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Abstract

Urban habitats are characterized by impervious surfaces, which increase temperatures and

reduce water availability to plants. The effects of these conditions on herbivorous insects

are not well understood, but may provide insight into future conditions. Three primary

hypotheses have been proposed to explain why multiple herbivorous arthropods are more

abundant and damaging in cities, and support has been found for each. First, less complex

vegetation may reduce biological control of pests. Second, plant stress can increase plant

quality for pests. And third, urban warming can directly increase pest fitness and abundance.

These hypotheses are not mutually exclusive, and the effects of temperature and plant stress

are particularly related. Thus, we test the hypothesis that urban warming and drought stress

combine to increase the fitness and abundance of the scale insect, Melanaspis tenebricosa,

an urban tree pest that is more abundant in urban than rural areas of the southeastern U.S.

We did this by manipulating drought stress across an existing mosaic of urban warming. We

found support for the additive effect of temperature and drought stress such that female

embryo production and body size increased with temperature and was greater on drought-

stressed than watered trees. This study provides further evidence that drivers of pest insect

outbreaks act in concert, rather than independently, and calls for more research that manipu-

lates multiple abiotic factors related to urbanization and climate change to predict their effects

on ecological interactions. As cities expand and the climate changes, warmer temperatures

and drought conditions may become more widespread in the native range of this pest. These

changes have direct physiological benefits for M. tenebricosa, and potentially other pests,

that may increase their fitness and abundance in urban and natural forests.

Introduction

Urban forests are often more heavily infested with herbivorous arthropod pests than surround-

ing rural areas [1]. There are multiple potential drivers of this, which are not well understood.

One well supported hypothesis suggests that features of urban landscapes support fewer natural

enemies, creating enemy-free space that allows herbivores to proliferate [2–4]. More recently,

urban warming has been shown to play a major role and may outweigh factors associated with
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conservation biological control [5–7]. Temperature directly affects arthropod metabolism and

development, which under warming may lead to larger, more fecund individuals [8–10]. Dale

and Frank (2014b) found that 2˚C of urban warming increased the abundance of Melanaspis
tenebricosa (Hemiptera: Diaspididae), a scale insect pest, on Acer rubrum street trees. One

mechanism for this was that M. tenebricosa on trees in warmer areas were larger and produced

up to three times as many offspring as those on trees in cooler areas.

Urban warming, or the urban heat island effect, is driven by impervious surface cover,

building density, and other anthropogenic factors [11]. Impervious surface cover around trees

reduces water infiltration and availability to plant roots [12, 13]. At the same time, warming

can induce drought stress by increasing the atmospheric demand for water [14, 15]. The plant

stress hypothesis proposes that drought can increase herbivore fitness and abundance by

increasing the nutritional quality of plants and reducing plant defenses [16, 17]. Sap-feeding

pests in particular, often show a positive response to drought stress [18–20]. Several studies

link the plant stress hypothesis to urbanization by showing positive relationships between

impervious surface cover and herbivore abundance, or between drought, impervious surface,

and herbivores [21–24]. For example, Cregg and Dix (2001) found that oak trees growing in

downtown sidewalk tree pits were more drought-stressed and harbored more aphids and lace

bugs than oaks planted in a nearby campus park with little impervious surface. Likewise, the

density of Pulvinaria regalis on urban mulberry trees significantly increased as surrounding

impervious surface cover increased [22].

Climate change research suggests that abiotic factors like temperature, CO2, and drought

often act in concert or antagonistically to affect herbivores, which makes single-factor empiri-

cal tests less meaningful [25]. Given the close association between urban warming, impervious

surface cover, and drought stress, it is difficult to separate their effects in observational experi-

ments. Our overriding goal was to determine how drought stress and warming interact to

affect the fecundity and population growth of M. tenebricosa, a sap feeding pest of urban trees

in the southeastern U.S. Our first objective was to manipulate water stress in A. rubrum street

trees across an existing gradient of urban temperatures to decouple these effects on M. tenebri-
cosa. Our second objective was to determine the effect of drought stress and temperature on

M. tenebricosa fitness by quantifying body size, embryo production, and abundance over three

generations. Understanding the effects of warming and drought on urban plants and animals

is important because urban forests support much of urban biodiversity and provide ecosystem

services like cooling, air filtration, and aesthetic enhancement that benefit human and environ-

mental health [26–28].

Materials and methods

Study organisms

The gloomy scale, M. tenebricosa, is a native armored scale insect pest of Acer spp. trees, pri-

marily A. rubrum, which is the most common genus of landscape tree in the eastern U.S. [29–

31]. Acer rubrum is native throughout eastern North America and comprises over 18% of the

trees in Raleigh’s urban street tree inventory and approximately 15% of trees in natural forests

in North Carolina’s piedmont region [32, 33]. Melanaspis tenebricosa are drastically more

abundant on A. rubrum in urban than natural forests throughout the southeastern U.S. [29,

30, 34]. These insects feed on parenchyma cells within the trunk and branches of trees [35].

Heavy infestations cause trees to lose branches, prematurely drop leaves, and often die [29].

Melanaspis tenebricosa undergoes one generation per year, although they develop from

nymph to adult within approximately five months (May-September) [36]. These insects spend

the winter as adult females, then give live birth over 6 to 8 weeks beginning in May [29, 36].
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Newly emerged nymphs are mobile for a few hours before settling on the bark, where they

become sessile, produce a waxy cover, and feed for the remainder of their life. Nymphs become

adults by approximately September, mate during the fall, and begin egg production soon after

[36].

Study system

This study was conducted in the city of Raleigh, North Carolina in the piedmont region of the

southeastern U.S. Raleigh, NC has a temperate climate with an average annual precipitation

and temperature of 117 cm and 15˚C, respectively [37]. All trees used in the study were prop-

erty of the City of Raleigh, NC, USA and located in the right-of-way, which was up to 10 m

from the road’s edge. We were granted permission to conduct research on these trees by the

Raleigh Parks, Recreation, and Cultural Resources Department. To select study sites, we used

ArcMap 10.2 to overlay a geocoded street tree inventory map created by the city of Raleigh

from 2010 to 2013 onto a Landsat thermal image of surface temperature acquired on 18 August

2007 and prepared as described in Meineke et al. [7]. Using random selection procedures as in

Youngsteadt et al. [38], we created a grid of 2x2 km squares, divided the city into equal quad-

rants, and randomly selected three grid squares per quadrant (Fig 1). From each selected grid

square, we picked a pair of A. rubrum from the hottest site and a pair from the coldest site

based on Landsat surface temperature, resulting in 48 trees at 24 randomly selected sites.

Warmest and coolest sites were selected within each randomly selected grid square to capture

the heterogeneity of temperature in Raleigh’s urban forest and simplify the random selection

procedure. Tree pairs at each site were between 15–75 m apart from one another following the

selection procedure. Rather than using 24 sites as in Dale [39], we used 11 sites due to the logis-

tical constraints of scale insects having to be measured and dissected within a short time after

collecting from sites throughout the city. We selected the 11 sites because they represented

trees across the gradient of site temperatures and all trees had some level of insect infestation

from which we could sample. Tree diameter at breast height (DBH) ranged from 15.7 to 40.4

cm. Tree pairs at each site differed in DBH from 0.5 to 9.3 cm with an average (±SEM) of 3

(±1.2) cm.

Effect of temperature and water treatment on drought stress

To determine tree canopy temperature, we placed an iButton thermochron DS1921G (Dallas

Semiconductor, Dallas, TX, USA) remote temperature logger 4.5 m above ground within each

tree’s canopy. iButtons were mounted on the underside of a lateral branch attached to an iBut-

ton wall mount within a 59-ml portion container (Dart Container Corporation, Mason, Michi-

gan, USA) using a cable tie. iButtons recorded temperature every two hours from May 2014

through August 2014, the time period in which M. tenebricosa are most active and developing.

Mean two-hour tree canopy temperature, henceforth referred to as tree canopy temperature,

was calculated for the period May 2014 through August 2014 and used for all analyses of

temperature.

One of our objectives is to determine the effect of drought stress. To create a difference in

drought stress between trees at each site, one tree was watered and one tree was not. Eleven

trees ranging from 15.7 to 40.4 cm in diameter at breast height received no supplemental water

beyond natural precipitation. Ten trees with diameters of 15.7 to 31.8 cm were irrigated with

two TreeGator 1 slow-release watering bags (Spectrum Products Inc., Youngsville, NC)

around their base. One tree was 37.7 cm in diameter and required three watering bags around

its base for irrigation. Each bag held approximately 75 liters and was filled twice per week from
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May through August 2014 and 2015, resulting in 300 liters of water per tree per week and 450

liters per week for one tree.

To determine how temperature and watering treatments affected tree drought stress, we

used a pressure chamber (PMS Instrument Company, Albany, OR) to measure midday xylem

water potential of each tree once during the second week of June, July, and August 2014. Mid-

day water potential was measured during 1100 to 1500 each day. We removed one 15 to 20 cm

terminal twig from sun-exposed locations approximately 5.5 m above ground on the north

and south-facing sides of each tree. Weather conditions during each measuring period were

mostly sunny and between 29 and 31˚C. Three-month mean xylem water potential was calcu-

lated for each tree and used for analysis.

Fig 1. Map of A. rubrum street trees and study sites overlaid onto a thermal map of surface temperature in Raleigh, NC. Grid is made of 2x2 km

squares.

doi:10.1371/journal.pone.0173844.g001
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Effect of temperature and drought stress on M. tenebricosa fitness and

abundance

To determine if M. tenebricosa were affected by temperature and drought stress, we measured

adult female body size and embryo production, and calculated the ratio of third-generation

adult females (counted September 2015) to first generation adult females (counted April 2014)

on each tree. To determine the effect of temperature and drought stress on M. tenebricosa fit-

ness, we measured and dissected adult female M. tenebricosa under a dissecting microscope

and counted the number of embryos developing within them immediately prior to birth as in

Dale & Frank (2014b). At the end of reproductive development, on 6 May 2015, we collected

one, 30.5 cm twig from each cardinal direction and selected an adult female every 15 cm begin-

ning at the terminal end, totaling twelve individuals per tree. Using the same technique as Dale

and Frank [5], we measured adult female M. tenebricosa body length from the pygidium to the

anterior end of the body. Then, we dissected each M. tenebricosa under a stereomicroscope,

slide mounted the contents, and counted the developing embryos under a phase-contrast com-

pound light microscope.

Finally, we determined live adult female M. tenebricosa abundance on each A. rubrum by

pruning one 0.3 m live terminal twig, 5 m above ground, from each cardinal direction of the

tree canopy as in Dale and Frank [40]. Melanaspis tenebricosa were collected and counted

under a dissecting microscope at the beginning of the experiment in April 2014 and again in

September 2015. Although our first collection was in 2014, it was of 2013-generation adult

females that had overwintered and not yet reproduced. Our final collection in September 2015

was of 2015-generation adult females prior to overwintering, which allowed us to capture

three generations of M. tenebricosa on each study tree. As a measure of overall population

growth on each tree, we calculated the ratio of September 2015 to April 2014 adult females.

Population growth ratio data were log transformed to increase the normality of residuals. Dur-

ing the summer of 2015, two study trees were cut down for utility clearance and landscape ren-

ovation. Therefore, M. tenebricosa abundance from September 2015 as well as population

growth ratio data include 20 trees instead of 22.

Statistical analyses

We quantified body size, embryo production, initial abundance, final abundance, and popula-

tion growth ratios. Each of these measured dependent variables were analyzed separately using

analysis of covariance (ANCOVA), with watering treatment as a categorical predictor and tree

canopy temperature as a covariate. Analyses were conducted using PROC GLM and LSMEANS

in SAS 9.4 (SAS Version 9.4, Cary, NC). Each ANCOVA was first run as the full model with

each predictor (watering treatment, temperature) and the interaction term (watering treatment

x temperature) testing the hypothesis that the regression lines had the same slope, or the effect

of watering treatment was not dependent on tree canopy temperature. If the interaction was not

significant it was removed and the slopes of each regression line were assumed equal to test the

hypothesis that each line’s y-intercept was the same, or that there was no effect of watering treat-

ment on the response.

The residuals of temperature and M. tenebricosa abundance for 2014 and 2015 did not meet

the assumptions of normality. Since log transforming count data to meet parametric assump-

tions can produce models with poor fits compared to raw data fit to a Poisson distribution, we

compared the goodness of fit for GLM models using raw and log-transformed data [41].

Model comparisons for the analyses of temperature and water treatment predicting untrans-

formed M. tenebricosa abundance from 2014 and 2015 were conducted using PROC GEN-

MOD in SAS 9.4 (SAS Version 9.4, Cary, NC), specifying a Poisson distribution and log link
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function. Next, we analyzed log10-transformed M. tenebricosa abundance from each year

using PROC GENMOD, specifying a normal distribution and log link function. Based on

goodness of fit indices (AIC and Deviance/DF), we used log10-transformed M. tenebricosa
abundance for both analyses (S1 Table).

Results

Effect of temperature and water treatment on drought stress

Mean tree canopy temperature from May 2014 through August 2014 ranged from 23.64 to

25.90˚C with a mean (±SEM) of 25.15 (±0.13). Water potential of the watered trees ranged

from -2.28 to -3.39 MPa with a mean (±SEM) of -2.95 (±0.11) and unwatered trees ranged

from -2.80 to -3.96 MPa with a mean (±SEM) of -3.45 (±0.12). There was no interaction

between temperature and water treatment. The full model of temperature and watering treat-

ment predicting xylem water potential was significant (Table 1). As temperature increased, A.

rubrum xylem water potential (MPa) decreased and was, on average, more negative on unwa-

tered than watered trees (Table 1, Fig 2).

Table 1. ANCOVA of the effect of temperature and water treatment on xylem water potential.

Variable Type III SS Error Df F P

Water Potential 4.28 21 10.49 0.0009

Temperature 0.88 21 8.26 0.0097

Water Treatment 1.39 21 13.06 0.0019

Interaction term was not significant. Statistics represent model without an interaction term. Significant p-values are in bold.

doi:10.1371/journal.pone.0173844.t001

Fig 2. ANCOVA regression plot of tree canopy temperature and watering treatment (W = watered,

UW = unwatered) predicting mean xylem water potential (MPa).

doi:10.1371/journal.pone.0173844.g002
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Xylem vulnerability curves conducted by Johnson et al. [42] suggest that A. rubrum is mod-

erately drought tolerant and can withstand as low as -3.9 MPa of xylem negative pressure

before embolism occurs in 50% of vessels, indicative of severe drought stress. We found that

the warmest, unwatered A. rubrum street trees surpassed -3.9 MPa during midday water

potential measurements (Fig 2), suggesting that damaging levels of drought stress are occur-

ring in Raleigh’s A. rubrum street trees that do not receive irrigation.

Effect of temperature and water treatment on M. tenebricosa fitness and

abundance

The effect of temperature on adult female body size did not depend on drought stress. Adult

female M. tenebricosa body size was significantly associated with the full model of tree canopy

temperature and drought stress (Fig 3A). Body size increased with tree canopy temperature

(Table 2), corroborating Dale and Frank [5]. More importantly, M. tenebricosa on unwatered

trees were 3% larger than those on watered trees (Table 2).

The effect of temperature on adult female embryo production was also not dependent on

drought stress. Melanaspis tenebricosa embryo count was associated with the full model of tem-

perature and water treatment and adult females produced significantly more offspring as tree

canopy temperature increased (Fig 3B, Table 2). More strikingly, M. tenebricosa on unwatered

trees produced 17% more embryos per individual than those on watered trees (Table 2). Thus,

M. tenebricosa on the warmest unwatered trees have the potential to produce substantially

more successful offspring than those on the coolest watered trees.

Melanaspis tenebricosa abundance in April 2014 ranged from 0 to 577 live adult females per

0.3 m of twig with a mean (±SEM) of 160.73 (±41.61). M. tenebricosa abundance in September

2015 ranged from 0 to 1018 live adult females per 0.3 m of twig with a mean (±SEM) of 194.39

(±59.32). At the beginning of the experiment (April 2014), tree canopy temperature and M.

tenebricosa abundance were significantly, positively associated, but did not differ between

treatments (Table 2). By the conclusion (September 2015), tree canopy temperature remained

significantly associated with M. tenebricosa abundance, but there was still no difference in

abundance between watering treatments (Table 2, Fig 4A). Population growth ratios were also

not significantly predicted by tree canopy temperature and did not differ between watering

treatments (Table 2, Fig 4B).

Discussion

The rate and severity of global climate change and extent of urbanization are increasing, yet

we still have inconsistent predictions about how heat and drought will affect herbivorous

insects [43–45]. Inconsistencies are partly the result of single-factor and observational studies,

which ignore the synergistic and additive relationships that affect ecological processes [46]. In

fact, few studies have simultaneously examined the effect of temperature and drought on her-

bivorous pests, and none have manipulated drought on established urban trees [24, 45, 47].

Here we show that drought exacerbates the effect of warming such that M. tenebricosa pro-

duced over 17% more embryos on the warmest unwatered trees than the warmest watered

trees, and over 65% more than the coolest watered trees. Understanding how multiple climatic

factors like temperature and drought act together to affect insect pests and their host trees is

essential for managing forests and ecosystem services under climate change [25, 48].

There is mixed support in the literature about the effects of plant drought stress on herbivo-

rous arthropods, but sap-feeding insect performance generally increases with plant stress [14,

45, 47, 49]. On trees in particular, drought stress increases sugar and nitrogen concentrations,

which herbivores are able to exploit [16, 47]. Since herbivorous insects are primarily nitrogen-
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limited, greater plant nitrogen concentrations can increase fecundity, development rate, and

abundance [18, 47, 50]. For example, McClure [51] showed that the fecundity, survival, and

abundance of an armored scale insect, Fiorinia externa, increased as percent total nitrogen

content of eastern hemlock trees increased. Although we don’t know how nutrient content dif-

fered among our study trees, our results suggest that tree drought stress benefits pest fitness,

and nutrient content is a plausible mechanism for this.

Fig 3. ANCOVA regression plots of (a) tree canopy temperature predicting mean M. tenebricosa adult female

body size of individuals from each watering treatment (W = watered, UW = unwatered) and (b) tree canopy

temperature predicting mean number of embryos per individual M. tenebricosa adult female on each watering

treatment.

doi:10.1371/journal.pone.0173844.g003
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Characteristics of urban forests, like the range of warming found within a city, are often

similar to those projected in natural forests by the end of this century [44]. Research has dem-

onstrated that insects and plants respond to warming in urban and natural forests [38, 52].

However, these forests face multiple factors that may interact or have additive effects on the

services they provide [25]. The net effects of multifactor interactions are difficult to capture,

but recent work is beginning to do so. For example, Meineke et al [53] found that spider mite

and scale insect pests were more abundant on warmer than cooler urban trees, yet warmer

temperatures, not pests, reduced carbon sequestration by 12% across an urban forest. Our

results suggest that temperature and drought additively affect an important insect pest of the

most common genus of urban tree in eastern North America [31]. Evidence from Dale &

Frank [40] suggests that increased temperatures, M. tenebricosa abundance, and drought stress

reduce the condition and services provided by these urban trees. Thus, our results are impor-

tant because they can inform urban forest management practices like irrigation and landscape

design, or by guiding tree species selections based on urban landscape characteristics, which

may mitigate the negative effects of cities [54, 55].

An important note about the effect of drought and temperature on M. tenebricosa and simi-

lar insect pests is the extended timeline by which change occurs. On our study trees, M. teneb-
ricosa abundance increased by three orders of magnitude across just over a 2˚C increase in

tree canopy temperature (Fig 4A). However, this occurred over many years of infestation and

exposure to the urban environment. Just one year of watering alleviated drought stress and

resulted in smaller insects with lower embryo production compared to individuals on drought

stressed trees. Although our population growth and abundance results do not suggest that

watering reduced insect abundance, this may be due to our limited ability to detect a change.

More specifically, the slow rate at which these insects reproduce, the large initial population

size infesting our study trees, and the variation in scale abundance among trees makes detec-

tion difficult. Therefore, more long-term evaluation of the effect of reducing drought stress is

needed. This also emphasizes the importance of reducing water stress throughout the

Table 2. ANCOVA of the effect of temperature and water treatment on M. tenebricosa.

Response Predictor Type III SS Error Df F P

Body size 0.03 19 6.21 0.0084

Temperature 0.007 19 7.48 0.0131

Water treatment 0.005 19 5.14 0.0353

Embryo production 1072.09 19 5.74 0.0112

Temperature 177.54 19 5.05 0.0367

Water treatment 232.99 19 6.62 0.0186

Log10(x+1) Initial abundance 15.90 19 6.67 0.0064

Temperature 6.46 19 13.14 0.0018

Water treatment 0.13 19 0.27 0.6092

Log10(x+1) Final abundance 17.65 17 7.23 0.0053

Temperature 7.53 17 13.43 0.0019

Water treatment 0.58 17 1.04 0.3216

Log Population growth ratio 0.25 17 0.35 0.7079

Temperature 0.16 17 0.61 0.4446

Water treatment 0.08 17 0.09 0.7644

No interaction terms were significant. Statistics represent models without an interaction term. Significant p-values are in bold.

doi:10.1371/journal.pone.0173844.t002
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ontogeny of A. rubrum street trees, particularly early on, so that M. tenebricosa cannot grow to

damaging populations before mitigation efforts begin.

Urban warming, drought stress, and M. tenebricosa abundance reduce A. rubrum tree con-

dition and ecosystem services by reducing canopy density, photosynthesis rates, and aesthetic

quality [39, 40]. Therefore, chronic pest infestations of M. tenebricosa and other scale insects

pose an inconspicuous, yet serious threat to urban forests as cities expand and climatic condi-

tions become warmer and drier [40, 56]. Although understudied, evidence suggests that

chronic feeding by herbivores like scale insects or aphids is widespread and increasing due to

Fig 4. ANCOVA regression plot of (a) tree canopy temperature predicting final M. tenebricosa abundance

(2015) on study trees (W = watered, UW = unwatered) and (b) tree canopy temperature predicting the M.

tenebricosa log10 population growth ratio of individuals on watered and unwatered trees.

doi:10.1371/journal.pone.0173844.g004
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global warming [57, 58]. Since some abiotic conditions of urban forests, particularly tempera-

ture and drought, often resemble those projected in natural forests in multiple regions of the

world, our results could inform future changes in pest dynamics in other systems and natural

forests [44, 59–61]. Similarly, cities may experience impending pest outbreaks associated with

climate change before surrounding natural forests [62]. Future studies should take an analo-

gous approach by manipulating multiple urban environmental stress factors and measuring

their effect on insects and plants under field conditions. Only then may we obtain a more com-

plete understanding of the effects of future global change on urban and natural ecosystems.

Supporting information

S1 Table. ANCOVA model comparisons of temperature predicting M. tenebricosa abun-

dance.

(DOCX)

Acknowledgments

We thank Elsa Youngsteadt for her advice and assistance with study design. Eric Archer pro-

vided valuable technical support and assistance with fieldwork and data collection. George

Kennedy, Barbara Fair, and Melissa McHale provided comments on the manuscript. Sally

Thigpen, Zach Manor, and Raleigh Parks, Recreation, and Cultural Resources provided tree

maps and approved this study.

Author Contributions

Conceptualization: AGD SDF.

Data curation: AGD.

Formal analysis: AGD.

Funding acquisition: AGD SDF.

Investigation: AGD.

Methodology: AGD SDF.

Project administration: AGD SDF.

Resources: SDF.

Software: AGD.

Supervision: AGD SDF.

Validation: AGD SDF.

Visualization: AGD SDF.

Writing – original draft: AGD SDF.

Writing – review & editing: AGD SDF.

References
1. Raupp MJ, Shrewsbury PM, Herms DA. Disasters by design: Outbreaks along urban gradients. In: Bar-

bosa P, Letourneau DK, Agrawal AA, editors. Insect Outbreaks Revisited. Chichester, UK: John Wiley

& Sons, Ltd; 2012.

Urban warming and drought increase pest fitness

PLOS ONE | DOI:10.1371/journal.pone.0173844 March 9, 2017 11 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0173844.s001


2. Raupp MJ, Shrewsbury PM, Herms DA. Ecology of herbivorous arthropods in urban landscapes. Annu

Rev Entomol. 2010; 55:19–38. doi: 10.1146/annurev-ento-112408-085351 PMID: 19961321

3. Shrewsbury PM, Raupp MJ. Evaluation of Components of Vegetational Texture for Predicting Azalea

Lace Bug, Stephanitis pyrioides (Heteroptera: Tingidae), Abundance in Managed Landscapes. Environ-

mental Entomology. 2000; 29(5):919–26.

4. Tooker JF, Hanks LM. Influence of Plant Community Structure on Natural Enemies of Pine Needle

Scale (Homoptera: Diaspididae) in Urban Landscapes. Environmental Entomology. 2000; 29(6):1305–

11.

5. Dale AG, Frank SD. Urban warming trumps natural enemy regulation of herbivorous pests. Ecological

Applications. 2014; 24(7):1596–607.

6. Meineke EK, Dunn RR, Frank SD. Early pest development and loss of biological control are associated

with urban warming. Biol Lett. 2014; 10(11):20140586. PubMed Central PMCID: PMC4261856. doi: 10.

1098/rsbl.2014.0586 PMID: 25411378

7. Meineke EK, Dunn RR, Sexton JO, Frank SD. Urban warming drives insect pest abundance on street

trees. PLoS One. 2013; 8(3):e59687. doi: 10.1371/journal.pone.0059687 PMID: 23544087

8. Berger D, Walters R, Gotthard K. What limits insect fecundity? Body size- and temperature-dependent

egg maturation and oviposition in a butterfly. Functional Ecology. 2008; 22(3):523–9.

9. Kozlowski J. Optimal allocation of resources to growth and reproduction: Implications for age and size

at maturity. Trends in Ecology and Evolution. 1992; 7(1):15–9. doi: 10.1016/0169-5347(92)90192-E

PMID: 21235937

10. Yasuda S. Effects of thermal conditions on the sex ratio of Pseudaulacaspis pentagona (Targioni)

(Hemiptera: Diaspididae), at the early stage of ovogenesis and egg batch size. Journal of Sericultural

Science of Japan. 1983; 52:106–9.

11. Kim HH. Urban heat island. International Journal of Remote Sensing. 1992; 13(12):2319–36.

12. Graves W. Urban soil temperatures and their potential impact on tree growth. Journal of Arboriculture.

1994; 20(1):24–7.

13. Oke TR, Crowther JM, McNaughton KG, Monteith JL, Gardiner B. The micrometeorology of the urban

forest [and discussion]. Philosophical Transactions of the Royal Society B: Biological Sciences. 1989;

324(1223):335–49.

14. Mattson WJ, Haack RA. The role of drought in outbreaks of plant-eating insects. BioScience. 1987; 37

(2):110–8.

15. McIntyre NE. Ecology of urban arthropods: A review and a call to action. Annals of the Entomological

Society of America. 2000; 93(4):825–35.

16. White TCR. The abundance of invertebrate herbivores in relation to the availability of nitrogen in

stressed food plants. Oecologia. 1984; 63:90–105.

17. Herms DA, Mattson WJ. The Dilemma of Plants: To grow or defend. The Quarterly Review of Biology.

1992; 67(3):283–335.

18. Herms DA. Effects of Fertilization on Insect Resistance of Woody Ornamental Plants: Reassessing an

Entrenched Paradigm: Fig 1. Environmental Entomology. 2002; 31(6):923–33.

19. Huberty AF, Denno RF. Plant water stress and its consequences for herbivorous insects: A new synthe-

sis. Ecology. 2004; 85:1383–98.

20. Koricheva J, Larsson S. Insect performance on experimentally stressed woody plants: A meta-analysis.

Annual Review of Entomology. 1998; 1998(43).

21. Cregg BM, Dix ME. Tree moisture stress and insect damage in urban areas in relation to heat island

effects. Journal of Arboriculture. 2001; 27(1):8–17.

22. Speight MR, Hails RS, Gilbert M, Foggo A. Horse Chestnut Scale (Pulvinaria regalis) (Homoptera: Coc-

cidae) and urban host tree environment. Ecology. 1998; 79(5):1503–13.

23. Sperry CE, Chaney WR, Guofan S, Sadof CS. Effects of tree density, tree species diversity, and per-

centage of hardscape on three insect pests of honeylocust. Journal of Arboriculture. 2001; 27(5):263–

71.

24. Raupp MJ, Shrewsbury PM, Herms DA. Ecology of herbivorous arthropods in urban landscapes.

Annual Review of Entomology. 2010; 55:19–38. doi: 10.1146/annurev-ento-112408-085351 PMID:

19961321

25. Robinson EA, Ryan GD, Newman JA. A meta-analytical review of the effects of elevated CO2 on plant-

arthropod interactions highlights the importance of interacting environmental and biological variables.

The New phytologist. 2012; 194(2):321–36. doi: 10.1111/j.1469-8137.2012.04074.x PMID: 22380757

Urban warming and drought increase pest fitness

PLOS ONE | DOI:10.1371/journal.pone.0173844 March 9, 2017 12 / 14

http://dx.doi.org/10.1146/annurev-ento-112408-085351
http://www.ncbi.nlm.nih.gov/pubmed/19961321
http://dx.doi.org/10.1098/rsbl.2014.0586
http://dx.doi.org/10.1098/rsbl.2014.0586
http://www.ncbi.nlm.nih.gov/pubmed/25411378
http://dx.doi.org/10.1371/journal.pone.0059687
http://www.ncbi.nlm.nih.gov/pubmed/23544087
http://dx.doi.org/10.1016/0169-5347(92)90192-E
http://www.ncbi.nlm.nih.gov/pubmed/21235937
http://dx.doi.org/10.1146/annurev-ento-112408-085351
http://www.ncbi.nlm.nih.gov/pubmed/19961321
http://dx.doi.org/10.1111/j.1469-8137.2012.04074.x
http://www.ncbi.nlm.nih.gov/pubmed/22380757


26. Donovan GH, Butry DT, Michael YL, Prestemon JP, Liebhold AM, Gatziolis D, et al. The relationship

between trees and human health: evidence from the spread of the emerald ash borer. Am J Prev Med.

2013; 44(2):139–45. doi: 10.1016/j.amepre.2012.09.066 PMID: 23332329

27. Nowak DJ, Greenfield EJ, Hoehn RE, Lapoint E. Carbon storage and sequestration by trees in urban

and community areas of the United States. Environ Pollut. 2013; 178:229–36. doi: 10.1016/j.envpol.

2013.03.019 PMID: 23583943

28. McKinney ML. Urbanization, biodiversity, and conservation. BioScience. 2002; 52(10):883–90.

29. Frank SD, Klingeman WE, White SA, Fulcher A. Biology, Injury, and Management of Maple Tree Pests

in Nurseries and Urban Landscapes. Journal of Integrated Pest Management. 2013; 4(1):1–14.

30. Metcalf ZP. The gloomy scale, an important enemy of shade trees in North Carolina. Journal of the Eli-

sha Mitchell Scientific Society. 1912; 28:88–91.

31. Raupp MJ, Cumming AB, Raupp EC. Street tree diversity in eastern North America and its potential for

tree loss to exotic borers. Arboriculture & Urban Forestry. 2006; 32(6):297–304.

32. Acer rubrum [Internet]. Rocky Mountain Research Station, Fires Sciences Laboratory. 1991. Available

from: http://www.fs.fed.us/database/feis/.

33. Christensen NL. Changes in structure, pattern and diversity associated with climax forest maturation in

piedmont, North Carolina. The American Midland Naturalist. 1977; 97(1):176–88.

34. Youngsteadt E, Dale AG, Terando AJ, Dunn RR, Frank SD. Do cities simulate climate change? A com-

parison of herbivore response to urban and global warming. Glob Chang Biol. 2014; 21(1):97–105. doi:

10.1111/gcb.12692 PMID: 25163424

35. Beardsley JW, Gonzalez RH. The biology and ecology of armored scales. Annual Review of Entomol-

ogy. 1975; 20:47–73. doi: 10.1146/annurev.en.20.010175.000403 PMID: 1090245

36. Metcalf ZP. The gloomy scale. NC Agriculture Experiment Station Technical Bulletin. 1922; 21:1–23.

37. Climate Office NC. North Carolina 1971–2000 Climate Normals: State Climate Office of North Carolina;

2016 [cited 2017]. Available from: http://climate.ncsu.edu/cronos/normals.php?station=317079.

38. Youngsteadt E, Dale AG, Terando AJ, Dunn RR, Frank SD. Do cities simulate climate change? A com-

parison of herbivore response to urban and global warming. Global Change BIology. 2014; 21(1):97–

105. doi: 10.1111/gcb.12692 PMID: 25163424

39. Dale AG. Chapter 5: The effects of urban warming, drought, and an herbivorous pest on street tree

physiology and growth: North Carolina State University; 2015.

40. Dale AG, Frank SD. The effects of urban warming of herbivore abundance and street tree condition.

PlosOne. 2014; 9(7).

41. O’Hara RB, Kotze DJ. Do not log-transform count data. Methods in Ecology and Evolution. 2010; 1

(2):118–22.

42. Johnson DM, McCulloh KA, Meinzer FC, Woodruff DR, Eissenstat DM. Hydraulic patterns and safety

margins, from stem to stomata, in three eastern U.S. tree species. Tree physiology. 2011; 31(6):659–

68. doi: 10.1093/treephys/tpr050 PMID: 21724585

43. Bale JS, Masters GJ, Hodkinson ID, Awmack C, Bezemer TM, Brown VK, et al. Herbivory in global cli-

mate change research: Direct effects of rising temperature on insect herbivores. Global Change Biol-

ogy. 2002; 8:1–16.

44. IPCC. Climate change 2014: Synthesis report. Contribution of working groups I, II, and III to the fifth

assessment report of the Intergovernmental Panel on Climate Change. Geneva, Switzeraland: IPCC,

2014.

45. Jamieson MA, Trowbridge AM, Raffa KF, Lindroth RL. Consequences of climate warming and altered

precipitation patterns for plant-insect and multitrophic interactions. Plant physiology. 2012; 160

(4):1719–27. PubMed Central PMCID: PMC3510105. doi: 10.1104/pp.112.206524 PMID: 23043082

46. Scherber C, Gladbach DJ, Stevnbak K, Karsten RJ, Schmidt IK, Michelsen A, et al. Multi-factor climate

change effects on insect herbivore performance. Ecology and evolution. 2013; 3(6):1449–60. PubMed

Central PMCID: PMC3686182. doi: 10.1002/ece3.564 PMID: 23789058

47. Koricheva J, Larsson S, Haukioja E. Insect performance on experimentally stressed woody plants: A

meta-analysis. Annual Review of Entomology. 1998; 43:195–216. doi: 10.1146/annurev.ento.43.1.195

PMID: 15012389

48. Leuzinger S, Luo Y, Beier C, Dieleman W, Vicca S, Korner C. Do global change experiments overesti-

mate impacts on terrestrial ecosystems? Trends in ecology & evolution. 2011; 26(5):236–41.

49. Zvereva EL, Kozlov MV. Consequences of simultaneous elevation of carbon dioxide and temperature

for plant-herbivore interactions: a metaanalysis. Global Change Biology. 2006; 12(1):27–41.

50. Mattson WJ. Herbivory in relation to plant nitrogen content. Annual Review of Ecology and Systematics.

1980; 11:119–61.

Urban warming and drought increase pest fitness

PLOS ONE | DOI:10.1371/journal.pone.0173844 March 9, 2017 13 / 14

http://dx.doi.org/10.1016/j.amepre.2012.09.066
http://www.ncbi.nlm.nih.gov/pubmed/23332329
http://dx.doi.org/10.1016/j.envpol.2013.03.019
http://dx.doi.org/10.1016/j.envpol.2013.03.019
http://www.ncbi.nlm.nih.gov/pubmed/23583943
http://www.fs.fed.us/database/feis/
http://dx.doi.org/10.1111/gcb.12692
http://www.ncbi.nlm.nih.gov/pubmed/25163424
http://dx.doi.org/10.1146/annurev.en.20.010175.000403
http://www.ncbi.nlm.nih.gov/pubmed/1090245
http://climate.ncsu.edu/cronos/normals.php?station=317079
http://dx.doi.org/10.1111/gcb.12692
http://www.ncbi.nlm.nih.gov/pubmed/25163424
http://dx.doi.org/10.1093/treephys/tpr050
http://www.ncbi.nlm.nih.gov/pubmed/21724585
http://dx.doi.org/10.1104/pp.112.206524
http://www.ncbi.nlm.nih.gov/pubmed/23043082
http://dx.doi.org/10.1002/ece3.564
http://www.ncbi.nlm.nih.gov/pubmed/23789058
http://dx.doi.org/10.1146/annurev.ento.43.1.195
http://www.ncbi.nlm.nih.gov/pubmed/15012389


51. McClure MS. Foliar nitrogen: A basis for host suitability for elongate hemlock scale, Fiorinia externa

(Homoptera: Diaspididae). Ecology. 1980; 61(1):72–9.

52. Jochner S, Caffarra A, Menzel A. Can spatial data substitute temporal data in phenological modelling?

A survey using birch flowering. Tree physiology. 2013; 33(12):1256–68. doi: 10.1093/treephys/tpt079

PMID: 24169102

53. Meineke E, Youngsteadt E, Dunn RR, Frank SD. Urban warming reduces aboveground carbon storage.

Proc Biol Sci. 2016; 283(1840). PubMed Central PMCID: PMCPMC5069513.

54. Dale AG, Youngsteadt E, Frank SD. Forecasting the effects of heat and pests on urban trees: Impervi-

ous surface thresholds and the ’Pace-to-Plant’ technique. Arboriculture & Urban Forestry. 2016; 42

(3):181–91.

55. Mullaney J, Lucke T, Trueman SJ. A review of benefits and challenges in growing street trees in paved

urban environments. Landscape and Urban Planning. 2015; 134:157–66.

56. Schaffer B, Mason LJ. Effects of scale insect herbivory and shading on net gas exchange and growth of

a subtropical tree species (Gualacum sanctum L.). Oecologia. 1990; 84(4):468–73.

57. Cannon RJC. The implications of predicted climate change for insect pests in the UK, with emphasis on

non-indigenous species. Global Change Biology. 1998; 4:785–96.

58. Kozlov MV, Stekolshchikov AV, Soderman G, Labina ES, Zverev V, Zvereva EL. Sap-feeding insects

on forest trees along latitudinal gradients in northern Europe: a climate-driven patterns. Glob Chang

Biol. 2015; 21(1):106–16. doi: 10.1111/gcb.12682 PMID: 25044643

59. George K, Ziska LH, Bunce JA, Quebedeaux B. Elevated atmospheric CO2 concentration and tempera-

ture across an urban–rural transect. Atmospheric Environment. 2007; 41(35):7654–65.

60. Grimm NB, Faeth SH, Golubiewski NE, Redman CL, Wu J, Bai X, et al. Global change and the ecology

of cities. Science. 2008; 319:756–60. doi: 10.1126/science.1150195 PMID: 18258902

61. Hahs AK, Evans KL. Expanding fundamental ecological knowledge by studying urban ecosystems.

Functional Ecology. 2015; 29(7):863–7.

62. Robinet C, Imbert C-E, Rousselet J, Sauvard D, Garcia J, Goussard F, et al. Human-mediated long-dis-

tance jumps of the pine processionary moth in Europe. Biological Invasions. 2011; 14(8):1557–69.

Urban warming and drought increase pest fitness

PLOS ONE | DOI:10.1371/journal.pone.0173844 March 9, 2017 14 / 14

http://dx.doi.org/10.1093/treephys/tpt079
http://www.ncbi.nlm.nih.gov/pubmed/24169102
http://dx.doi.org/10.1111/gcb.12682
http://www.ncbi.nlm.nih.gov/pubmed/25044643
http://dx.doi.org/10.1126/science.1150195
http://www.ncbi.nlm.nih.gov/pubmed/18258902

