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Abstract

Cities experience elevated temperature, CO2, and nitrogen deposition decades ahead of the global average, such
that biological response to urbanization may predict response to future climate change. This hypothesis remains
untested due to a lack of complementary urban and long-term observations. Here, we examine the response of an
herbivore, the scale insect Melanaspis tenebricosa, to temperature in the context of an urban heat island, a series of
historical temperature fluctuations, and recent climate warming. We survey M. tenebricosa on 55 urban street trees
in Raleigh, NC, 342 herbarium specimens collected in the rural southeastern United States from 1895 to 2011, and
at 20 rural forest sites represented by both modern (2013) and historical samples. We relate scale insect abundance
to August temperatures and find that M. tenebricosa is most common in the hottest parts of the city, on historical
specimens collected during warm time periods, and in present-day rural forests compared to the same sites when
they were cooler. Scale insects reached their highest densities in the city, but abundance peaked at similar temper-
atures in urban and historical datasets and tracked temperature on a decadal scale. Although urban habitats are
highly modified, species response to a key abiotic factor, temperature, was consistent across urban and rural-forest
ecosystems. Cities may be an appropriate but underused system for developing and testing hypotheses about
biological effects of climate change. Future work should test the applicability of this model to other groups of
organisms.

Keywords: Acer rubrum, climate change, global warming, herbivory, historical comparison, Melanaspis tenebricosa, urban ecosys-

tem, urban warming
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Introduction

Understanding how global climate change will alter
biodiversity and ecosystem services is a necessary foun-
dation for conservation and adaptation strategies (Sala
et al., 2000; Huey et al., 2012). But the ecological effects
of climate and other global-change drivers, such as CO2

and N deposition, remain difficult to predict or test
(Tylianakis et al., 2008; van der Putten et al., 2010;
Schweiger et al., 2010). Current experimental
approaches are limited in their ability to manipulate
these drivers over ecologically relevant spatial and tem-
poral scales (Leuzinger et al., 2011). Several authors
have therefore proposed that urban ecosystems could
provide novel insights into the effects of future global
change (Carreiro & Tripler, 2005; George et al., 2007;
Grimm et al., 2008). Because of their physical properties
and pollutant emissions, cities experience elevated

temperature, CO2, and N deposition decades ahead of
the global average (e.g., Howarth et al., 2002; Dentener
et al., 2006; Friedlingstein et al., 2006; George et al.,
2007; Gaffin et al., 2008; Carreiro et al., 2009; Briber
et al., 2013; Kunkel et al., 2013). These long-term
changes may have altered the ecology or evolution of
urban organisms in ways that will occur outside the
city in the future. However, urbanization also generates
unique habitat structures, disturbance regimes, and
species assemblages in which ecological interactions
are poorly understood (Shochat et al., 2006; Martin
et al., 2012). It is unclear whether urban results provide
valid predictions for other habitats.
A few studies have shown that plants and insects

respond similarly–in terms of growth, pollen produc-
tion, or abundance–to increasing urbanization and to
elevated temperature (Searle et al., 2012; Meineke et al.,
2013) or CO2 (Ziska & Caulfield, 2000; Ziska et al., 2003)
in growth cabinets. These studies suggest that tempera-
ture and CO2 do explain some biological effects of
urbanization, but they provide no comparison to
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The Effects of Urban Warming on Herbivore Abundance
and Street Tree Condition
Adam G. Dale*, Steven D. Frank

North Carolina State University, Raleigh, North Carolina, United States of America

Abstract

Trees are essential to urban habitats because they provide services that benefit the environment and improve human
health. Unfortunately, urban trees often have more herbivorous insect pests than rural trees but the mechanisms and
consequences of these infestations are not well documented. Here, we examine how temperature affects the abundance of
a scale insect, Melanaspis tenebricosa (Comstock) (Hemiptera: Diaspididae), on one of the most commonly planted street
trees in the eastern U.S. Next, we examine how both pest abundance and temperature are associated with water stress,
growth, and condition of 26 urban street trees. Although trees in the warmest urban sites grew the most, they were more
water stressed and in worse condition than trees in cooler sites. Our analyses indicate that visible declines in tree condition
were best explained by scale-insect infestation rather than temperature. To test the broader relevance of these results, we
extend our analysis to a database of more than 2700 Raleigh, US street trees. Plotting these trees on a Landsat thermal
image of Raleigh, we found that warmer sites had over 70% more trees in poor condition than those in cooler sites. Our
results support previous studies linking warmer urban habitats to greater pest abundance and extend this association to
show its effect on street tree condition. Our results suggest that street tree condition and ecosystem services may decline as
urban expansion and global warming exacerbate the urban heat island effect. Although our non-probability sampling
method limits our scope of inference, our results present a gloomy outlook for urban forests and emphasize the need for
management tools. Existing urban tree inventories and thermal maps could be used to identify species that would be most
suitable for urban conditions.
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Introduction

Trees provide ecosystem services that mitigate the negative
effects of urban habitats on human and environmental health [1–
3]. For example, trees reduce urban temperatures, filter air, fix
carbon, and reduce energy use through photosynthesis, transpi-
ration, and by providing shade [1,4]. Unfortunately, many
herbivorous pests are more abundant and damaging on urban
trees than in natural habitats [5–8]. In addition, abiotic stress such
as heat and drought are often more severe in urban habitats [8–
10]. Individually, herbivory or abiotic stress can reduce tree
photosynthesis, growth, and survival [11–15]. Although not as well
documented, these stresses likely occur in concert with one another
and combine to reduce tree health and the services trees provide.
Heat is a ubiquitous abiotic stress within urban habitats. Cities

can be up to 10uC warmer than surrounding rural areas due to
impervious surface cover, anthropogenic heat sources, and low
vegetation cover [9,16]. Warmer temperatures increase vapor
pressure deficits [17], which create greater atmospheric demand
for water via transpiration [18,19]. Furthermore, heat and

impervious surfaces reduce soil moisture, limiting the amount of
water available to roots [17,20]. Thus, greater transpiration
demand may not be met because warmer temperatures and dry
soils can also limit stomatal conductance [19,21]. Therefore, trees
stressed by heat and water deficits may not grow optimally, which
limits the services they can provide.
Warmer temperatures also increase herbivorous pest abundance

on urban trees by increasing insect fecundity and survival [22,23].
Dale and Frank [23] found that an armored scale insect,
Melanaspis tenebricosa (Comstock) (Hemiptera: Diaspididae),
produced 52% more eggs per adult female with a 1.6uC increase
in average site temperature. This contributed to three orders of
magnitude more scale insects on street trees at warmer urban sites.
Herbivore feeding, particularly by sap-feeding insects, increases
water stress [24], and reduces tree photosynthesis [11], growth
[13,14], and aesthetic quality [25]. Thus, on trees that are already
stressed by warmer urban temperatures, herbivore feeding may
further reduce plant vigor and services [15].
Our hypothesis was that urban heat increases M. tenebricosa

abundance and that these two factors concurrently increase tree
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  may	
  be	
  SenInels	
  
that	
  predict	
  which	
  
chronic	
  herbivores	
  
become	
  invasive	
  with	
  
climate	
  warming	
  



‘NaIve’	
  chronic	
  herbivores	
  could	
  be	
  
invasives	
  of	
  the	
  future	
  

•  Armored	
  scales	
  
•  SoK	
  scales	
  
•  Caterpillars	
  
•  Mites	
  



•  Heat	
  and	
  pests	
  
combine	
  to	
  affect	
  
carbon	
  
sequestraIon	
  

•  How	
  does	
  this	
  affect	
  
earth	
  system	
  
models?	
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