newark, Raleigh, and Gainesville
located at the approximate northern, mid, and southern distribution
extents, respectively. We collected in Raleigh more often because of
greater M. tenebricosa densities at this latitude (Just et al. 2019) and
practical considerations, such as proximity to the authors. In each
city, we identified three sites with infested A. rubrum (n = 2–4 trees
per site). At each site, we collected a total of ten twigs using pole
pruners. For each twig, we retained the most distal 15 cm. Cut twigs
were placed in plastic zip-top bags and stored in a cooler with ice
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thermal tolerances (Musolin 2007, Deutsch et al. 2008, Dukes et al.
2009). When temperature conditions exceed these tolerances, fitness
declines and death may occur (Addo-Bediako et al. 2000, Deutsch
et al. 2008). There are a number of methods to evaluate the physiological response of insects to temperature and derive estimates of
thermal tolerance (Lutterschmidt and Hutchison 1997, Terblanche
et al. 2007), including critical thermal duration, which we use in this
study. Critical thermal duration is a duration of exposure to a given
temperature at which a population can be expected to reach a mortality threshold, e.g., 50% (Hazell et al. 2010a). Because thermal tolerances can be estimated from relatively simple measurements and
serve as a good predictor of distributional limits for a number of
species, they are a useful metric for quantifying a species’ sensitivity
to different temperatures (Terblanche et al. 2007, Calosi et al. 2010).
Gloomy scale (Melanaspis tenebricosa (Comstock)) is a native
insect herbivore in forests of the eastern United States, where its
primary hosts are soft maples, including red maple (Acer rubrum
L.; Sapindales: Sapindaceae) and silver maple (A. saccharinum
Marshall); (Metcalf 1922). Melanaspis tenebricosa occurs at low
densities in forests but has been a serious pest of some ornamental
landscape tree species, especially soft maples, for over a century
(Metcalf 1912, Youngsteadt et al. 2015, Long et al. 2019). Research
in urban landscapes, where temperatures are warmer than nearby
natural landscapes, has revealed that M. tenebricosa has positive
responses to warming—as is the case with many other arthropods
(Robinet and Roques 2010, Chown and Duffy 2015)—including
increased fecundity and survival (Dale and Frank 2014b, 2017).
In addition, M. tenebricosa is primarily found in the southeastern
United States despite the latitudinally widespread distribution of
its preferred hosts. Taken together, these observations suggest that
M. tenebricosa thermal tolerances may limit its distribution, as its
peak densities occur in the midlatitudes of its known distribution.
This suggests that cold tolerance limits the species distribution at
the northern edge of its range and that as the climate warms, the
M. tenebricosa distribution could expand poleward. Likewise, decreased M. tenebricosa densities at lower latitudes suggest the species’ distribution may also be heat limited, which can similarly be
predicted by its heat tolerance. Thus, the M. tenebricosa distribution could expand poleward or forest population densities could
increase with warming (Youngsteadt et al. 2015, Long et al. 2019).
However, for many native insect herbivores, including M. tenebricosa, neither their actual current distribution nor the factors
that delimit this distribution (e.g., thermal tolerances) are well
documented.
Our goals were to assess the physiological thermal tolerances—
upper and lower critical thermal durations—of M. tenebricosa.
We predicted longer cold tolerance at higher latitudes and longer
heat tolerances at lower latitudes of the known M. tenebricosa geographic distribution in the eastern United States. To address these
goals, we performed laboratory thermal tolerance experiments to expose M. tenebricosa to warm and cold temperatures similar to what
they might experience at the northern, middle, and southern parts
of their range, examining scale mortality at multiple durations per
temperature. Given that insects, including scales, can adapt to environmental conditions through genetic or plastic responses (Hanks
and Denno 1993, Preisser et al. 2008, Meineke et al. 2014), we predicted that M. tenebricosa thermal tolerance would vary among
scales collected from different latitudes, such that populations nearer
to their northern distribution boundary would be more tolerant of
colder temperatures and those nearer the southern boundary would
be more tolerant of warmer temperatures. We also measured in
situ overwintering survival of M. tenebricosa at northern, mid, and
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Table 1. Study city information
City

39.68
35.78
29.65

Winter temperature (°C)

Summer temperature (°C)

Overwinter survival (%)

Normals

2018

2019

Normals

2018

2019

2018

2019

−3.3
−0.3
6.8

−3.6
0.2
8.5

−2.7
1.6
9.6

29.4
30.9
32.5

28.9
31.0
32.8

29.3
31.3
32.3

23.0 ± 7.7
92.5 ± 0.1
5.5 ± 3.1

61.0 ± 3.7
64.2 ± 5.5
42.5 ± 2.9

Latitude (°) is for the city center. Winter temperature (°C) is the mean minimum temperature of December, January, and February. Summer temperature (°C) is
the mean maximum temperature of June, July, and August. Temperatures presented are 30-yr normals for each city center (Di Luzio et al. 2008) and means for
2018 and 2019. Melanaspis tenebricosa background overwintering survival is the mean proportion of alive to dead scales in 2018 and 2019.

Table 2. Thermal tolerance experiments
City

Collection period

Experimental group

Raleigh

Feb.–Apr. 2018

Raleigh 2018

Heat/cold

Temperature (°C)

Cold

Cold

−22.8
−12.9
−1.0
32.2
37.8
40.6
−4.7

Heat

−15.2
−12.9
32.8

Cold

37.8
39
−4.7

Heat

32.8

Heat

Raleigh

Newark, Raleigh,
Gainesville

Dec. 2018–Mar. 2019

Dec. 2018–Mar. 2019

Raleigh 2019

Three-city 2019

Start date
21 Feb. 2018
26 Feb. 2018
26 Mar. 2018
26 Mar. 2018
21 Feb. 2018
26 Feb. 2018
5 Dec. 2018, 30 Jan.
2019, 1 Mar. 2019
16 Jan. 2019
19 Jan. 2019
5 Dec. 2018, 30 Jan.
2019, 1 Mar. 2019
30 Jan. 2019
16 Jan. 2019
5 Dec. 2018, 1 Mar.
2019
5 Dec. 2018, 1 Mar.
2019

Scale collection location (City), time period when scales were collected (Collection period), experimental grouping of sales based on collection period (Experimental group), heat or cold thermal tolerance experiment (Heat/cold), treatment temperature (Temperature), and start date of experiment (Start date) for
M. tenebricosa thermal tolerance experiments. Raleigh 2019 and Raleigh entries in Three-city 2019 for experiments starting on 5 Dec. 2018 and 1 Mar. 2019 are
referring to the same experiments.

packs for transport to our laboratory. Sites were separated by at least
1 km. Collections were made from publicly owned A. rubrum with
no history of pest control.

Thermal Tolerance Experiments
We conducted a total of six thermal tolerance experiments (three
heat tolerance, three cold tolerance) in winter 2018 and 10 experiments (five heat tolerance, five cold tolerance) in winter 2018–2019.
For each experiment, we exposed M. tenebricosa to five experimental durations (0 [control], 6, 18, 30, and 42 h) at the hot or cold
temperature of interest (detailed below). Each duration–temperature
pairing was a treatment. Sites within a city were replicates. After
each collection, twigs were returned to the laboratory and held for
2 d at 9°C to standardize the experimental starting temperature before starting thermal tolerance experiments. Scales were kept under
a 10-h day length photoperiod for the duration of our experiments.
Although it may seem counterintuitive to assay overwintering
adults for heat tolerance, we believe that there is merit in doing so.
First, adult M. tenebricosa were first nymphs who developed under
warmer conditions. So, when we assayed them for heat tolerance
as adults, the experimental temperatures were similar to those they
were exposed to during their development. Moreover, thermal history (environmental temperatures at different life stages) has been

shown to affect thermal tolerance and fitness for some insect species (e.g., Bowler and Terblanche 2008, Kellermann et al. 2017).
For example, Kellermann et al. (2017) report that thermal conditions during development were more important for determining
CTmax in adult Drosophila melanogaster than thermal acclimation
as adults. Second, thermal tolerance can vary seasonally, and acclimation to a cold temperature does not necessarily result in reduced heat tolerance. For example, Terblanche et al. (2005) found
that the CTmax was greater for beetles acclimated at a cooler temperature than a warmer one. A study of two aphid species found
mixed results with regards to acclimation temperature and CTmax
(Hazell et al. 2010b). Although these studies used smaller temperature differentials, they still highlight a need to understand thermal
tolerances with varying parameters. Finally, this is the first assessment of M. tenebricosa thermal tolerance, and although these results may not predict the response of the same adults if they were
collected in summer, we think there is value in testing individuals
collected at different times of the year to provide information that
can help guide future work.

Heat Tolerance
For Raleigh 2018, we assayed M. tenebricosa heat tolerance at the
five experimental exposure durations for each of three temperatures
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Newark
Raleigh
Gainesville

Latitude (°)
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Cold Tolerance
Our procedures for Raleigh 2018 cold tolerance experiments were
the same as those used in the heat tolerance experiments, except as
noted below. We started the first Raleigh 2018 cold tolerance experiment on 21 February 2018 and it was conducted at −22.8°C,
the lowest recorded temperature in Raleigh. The second experiment
started on February 26 and was conducted at −12.9°C, which was

chosen for its intermediate value between the temperatures used
in the coldest and warmest cold tolerance experiments. The third
experiment was conducted at −1.0°C, the mean minimum January
temperature in Raleigh, and started on 26 March. For cold tolerance
experiments, scales were placed in a climate chamber (Holiday Brand,
142 l Chest Freezer, Lowe’s Companies, Inc. North Greensboro, NC)
controlled by a CR1000 data logger with type-T thermocouples
(Campbell Scientific, Logan, UT). Temperature control and ramping rates were controlled by an author-written program for the data
logger. Experiments began at the 9°C holding temperature and decreased linearly until the target assay temperature was reached over
the course of 6 h.
Raleigh 2019 cold tolerance experiments followed similar procedures to those conducted in Raleigh 2018 except we raised the
minimum temperature from −22.8 to −15.2°C to capture scale responses to cold temperatures that they were more likely to encounter
(Table 2) and lowered the maximum temperatures from −1.0 to
−4.7°C, the mean minimum temperature in Newark, because −1.0°C
did not seem likely to be a lethal temperature based on our Raleigh
2018 results (Table 3). We tested cold tolerance at −4.7°C on 5
December 2018, and 19 January and 1 March 2019, to evaluate our
predictions about seasonal changes in cold tolerance. We also conducted experiments on Raleigh 2019 scales at −15.2°C on January
16 and at −12.9°C on January 30. The Three-city 2019 experiments
were conducted at −4.7°C and began on 5 December 2018 and 1
March 2019.

Overwinter Survival
We examined in situ M. tenebricosa overwinter survival on multiple
dates throughout winter for Raleigh 2018 and Raleigh 2019 scales,
and at different latitudes for Three-city 2019 scales. We defined in
situ overwinter survival as the ratio of living scales to those that had
recently died. For these estimates, we examined the scales from our
control twigs from the previously described experiments. We also
compared in situ overwinter survival between the three cities in 2018
(Three-city 2018), here we collected scales, as described above, in
Newark and Gainesville once at the end of winter (26 March 2018).
We summed alive and dead scales per site by collection date and then
calculated overwinter survival per date (Raleigh 2018 and Raleigh
2019) or per city (Three-city 2018 and Three-city 2019 [mean survival of the two collection dates]).

Table 3. Melanaspis tenebricosa thermal tolerance for Raleigh
2018 scales
Heat/cold
Heat

Cold

Temperature (°C)

LD50

SE

LCL

UCL

40.6
37.8
32.2
−22.8
−12.9
−1.0

7.36
12.41
27.69
4.24
20.85
755.39

1.14
1.13
1.09
1.11
1.07
2.57

5.66
9.85
23.34
3.44
18.34
118.41

9.57
15.63
32.85
5.23
23.71
4,819.13

Upper and lower lethal duration 50% (ULD50 and LLD50) for M. tenebricosa collected from A. rubrum in Raleigh, NC, by experimental temperature.
SE and upper and lower 95% confidence interval limits (LCL, UCL) are also
reported for the ULD50 and LLD50 estimates. Thermal tolerance per temperature was estimated from a GLM with duration (hours) as the predictor and
probability of mortality as the response.
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(32.2, 37.8, and 40.6°C). We collected 10 scale-infested twigs from
each Raleigh site (for a total of 30 twigs). The first Raleigh 2018
experiment was conducted at 37.8°C, the record high July temperature for Gainesville, and began on 21 February 2018. The second
experiment started on 26 February and was conducted at 40.6°C,
the record high temperature in Raleigh. The third experiment was
conducted at 32.2°C, the mean high July temperature for Raleigh,
and started on 26 March. Record temperature values are from
NOAA (https://www.ncdc.noaa.gov/cdo-web/), and mean temperature values are 30-yr normals (1980–2010; Arguez et al. 2010).
To begin each experiment, we placed 24 of the 30 twigs into a climate-controlled chamber (DT2-MP-47L; Tritech Research, Inc. Los
Angeles, CA) set at the 9°C holding temperature. Thermal tolerance
estimates are considered more reliable when the assay uses temperature ramping instead of abrupt transitions (Terblanche et al. 2011,
Diamond et al. 2017), so we increased the temperature from 9°C to
the experimental temperature over a period of 6 h. At the end of each
experimental duration greater than 0 h (i.e., 6, 18, 30, or 42 h after
the chamber reached the experimental temperature), we removed six
twigs and held them at 9°C for 7 d. This holding period was included
to allow for sufficient time for M. tenebricosa that did not survive
the experiment to discolor and desiccate (Preisser et al. 2008, Zhang
et al. 2010). Control twigs (n = 6) remained in the holding chamber
at 9°C for the duration of the experiment. To determine scale mortality, we used a dissecting microscope and removed the test from
each scale and recorded each individual as alive or recently dead
based on discoloration and desiccation (Ishaaya and Swirski 1970,
1971; Zhang et al. 2010) and summed the number of alive and dead
scales per treatment per site per experiment.
For Raleigh 2019 heat tolerance experiments, we repeated the
procedures used for Raleigh 2018 but raised the minimum (from
32.2 to 32.8°C) and lowered the maximum (from 40.6 to 39.0°C)
temperatures to better reflect temperatures that scales were likely
to encounter (Table 2). On 5 December 2018, and 19 January and
1 March 2019, we assayed the heat tolerance of M. tenebricosa at
32.8°C (the mean maximum July temperature in Gainesville). These
repeated experiments at 32.8°C were conducted to assess the repeatability of the experiment and to compare seasonal variation
in heat tolerance. We also conducted experiments at 39.0°C on 16
January and at 37.8°C on 30 January for Raleigh 2019 scales. For
Three-city 2019 heat tolerance experiments, we collected ten twigs
per site during each collection. Twigs from Newark and Gainesville
were shipped overnight with cool packs to Raleigh and then held 1
d at 9°C in a growth chamber for a total of 2 d between collection
and the start of an experiment; likewise, Raleigh twigs were held for
2 d at 9°C. For each experiment, we randomly assigned two twigs
from each site to a treatment. The Three-city 2019 experiments were
conducted at 32.8°C on 5 December 2018 and 1 March 2019. At
the end of each experiment, including the 7-d holding period, we
recorded the number of alive and dead scales for up to 50 M. tenebricosa individuals per twig and then summed per treatment per site
for each experiment. We limited the number of scales we examined
to 50 for practical considerations and scales were selected haphazardly for examination.
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Statistical Analyses

Results
In general, for both heat and cold tolerance experiments, we found
that the lethal duration was correlated with treatment temperature.
For example, the warmest temperature in the heat tolerance experiments and the coldest temperature in the cold tolerance experiments
resulted in the shortest lethal durations for those assays, respectively
(Tables 3–5). For all GLM models, we found that treatment was a
significant predictor of scale mortality. For Three-city 2019 analyses,
we found that the date of scale collection was also a significant predictor of scale mortality.

Heat Tolerance
We assayed a total of 1,373 M. tenebricosa in the Raleigh 2018 heat
tolerance experiments (Supp Table 1 [online only]). Upper lethal durations ranged from 7.36 ± 1.14 (SE) to 27.69 ± 1.09 h at 40.6 and
32.2°C, respectively (Table 3; Fig. 1). The longest estimated lethal
duration was for scales assayed at the Raleigh mean maximum July

Table 4. Melanaspis tenebricosa thermal tolerance for Raleigh
2019 scales
Heat/cold

Temperature (°C)

LD50

SE

LCL

UCL

39.0
37.8
32.8
−15.2
−12.9
−4.7

5.93
12.68
12.48
4.93
10.3
15.38

1.12
1.05
1.03
1.22
1.10
1.03

4.79
11.46
11.82
3.32
8.56
14.62

7.35
14.03
13.18
7.32
12.4
16.18

Heat

Cold

Upper and lower lethal duration 50% (ULD50 and LLD50) for M. tenebricosa collected from A. rubrum in Raleigh, NC, by experimental temperature.
SE and upper and lower 95% confidence interval limits (LCL, UCL) are also
reported for the ULD50 and LLD50 estimates. Thermal tolerance per temperature was estimated from a GLM with duration (hours) as the predictor and
probability of mortality as the response.

Table 5. Melanaspis tenebricosa thermal tolerance for Raleigh 2019
scales for repeated experimental temperatures
Date

Temperature (°C)

LD50

SE

LCL

UCL

32.8

10.47
15.48
11.71
12.74
16.19
17.62

0.56
0.66
0.58
0.6
0.74
0.72

9.38
14.18
10.56
11.57
14.74
16.21

11.56
16.77
12.86
13.91
17.64
19.03

5 Dec. 2018
30 Jan. 2019
1 Mar. 2019
5 Dec. 2018
30 Jan. 2019
1 Mar. 2019

−4.7

Upper and lower lethal duration 50% (ULD50 and LLD50) for M. tenebricosa collected from A. rubrum in Raleigh, NC, by experimental start date.
SE and upper and lower 95% confidence interval limits (LCL, UCL) are also
reported for the ULD50 and LLD50 estimates. Thermal tolerance per temperature was estimated from a GLM with duration (hours) as the predictor and
probability of mortality as the response.

temperature (32.2°C). We found pairwise differences between the
ULD50 for each of the temperatures assayed (P < 0.001; Supp Table
2 [online only]). Heat tolerance was qualitatively similar for experiments performed in 2018 and 2019 on Raleigh-collected scales
(Figs. 1 and 2). For the Raleigh 2019 heat tolerance experiments,
we assayed a total of 3611 M. tenebricosa (Supp Table 3 [online
only]). Lethal durations ranged from 5.93 ± 1.12 to 12.48 ± 1.03 h
at 39.0 and 32.8°C, respectively (Table 4; Fig. 2). The ULD50 differed between each pair of experimental temperatures, except for the
heat tolerance experiments at 32.8 and 37.8°C (Supp Table 4 [online
only]). For the Raleigh 2019 heat tolerance experiments repeated at
32.8°C for three dates throughout winter, we assayed 1,044 M. tenebricosa (Supp Table 5 [online only]). Lethal duration lengths were
idiosyncratic throughout the winter (Table 5; Fig. 3). The ULD50 at
32.8°C differed between dates, except for 5 December 2018 and 1
March 2019 (Supp Table 6 [online only]). We examined a total of
3,436 M. tenebricosa from the Three-city 2019 experiments (Supp
Table 7 [online only]). The mean heat tolerance (ULD50 at 32.8°C) of
Raleigh scales, 11.04 h, was greater than the duration for Newark,
9.61 h, but did not differ from Gainesville, 10.20 h (Tables 6; Supp
Table S8 [online only]; Fig. 4).

Cold Tolerance
We assayed a total of 4,732 M. tenebricosa in the Raleigh 2018 cold
tolerance experiments (Supp Table 1 [online only]). Lower lethal durations ranged from 4.2 ± 1.1 to 755.4 ± 2.57 h at −22.8 and −1.0°C,
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We performed all statistical analyses in R 3.5.1 (R Core Team 2016).
For each thermal tolerance experiment, we used generalized linear
models (GLM; binomial distribution with a logit link) from the glm
function from package MASS (Venables and Ripley 2013) to estimate the probability of M. tenebricosa mortality. For Raleigh 2018
and Raleigh 2019 experiments, our models included treatment (i.e.,
duration at a given temperature) as the predictor and scale mortality status (i.e., dead, alive) as the response. For Raleigh 2019, we
used mean responses in our models for experiments that were conducted multiple times at the same temperature (i.e., 32.8 or −4.7°C;
Table 2). When analyzing Three-city 2019 experiments, Raleigh
data are from two of the five Raleigh 2019 experiments, 5 December
2018 and 1 March 2019, dates when we also performed experiments
with scales from the other two cities. We fit a separate GLM for each
city and included treatment and date of collection as predictors and
scale mortality as the response.
From these GLMs, we estimated thermal tolerance—upper and
lower lethal thermal durations (i.e., ULD50, LLD50)—by identifying
the duration (hours) at a given experimental temperature at which
mortality was expected to be 50% (e.g., ULD50 at 32.2°C). We calculated ULD50 and LLD50 using the invest function from package
investr (Greenwell and Schubert Kabban 2014). We also estimated
the 95% CI of these durations. Because we recorded scale mortality
in our control (0 h) treatments, we adjusted scale mortality in the
other treatments using the Henderson–Tilton mortality correction
(Henderson and Tilton 1955). Corrections were calculated per site
by twig collection date before modeling M. tenebricosa mortality.
For Raleigh 2018 and Raleigh 2019, we made pairwise comparisons of ULD50 or LLD50 between the experimental temperatures.
For Raleigh 2019, we also tested for seasonal differences in lethal
durations for scales assayed at 32.8 or −4.7°C. For Three-city 2019
results, we tested each city pair for differences in ULD50 and LLD50.
We used the Wheeler et al. (2006) ratio test for comparing lethal
durations, implemented in the ratio_test function from the ecotox
package (Hlina 2019).
We tested for seasonal differences in overwintering survival for
Raleigh 2018 and Raleigh 2019 and between study cities for Threecity 2018 and Three-city 2019 scales. We compared groups with a
Kruskal–Wallis test with a Benjamini–Hochberg post hoc P-value
adjustment (α = 0.05) for multiple comparisons from function
kruskal in package agricolae (de Mendiburu 2015).
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Fig. 2. Raleigh 2019 probability of Melanaspis tenebricosa mortality and thermal tolerance by experimental treatment (duration [hours] by temperature). Lines
are GLM estimates of M. tenebricosa mortality by experimental temperature. Vertical lines denote ULD50 (right; Heat) and LLD50 (left; Cold), i.e., thermal tolerance,
for each treatment and are estimated from the GLM model fits. Shaded bars are the 95% confidence intervals for LD50 by temperature.

Fig. 3. Raleigh 2019 probability of Melanaspis tenebricosa mortality and thermal tolerance by experimental treatment (duration [hours] by temperature) by
date. Lines are GLM estimates of M. tenebricosa mortality by date. Vertical lines denote ULD50 (right; 32.8°C [Heat]) and LLD50 (left; −4.7°C [Cold]), i.e., thermal
tolerance, for each treatment by date and are estimated from the GLM model fits. Shaded bars are the 95% confidence intervals for LD50 by temperature by date.
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Fig. 1. Raleigh 2018 probability of Melanaspis tenebricosa mortality and thermal tolerance by experimental treatment (duration [hours] by temperature). Lines
are GLM estimates of M. tenebricosa mortality by experimental temperature. Vertical lines denote ULD50 (right; Heat) and LLD50 (left; Cold), i.e., thermal tolerance,
for each treatment (LLD50 for −1.0°C ≈ 755 h [not shown]) and are estimated from the GLM model fits. Shaded bars are the 95% confidence intervals for LD50 by
temperature.
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Table 6. Three-city 2019 Melanaspis tenebricosa thermal tolerance
City
Newark

Collection date

LD50

−4.7

5 Dec. 18
1 Mar. 19
5 Dec. 18
1 Mar. 19
5 Dec. 18
1 Mar. 19
5 Dec. 18
1 Mar. 19
5 Dec. 18
1 Mar. 19
5 Dec. 18
1 Mar. 19

14.549
24.018
6.492
12.737
12.863
17.579
10.294
11.795
10.152
9.279
12.965
7.429

32.8
Raleigh

−4.7
32.8

Gainesville

−4.7
32.8

SE
0.6
1.187
0.322
0.563
0.566
0.758
0.555
0.561
1.282
1.131
1.256
1.089

LCL

UCL

13.373
21.691
5.861
11.633
11.755
16.093
9.206
10.695
7.64
7.063
10.504
5.294

15.725
26.344
7.123
13.842
13.972
19.065
11.382
12.894
12.664
11.494
15.426
9.563

Upper and lower lethal duration 50% (ULD50 and LLD50) for M. tenebricosa by experimental temperature. SE and upper and lower 95% confidence interval
limits (LCL, UCL) are reported for the LD50 estimates. Thermal tolerance (hours) per city and experimental temperature (LD50) was estimated from a GLM with
duration and date of collection as predictors and probability of mortality as the response.

Fig. 4. Three-city 2019 probability of Melanaspis tenebricosa mortality and thermal tolerance by experimental treatment (duration [hours] by temperature) by
city. Lines are GLM estimates of M. tenebricosa mortality by date. Vertical lines denote ULD50 (right; 32.8˚C [Heat]) and LLD50 (Left; −4.7˚C [Cold]), i.e., thermal
tolerance, for each treatment and are estimated from the GLM model fits. Shaded bars are the 95% confidence intervals for LD50 by temperature by date.

respectively (Table 3; Fig. 1), where the longest lower lethal duration,
755 h, was found for scales assayed at the mean minimum Raleigh
January temperature. The LLD50 differed between each experimental temperature pairing (P < 0.001; Supp Table 2 [online only]).
Cold tolerance was qualitatively similar between Raleigh 2018 and
Raleigh 2019 experiments (Figs. 1 and 2), where lower lethal duration was shorter as experimental temperature decreased. For the
Raleigh 2019 cold tolerance experiments, we assayed a total of 3,757
M. tenebricosa (Supp Table 3 [online only]). Lethal durations ranged

from 4.9 ± 1.22 to 15.4 ± 1.02 h at −15.2 and −4.7°C, respectively
(Table 5; Fig. 3). The LLD50 differed between each pair of experimental temperatures (Supp Table 4 [online only]). For the Raleigh
2019 cold tolerance experiments repeated at −4.7°C on three dates
throughout winter, we assayed 2,517 M. tenebricosa (Supp Table
5 [online only]). The length of the LLD50 increased throughout the
winter, ranging from 12.74 ± 0.60 to 17.62 ± 0.72 h on 5 December
2018 and 1 March 2019, respectively (Table 5; Fig. 3). The ULD50
at −4.7°C differed between pairs of these three dates, except for 30
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Overwintering Survival
Overwintering survival did not differ seasonally for Raleigh 2018
scales (χ 2 = 1.24, df = 2, P = 0.538; Supp Fig. S2a [online only]):
mean survival was 91%. Overwinter survival for Raleigh 2019
scales did not differ seasonally (χ 2 = 6.81, df = 4, P = 0.146;
Supp Fig. S2b [online only]): mean survival was 62%. In 2018,
overall in situ overwintering survival varied among the three cities
(χ 2 = 10.26, df = 2, P = 0.006; Supp Fig. S3a [online only]), with
the greatest mean survival found in Raleigh (92%). Gainesville
(34%) and Newark (23%) scales had lower survival and did not
differ from each other (Table 1). For Three-city 2019 scales, we
found that mean overwintering survival varied among the cities
(χ 2 = 8.76, df = 2, P = 0.013; Supp Fig. S3b [online only]). Raleigh
had the greatest mean survival at 64%, although it did not differ
from Newark (61%). Gainesville had the lowest mean survival at
43% (Table 1).

Discussion
In this study, we present the first assessment of M. tenebricosa physiological thermal tolerance, including tolerances at representative temperatures from throughout their geographic distribution. Given that
the density of M. tenebricosa peaks in the mid latitudes of its distribution (Just et al. 2018, 2019), we predicted that temperatures
representative of the midlatitudes (e.g., Raleigh, NC) would be the
least lethal for M. tenebricosa and, thus, their thermal tolerance, measured here as upper and lower lethal thermal durations for a given
temperature, would be the longest. Looking at our heat tolerance
experiments, we found support for our prediction as Raleigh 2018
scales tolerated the Raleigh-derived temperatures best, providing the
longest ULD50 at 32.2°C (mean maximum July temperature) of 27.7 h
(Table 3). Contrastingly, we predicted that the temperatures found at
the southern edges of the M. tenebricosa distribution would be more
lethal and, thus, thermal durations would be shorter when compared
with Raleigh temperatures. We found Raleigh 2019 scales succumbed
faster at the Gainesville mean maximum July temperature (32.8°C),
12.5 h, when compared with Raleigh temperatures (Table 4, Fig. 2).
Our predictions were similarly supported from our cold tolerance experiments, we found a LLD50 at −1.0°C (mean minimum January temperature in Raleigh) of 755.4 h for the Raleigh 2018 assayed scales,
whereas Raleigh 2019 scales had an estimated LLD50 of 15.4 h at
−4.7°C, the mean minimum January temperature from Newark. These
results support the role of temperature in bounding the M. tenebricosa
distribution, as do our previous observations that the greatest M. tenebricosa densities occur in the midlatitudes of their distribution. This
was also corroborated by the different in situ overwintering survival
of M. tenebricosa in each city (Table 1). Yet, we acknowledge that we
did not assay M. tenebricosa collected from Newark or Gainesville
at the Raleigh-based temperatures and assays in addition to this first
assessment are needed to confirm that these are general patterns of
M. tenebricosa thermal tolerance.
We also predicted that thermal tolerance would vary based on
the latitude of where the scales were collected because scales and
other arthropods can become acclimated or adapted to local climates

(Preisser et al. 2008, Zhang et al. 2010). The most poleward study
city, Newark, had M. tenebricosa that survived the longest in the
cold tolerance experiments. Whereas, in Gainesville, the city closest
to the equator, scales perished the quickest, with a mean LLD50 at
−4.7°C that was less than half as long as Newark: 9.7 versus 19.3 h
(Table 6, Fig. 4). A study of elongate hemlock scale (Fiorinia externa
Ferris; Hemiptera: Diaspididae) found that northern populations
were more cold tolerant than those in the south and suggested that
this may be due to adaptation driven by more frequent low-temperature periods in the north (Preisser et al. 2008). Thus, we might
expect the poleward movement of the M. tenebricosa distribution
due to greater overwintering survival of northern populations aided
by warmer winters in the eastern United States. This expansion may
occur even with possible periods of lower than normal temperatures,
if M. tenebricosa at the northern range boundary are becoming more
cold tolerant, which is suggested by our results. Moreover, we found
that cold tolerance for Newark and Raleigh scales differed seasonally, where scales collected in late winter had a longer LLD50. Other
scale species, including Hemiberlesia pitysophila Takagi (Hemiptera:
Diaspididae) and crapemyrtle bark scale (Acanthococcus
(=Eriococcus) lagerstroemiae (Kuwana); Hemiptera: Eriococcidae)
(Zhang et al. 2010, Wang et al. 2019a), exhibit seasonal differences
in cold tolerance. In one study (Wang et al. 2019b), A. lagerstroemiae had lower body water content during colder parts of the year,
thereby increasing the concentration of cryoprotective compounds,
suggesting a possible physiological mechanism for its cold tolerance.
We do not know the thermal tolerance mechanisms in our system.
For example, to improve cold tolerance and overwintering survival,
M. tenebricosa may reduce water content to concentrate cryoprotective compounds or it could be that they inactivate ice-nucleating
compounds by sequestering them in lipids (Baust and Zachariassen
1983). In any case, improved cold tolerance at the poleward range
edge and a warming climate may provide opportunities for range
expansion at the northern edge of the M. tenebricosa distribution.
Other studies on scale thermal tolerance have concluded that cold
tolerance is more important than heat tolerance for defining species
distributions (Zhang et al. 2010, Wang et al. 2019a). Here, we agree
that cold tolerance is important with regard to current and future
M. tenebricosa distributions because, like other pest insects [e.g.,
D. frontalis, Thaumetopoea pityocampa (Denis & Schiffermüller)
(Lepidoptera: Notodontidae)], poleward movement facilitated
by warmer winters seems more likely than southward expansion
(Ungerer et al. 1999, Battisti et al. 2005). Yet, differing from those
studies, we posit that heat tolerance is also important for M. tenebricosa distributions. For example, in this study, the smallest M. tenebricosa densities were found in the lowest latitude city, Gainesville.
Additional warming is unlikely to benefit scales in Gainesville, where
climate and urban warming may combine to generate scale-lethal
temperatures and, thus, contribute to range contraction (Tobin et al.
2014, Mech et al. 2018). Still, we acknowledge that M. tenebricosa responds positively to warming, provided that the warming is
within its thermal tolerance thresholds. For example, within Raleigh,
A. rubrum in warmer locations hosted 200% more M. tenebricosa
than locations just 2°C cooler (Dale and Frank 2014b). Herbarium
specimens have also revealed that historical M. tenebricosa abundances tracked periods of warmer and cooler climates, where warmer
periods had greater densities (Youngsteadt et al. 2015). Under increased warming, M. tenebricosa may retreat to cooler areas within
the south like forests (Long et al. 2019) and become a less-important
pest of ornamental trees, but may become more important forest
pests. However, some scales may adapt to the heat [e.g., heat adaptation has been suggested for oak lecanium scale; Parthenolecanium
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January and 1 March 2019 (Supp Table 6 [online only]). For the
Three-city 2019 cold tolerance experiments, we examined a total
of 3,481 M. tenebricosa individuals (Supp Table 7 [online only]).
The LLD50 at −4.7°C became shorter as latitude of the scale collection
city decreased, at 19.28, 15.22, and 9.72 h for Newark, Raleigh, and
Gainesville, respectively (Table 6, Fig. 4). The LLD50 differed between
each city pair (P < 0.001; Supp Table 8 [online only]).
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greatest. Suggesting that the current M. tenebricosa distribution
and abundance patterns are delimited by environmental temperature and thermal tolerance, though additional assays from scale
populations from different latitudes are needed for confirmation.
Moreover, the northernmost scale population had the greatest
cold tolerance when assayed with temperatures from that latitude.
Whereas the southernmost scale population had the least tolerant
scales for both heat and cold assays. Thus, we contend that future expansion, if any, of the M. tenebricosa distribution would
likely be directed poleward due to projected winter warming for
the eastern United States (Fitzpatrick and Dunn 2019) and the increased cold tolerance of northern populations. On the other hand,
low densities and poorer thermal tolerance in the south may lead
to a range contraction at the southern distribution edge with additional warming. Finally, we assayed scales collected from eastern
U.S. cities, which are on average 2–3°C warmer than natural areas
at the same latitudes. This matches predictions of temperature increase over the next 50–100 yr (Kunkel et al. 2013); thus, cities
provide the opportunity to make predictions about how warming
may affect forests (Lahr et al. 2018) and their potential thermal
suitability for M. tenebricosa.

Supplementary Data
Supplementary data are available at Environmental Entomology
online.
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In summary, our results suggest that both heat and cold tolerance are important delimiters of the M. tenebricosa distribution. Our experiments revealed that M. tenebricosa from Raleigh
survived the longest when assayed with temperatures from the
midlatitudes of its distribution, where its densities are currently

9

10

Frank, S. D., W. E. Klingeman, S. A. White, and A. Fulcher. 2013. Biology,
injury, and management of maple tree pests in nurseries and urban landscapes. J. Integr. Pest Manag. 4: 1–14.
Greenwell, B., and C. M. Schubert Kabban. 2014. investr: an R package for
inverse estimation. R J. 6: 90.
Hamblin, A. L., E. Youngsteadt, M. M. Lopez-Uribe, and S. D. Frank. 2017.
Physiological thermal limits predict differential responses of bees to urban
heat-island effects. Biol. Lett. 13: 20170125.
Hanks, L., and R. Denno. 1993. The role of demic adaptation in colonization and spread of scale insect populations, pp. 393–411. In K. Kim and
B. McPheron (eds.), Evolution of insect pests: patterns of variation. John
Wiley & Sons, Inc, New York, NY.
Hazell, S. P., C. Groutides, B. P. Neve, T. M. Blackburn, and J. S. Bale. 2010a. A
comparison of low temperature tolerance traits between closely related aphids
from the tropics, temperate zone, and Arctic. J. Insect Physiol. 56: 115–122.
Hazell, S. P., B. P. Neve, C. Groutides, A. E. Douglas, T. M. Blackburn, and
J. S. Bale. 2010b. Hyperthermic aphids: insights into behaviour and mortality. J. Insect Physiol. 56: 123–131.
Henderson, C. F., and E. W. Tilton. 1955. Tests with acaricides against the
brown wheat mite. J. Econ. Entomol. 48: 157–161.
Hlina, B. 2019. ecotox: analysis of ecotoxicology. R package version 1.4.0.
(https://cran.r-project.org/package=ecotox).
Hoffmann, A. A., S. L. Chown, and S. Clusella-Trullas. 2013. Upper thermal
limits in terrestrial ectotherms: how constrained are they? Funct. Ecol. 27:
934–949.
Ishaaya, I., and E. Swirski. 1970. A rapid laboratory test for determining death
in some armored scale species (Coccoidea: Diaspididae). Entomol. Exp.
Appl. 13: 37–42.
Ishaaya, I., and E. Swirski. 1971. Iodine test for determining the mortality
of the California red scale after treatment with various insecticides. Pest
Manag. Sci. 2: 8–9.
Janes, J. K., Y. Li, C. I. Keeling, M. M. Yuen, C. K. Boone, J. E. Cooke,
J. Bohlmann, D. P. Huber, B. W. Murray, D. W. Coltman, et al. 2014.
How the mountain pine beetle (Dendroctonus ponderosae) breached the
Canadian Rocky Mountains. Mol. Biol. Evol. 31: 1803–1815.
Just, M. G., S. D. Frank, and A. G. Dale. 2018. Impervious surface thresholds
for urban tree site selection. Urban For. Urban Green. 34: 141–146.
Just, M. G., A. G. Dale, L. C. Long, and S. D. Frank. 2019. Urbanization drives
unique latitudinal patterns of insect herbivory and tree condition. Oikos
128: 984–993.
Kellermann, V., B. van Heerwaardenf, and C. M. Sgrò. 2017. How important
is thermal history? Evidence for lasting effects of developmental temperature on upper thermal limits in Drosophila melanogaster. Proc. R. Soc. B
Biol. Sci. 284: 14–16.
Kerr, J. T., A. Pindar, P. Galpern, L. Packer, S. G. Potts, S. M. Roberts,
P. Rasmont, O. Schweiger, S. R. Colla, L. L. Richardson, et al. 2015.
Climate change impacts on bumblebees converge across continents.
Science 349: 177–180.
Kunkel, K. E., L. E. Stevens, S. E. Stevens, L. Sun, E. Janssen, D. Wuebbles,
C. Konrad II, C. Fuhrman, B. Keim, M. Kruk, A. Billiot, H. Needham,
M. Shafer, and J. Dobson. 2013. Regional climate trends and scenarios for the U.S. National Climate Assessment. Part 2: Climate of the
Southeast U.S. NOAA Technical Report NESDIS 142-2. US Dept.
of Commerce, National Oceanic and Atmospheric Administration,
Washington, DC.
Lahr, E. C., R. R. Dunn, and S. D. Frank. 2018. Getting ahead of the curve:
cities as surrogates for global change. Proc. R. Soc. B Biol. Sci. 285:
20180643.
Lancaster, L. T. 2016. Widespread range expansions shape latitudinal variation in insect thermal limits. Nat. Clim. Chang. 6: 618–621.
Lesk, C., E. Coffel, A. W. D’Amato, K. Dodds, and R. Horton. 2017. Threats
to North American forests from southern pine beetle with warming winters. Nat. Clim. Chang. 7: 713–717.
Lincango, B. P., C. Hodgson, C. Causton, and D. Miller. 2010. An updated
checklist of scale insects (Hemiptera: Coccoidea) of the Galapagos Islands,
Ecuador. Galapagos Res. 67: 3–7.
Long, L. C., V. D’Amico, and S. D. Frank. 2019. Urban forest fragments buffer
trees from warming and pests. Sci. Total Environ. 658: 1523–1530.

Downloaded from https://academic.oup.com/ee/advance-article-abstract/doi/10.1093/ee/nvz154/5697046 by D Hill Library - Acquis S user on 13 January 2020

Baust, J. G., and E. Zachariassen. 1983. Seasonally active cell matrix associated ice nucleators in an insect. Cryo Lett. 4: 65–71.
Bebber, D. P. 2015. Range-expanding pests and pathogens in a warming
world. Annu. Rev. Phytopathol. 53: 335–356.
Bowler, K., and J. S. Terblanche. 2008. Insect thermal tolerance: what is the
role of ontogeny, ageing and senescence? Biol. Rev. Camb. Philos. Soc. 83:
339–355.
Burns, R., and B. Honkala. 1990. Silvics of North America: 2. Hardwoods.
Agriculture Handbook 654. United States Department of Agriculture,
Forest Service. Washington, DC.
Calosi, P., D. T. Bilton, J. I. Spicer, S. C. Votier, and A. Atfield. 2010. What
determines a species’ geographical range? Thermal biology and latitudinal range size relationships in European diving beetles (Coleoptera:
Dytiscidae). J. Anim. Ecol. 79: 194–204.
Chown, S. L., and G. A. Duffy. 2015. Thermal physiology and urbanization:
perspectives on exit, entry and transformation rules. Funct. Ecol. 29:
902–912.
Colinet, H., L. Lalouette, and D. Renault. 2011. A model for the time-temperature-mortality relationship in the chill-susceptible beetle, Alphitobius
diaperinus, exposed to fluctuating thermal regimes. J. Therm. Biol. 36:
403–408.
Colinet, H., D. Renault, M. Javal, P. Berková, P. Šimek, and V. Koštál. 2016.
Uncovering the benefits of fluctuating thermal regimes on cold tolerance
of drosophila flies by combined metabolomic and lipidomic approach.
Biochim. Biophys. Acta 1861: 1736–1745.
Dale, A. G., and S. D. Frank. 2014a. Urban warming trumps natural enemy
regulation of herbivorous pests. Ecol. Appl. 24: 1596–1607.
Dale, A. G., and S. D. Frank. 2014b. The effects of urban warming on herbivore abundance and street tree condition. PLoS One 9: e102996.
Dale, A. G., and S. D. Frank. 2017. Warming and drought combine to increase
pest insect fitness on urban trees. PLoS One 12: e0173844.
de Mendiburu, F. 2015. agricolae: statistical procedures for agricultural research.
R package version 1.2–3. (http://tarwi.lamolina.edu.pe/~fmendiburu).
DeGaetano, A. T., and R. J. Allen. 2002. Trends in twentieth-century temperature extremes across the United States. J. Clim. 15: 3188–3205.
Dehnen-Schmutz, K., J. Touza, C. Perrings, and M. Williamson. 2007. A century of the ornamental plant trade and its impact on invasion success.
Divers. Distrib. 13: 527–534.
Deutsch, C. A., J. J. Tewksbury, R. B. Huey, K. S. Sheldon, C. K. Ghalambor,
D. C. Haak, and P. R. Martin. 2008. Impacts of climate warming on
terrestrial ectotherms across latitude. Proc. Natl. Acad. Sci. USA 105:
6668–6672.
Di Luzio, M., G. L. Johnson, C. Daly, J. K. Eischeid, and J. G. Arnold. 2008.
Constructing retrospective gridded daily precipitation and temperature
datasets for the conterminous United States. J. Appl. Meteorol. Climatol.
47: 475–497.
Diamond, S. E., L. D. Chick, C. A. Penick, L. M. Nichols, S. H. Cahan,
R. R. Dunn, A. M. Ellison, N. J. Sanders, and N. J. Gotelli. 2017. Heat tolerance predicts the importance of species interaction effects as the climate
changes. Integr. Comp. Biol. 57: 112–120.
Diamond, S. E., L. D. Chick, A. Perez, S. A. Strickler, and R. A. Martin. 2018.
Evolution of thermal tolerance and its fitness consequences: parallel and
non-parallel responses to urban heat islands across three cities. Proc.
R. Soc. B Biol. Sci. 285: 20180036.
Dodds, K. J., C. F. Aoki, A. Arango-Velez, J. Cancelliere, A. W. D’Amato,
M. F. DiGirolomo, and R. J. Rabaglia. 2018. Expansion of southern pine
beetle into northeastern forests: management and impact of a primary
bark beetle in a new region. J. For. 116: 178–191.
Dukes, J. S., J. Pontius, D. Orwig, J. R. Garnas, V. L. Rodgers, N. Brazee,
B. Cooke, K. A. Theoharides, E. E. Stange, R. Harrington, et al. 2009.
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. 39: 231–248.
Fitzpatrick, M. C., and R. R. Dunn. 2019. Contemporary climatic analogs for
540 North American urban areas in the late 21st century. Nat. Commun.
10: 614.
Frank, S. D. 2019. A survey of key arthropod pests on common southeastern
street trees. Arboric. Urban For. 45: 155–166.

Environmental Entomology, 2020, Vol. XX, No. XX

Environmental Entomology, 2020, Vol. XX, No. XX

resistance and metabolic rate in Chirodica chalcoptera (Coleoptera:
Chrysomelidae). J. Insect Physiol. 51: 1013–1023.
Terblanche, J. S., J. A. Deere, S. Clusella-Trullas, C. Janion, and S. L. Chown.
2007. Critical thermal limits depend on methodological context. Proc.
Biol. Sci. 274: 2935–2942.
Terblanche, J. S., A. A. Hoffmann, K. A. Mitchell, L. Rako, P. C. le Roux, and
S. L. Chown. 2011. Ecologically relevant measures of tolerance to potentially lethal temperatures. J. Exp. Biol. 214: 3713–3725.
Thomas, C. D., A. M. Franco, and J. K. Hill. 2006. Range retractions
and extinction in the face of climate warming. Trends Ecol. Evol. 21:
415–416.
Tobin, P. C., D. R. Gray, and A. M. Liebhold. 2014. Supraoptimal temperatures influence the range dynamics of a non-native insect. Divers. Distrib.
20: 813–823.
Trueman, M., and N. D’Ozouville. 2010. Characterizing the Galapagos terrestrial climate in the face of global climate change. Galapagos Res. 67:
26–37.
Ungerer, M. J., M. P. Ayres, and M. J. Lombardero. 1999. Climate and the
northern distribution limits of Dendroctonus frontalis Zimmermann
(Coleoptera: Scolytidae). J. Biogeogr. 26: 1133–1145.
Venables, W. N., and B. D. Ripley. 2013. Modern applied statistics with S, 4th
ed. Springer-Verlag, New York.
Wang, Z., Y. Chen, and R. Diaz. 2019a. Thermal tolerance and prediction
of northern distribution of the Crapemyrtle Bark Scale (Hemiptera:
Eriococcidae). Environ. Entomol. 48: 641–648.
Wang, Z., Y. Chen, R. Diaz, and R. A. Laine. 2019b. Physiology of crapemyrtle
bark scale, Acanthococcus lagerstroemiae (Kuwana), associated with seasonally altered cold tolerance. J. Insect Physiol. 112: 1–8.
Wheeler, M. W., R. M. Park, and A. J. Bailer. 2006. Comparing median lethal concentration values using confidence interval overlap or ratio tests.
Environ. Toxicol. Chem. 25: 1441–1444.
Youngsteadt, E., A. G. Dale, A. J. Terando, R. R. Dunn, and S. D. Frank.
2015. Do cities simulate climate change? A comparison of herbivore response to urban and global warming. Glob. Chang. Biol. 21:
97–105.
Youngsteadt, E., A. F. Ernst, R. R. Dunn, and S. D. Frank. 2017. Responses
of arthropod populations to warming depend on latitude: evidence from
urban heat islands. Glob. Chang. Biol. 23: 1436–1447.
Zhang, F. P., J. H. Zhong, B. F. Jiang, S. W. Li, and F. Q. Miao. 2010. Thermal
tolerance in the pine armored scale, Hemiberlesia pitysophila Takagi
(Homoptera: Diaspididae), along an altitudinal gradient. Acta Entomol.
Sin. 53: 68–75.

Downloaded from https://academic.oup.com/ee/advance-article-abstract/doi/10.1093/ee/nvz154/5697046 by D Hill Library - Acquis S user on 13 January 2020

Lutterschmidt, W. I., and V. H. Hutchison. 1997. The critical thermal maximum: history and critique. Can. J. Zool. 75: 1561–1574.
Mech, A. M., P. C. Tobin, R. O. Teskey, J. R. Rhea, and K. J. K. Gandhi. 2018.
Increases in summer temperatures decrease the survival of an invasive
forest insect. Biol. Invasions 20: 365–374.
Meineke, E. K., R. R. Dunn, and S. D. Frank. 2014. Early pest development
and loss of biological control are associated with urban warming. Biol.
Lett. 10: 10–13.
Metcalf, Z. 1912. The gloomy scale, an important enemy of shade trees in
North Carolina. J. Elisha Mitchell Sci. Soc. 28: 88–91.
Metcalf, Z. 1922. The gloomy scale. North Carolina Agric. Exp. Stn. Tech.
Bull, Raleigh, NC. 21: 1–23.
Musolin, D. L. 2007. Insects in a warmer world: ecological, physiological and
life-history responses of true bugs (Heteroptera) to climate change. Glob.
Chang. Biol. 13: 1565–1585.
Oliveira, S. V., D. Romero-Alvarez, T. F. Martins, J. P. D. Santos, M. B. Labruna,
G. S. Gazeta, L. E. Escobar, and R. Gurgel-Gonçalves. 2017. Amblyomma
ticks and future climate: range contraction due to climate warming. Acta
Trop. 176: 340–348.
Perkins, S. E., L. V. Alexander, and J. R. Nairn. 2012. Increasing frequency,
intensity and duration of observed global heatwaves and warm spells.
Geophys. Res. Lett. 39: 1–5.
Preisser, E. L., J. S. Elkinton, and K. Abell. 2008. Evolution of increased cold
tolerance during range expansion of the elongate hemlock scale Fiorinia
externa Ferris (Hemiptera: Diaspididae). Ecol. Entomol. 33: 709–715.
R Core Team. 2016. R (3.3.2): a language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. (http://
www.R-project.org/).
Raupp, M. J., A. B. Cumming, and E. C. Raupp. 2006. Street tree diversity
in eastern North America and its potential for tree loss to exotic borers.
Arboric. Urban For. 32: 297–304.
Rezende, E. L., L. E. Castañeda, and M. Santos. 2014. Tolerance landscapes in
thermal ecology. Funct. Ecol. 28: 799–809.
Robinet, C., and A. Roques. 2010. Direct impacts of recent climate warming
on insect populations. Integr. Zool. 5: 132–142.
Sinclair, B. J., C. M. Williams, and J. S. Terblanche. 2012. Variation in thermal
performance among insect populations. Physiol. Biochem. Zool. 85: 594–606.
Sunday, J. M., A. E. Bates, and N. K. Dulvy. 2011. Global analysis of
thermal tolerance and latitude in ectotherms. Proc. Biol. Sci. 278:
1823–1830.
Terblanche, J. S., B. J. Sinclair, C. Jaco Klok, M. L. McFarlane, and S. L. Chown.
2005. The effects of acclimation on thermal tolerance, desiccation

11

