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ABSTRACT

Global increases in ultraviolet (UV) radiation have led to greater interest in its current
and potential effects on organisms, including insects and plants. Here we report the short-term
effects of UV on soybean aphids (Aphis glycines Matsumura), a common phytophagous pest of
soybeans. We examined how modified amounts of UV radiation affect soybean aphids by
focusing on changes in 1) soybean aphid densities and 2) within plant distribution. Ina
laboratory experiment artificially adding UV decreased soybean densities compared to a low UV
control. In a field experiment blocking UV had minimal effects on soybean aphid densities.
Further observations suggest that soybean aphid location could mediate UV effects; the soybean
leaf may shield aphids from some direct harmful effects of UV. Our results demonstrate the
potential importance of UV to insect herbivores and how insect behavior may mitigate negative

effects.
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LITERATURE REVIEW
Introduction

Ultraviolet (UV) radiation, like many other abiotic factors (e.g. temperature, air, and
water), can play an important role in ecosystems by potentially harming or helping most of the
earth’s organisms (Paul and Gwynn-Jones 2003, Caldwell et al. 2007). The intensity of UV
radiation reaching the organism and the organism’s tolerance to UV are two important factors
determining how the organism is affected by UV. In this literature review | will first provide an
introduction to UV radiation and how it’s studied. Then I will review the general ecological
effects of increasing UV radiation. Lastly, | will introduce my study system (soybeans and
soybean aphids) and use the literature to speculate about some of the potential effects of UV
radiation in that system.

What is UV?

The sun produces radiation, which is categorized based on its wavelength, frequency, and
energy (Madronich et al. 1998). The most well-known classifications of the sun’s radiation are
visible light, infrared radiation, and UV radiation (Figure 1, Lean 1997). Visible light can be
seen by humans as light levels and colors, infrared light is felt as heat, and UV radiation is
neither seen nor felt by humans, but can potentially be important to humans and other organisms.
As mentioned, these categories differ in the energy levels they produce; the shorter the
wavelength the more energy is radiated (Madronich et al. 1998). UV radiation (characterized by
wavelengths from 100-400nm) has the shortest wavelengths and the most energy of these three

regions (Caldwell et al. 1998a,b, Madronich et al. 1998).
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Figure 1. Relationship between the most abundant sections of the sun’s radiation: ultraviolet
radiation, visible light, and infrared radiation (adapted from Berg 2011).
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The UV section can be separated into subtypes UV-A, UV-B, and UV-C, which have
different characteristics and different effects on organisms (Caldwell et al. 2007, Paul and
Gwynn-Jones 2003). Radiation from 100-280nm is classified as UV-C; UV-B is from 280-
315nm; and UV-A is from 315-400nm (Madronich et al. 1998, Herman 2010). The ozone layer
filters all UV-C, the most damaging UV subtype, before it reaches the earth’s surface (Paul and
Gwynn-Jones 2003). However, artificial UV-C is commonly used in medical and laboratory
settings for sterilization and reducing surface bacteria (Andersen et al. 2006). Both UV-A and
UV-B subtypes reach the earth’s surface, although not in equal amounts (Paul and Gwynn-Jones
2003). Due to the longer wavelength of UV-A compared to UV-B, more UV-A is able to
penetrate the ozone layer and reach the earth’s surface (Paul and Gwynn Jones 2003). The
intensity of these sections can change throughout time, which is important to consider when

investigating the effects of UV on organisms.



Intensity of UV
Determining UV

There are two main factors that can determine if the organism is affected by UV
radiation. First is the intensity of the UV radiation, which | will discuss now, and second is the
organism’s ability to tolerate/mitigate UV radiation, which I will discuss later in this review.
The intensity of UV radiation is a measure of energy received per unit time. Humans have
recently become more familiar with this idea of UV intensity through reporting on the UV-index
in weather forecasts (Vanicek et al. 2000). The UV-index is a prediction of how intense UV
radiation will be in a given location. People can use it to determine possible risks of UV
exposure, which helps us avoid potential damaging effects of intense UV radiation. The UV-
index is a helpful tool because the intensity of UV radiation that we experience is not consistent,
varying from day to day, being influenced by the time of day, geographic location, ozone, cloud
cover, and other small scale factors.

Time & location. The earth’s tilt and rotations cause the intensity of radiation hitting a
specific location to change over time (Parisi and Kimlin 1997, Herman 2010). Thus UV
intensity is affected by both time of day or year, as well as geographic location. The earth rotates
around its axis once every 24 hours (creating night and day) which makes the intensity of UV
radiation in a given spot fluctuate over the course of a day (Figure 2). The highest intensities
during a day occur when the sun is directly overhead (solar noon) (Parisi and Kimlin 1997,
Herman 2010). During this time the sun’s radiation has the shortest distance to travel before it
reaches the earth. The mornings and evening have lower intensities because the sun penetrates
the atmosphere at an angle having a greater distance for the rays to travel before they reach the

earth’s surface (Paul and Gwynn-Jones 2003).
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Figure 2. The average UV irradiance (watts per square meter (W/m?)) measured in a given hour
of the day averaged over all days in June or July of 2011. Data is from Fargo, ND, North Dakota
Agricultural Weather Network (NDSU/NDAWN 2011).

The earth is also rotating around the sun at one rotation per year, creating seasons. As the
earth rotates around the sun, locations receive a different amount of UV radiation throughout the

course of a year (Parisi and Kimlin 1997, Figure 3).
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Figure 3. Average UV irradiance (watts per square meter (W/m?)) per day for UV-A and UV-B

recorded in Fargo, ND over the course of 2010.

Data is from Fargo, ND, North Dakota Agricultural Weather Network (NDSU/NDAWN 2010).
This variation in intensity over the course of a year changes with geographic location; the

farther away from the equator the relatively greater intensity a location receives in their summer

compared to their winter (Parisi and Kimlin 1997). Elevation also affects UV radiation

intensities (Paul and Gwynn-Jones 2003, Herman 2010). The higher the altitude, the shorter

distance UV has to travel, creating higher intensities at higher elevations.




Ozone. The intensity of UV radiation an area receives is also influenced by a number of
natural filters. As the sun’s rays shine down on the earth they encounter their first filter, the
ozone layer. The ozone layer, much like a blanket over the earth, filters and absorbs much of the
UV radiation before it reaches the earth’s surface (Madronich et al. 1998, Gwynn-Jones 1999,
Paul and Gwynn-Jones 2003, Herman 2010). All UV-C, some UV-B, and a little UV-A are
filtered as the radiation passes through this protective layer (Paul and Gwynn-Jones 2003). The
thinning and depletion of the ozone layer can cause an increase in UV reaching the earth’s
surface (Rousseax et al. 1998, Ballare et al. 2001), and is one of the primary reasons for long
term changes in UV intensity.

Cloud cover. Clouds are primarily made up of water molecules, and since water is a
good reflector of UV radiation, heavy cloud cover can scatter or reflect UV radiation back up to
the atmosphere (Paul and Gwynn-Jones 2003, Herman 2010), making cloud cover a second
natural filter influencing UV intensity. The amount of clouds in the atmosphere influences the
amount of radiation the earth’s surface receives (Paul and Gwynn-Jones 2003). Thin cloud cover
can reduce infrared radiation reaching the earth (reducing the amount of heat felt), giving a false
sense of reduced UV intensities. UV radiation can penetrate through these thin or scattered
clouds, but as clouds become thicker, less UV intensities reach the earth. Cloud cover may not
be consistent throughout a day, passing overhead and shading areas, thereby reducing UV for
short periods of time.

Small-scale factors. There are multiple small-scale factors that also influence the amount
of UV reaching terrestrial organisms. The type of surface that radiation reaches can reflect or
absorb different amounts of UV (Paul and Gwynn-Jones 2003). For example, snow can reflect

large amounts of UV radiation, thus creating high intensity microhabitats (Paul and Gwynn-



Jones 2003). In addition, plant canopies and shading can substantially reduce UV radiation in
localized habitats (Gold and Caldwell 1983, Barnes et al. 1990).
Changing UV Intensity

Measurements of total UV intensities in the temperate latitudes have been increasing
since people began recording UV data (Zerefos et al. 1995, Harris et al. 1997, McKenzie et al.
1999, Taalas et al. 2000a,b, Bassman 2004, Herman 2010). One of the primary reasons for this
is the depletion of ozone, which results in less UV being filtered and a greater intensity of UV
radiation reaching the ground (Caldwell and Flint 1994), particularly UV-B (Rousseax et al.
1998, Ballare et al. 2001). Most UV-A currently penetrates the ozone layer reaching the earth,
thus UV-A sees minimal increases with ozone depletion (Madronich et al. 1998). UV-C does
not have the ability to penetrate the atmosphere because it is heavily absorbed by both ozone and
oxygen. Therefore even with a large amount of ozone loss (up to 90%), UV-C is expected to
continue to be filtered (Ziska et al. 1992). UV-B intensities, which are only partially absorbed
by the ozone, will therefore show the greatest increase as the ozone thins (Madronich et al. 1998,
Gwynn-Jones 1999, Paul and Gwynn-Jones 2003), and researchers have documented increases in
UV-B levels along with decreases in stratospheric ozone levels (Madronich et al. 1998). In
future years, it is likely that many terrestrial organisms will experience an increase in UV-B
radiation compared to current intensities (Taalas et al. 2000a). Therefore research has focused
on effects of this subtype on terrestrial organisms (Rozema 1999, Paul and Gwynn-Jones 2003).

However, not all research disentangles effects of UV-A from UV-B.



How UV is Studied

How an organism is affected by UV radiation will depend on the intensity of UV
reaching the organism and the ability of the organism to tolerate or mitigate UV. To examine the
effects of UV radiation, research is occasionally conducted by studying organisms that have
undergone a change in their tolerance (tolerance reviewed in section Innate and Induced
Responses), such as a behavioral change that makes them more susceptible to UV radiation
(Blaustein et al. 1994). However, more often the effects of UV radiation are studied by
manipulating the intensity of UV (Caldwell et al. 1998a, Bassman 2004), allowing researchers to
examine effects of enhanced intensities that are similar to what organisms may experience in the
future.

Controlled experiments with UV radiation are generally performed by manipulating UV
intensities by either blocking UV radiation through filters or supplementing UV radiation via
artificial lighting (Caldwell and Flint 1994, Rousseaux et al. 2001). Both methods allow
researchers to provide multiple levels of UV to empirically discover their effects, and both
methods have potential benefits and difficulties.

Filtering UV Radiation

Filtering UV radiation is when a material, usually a plastic film, is used to filter sunlight
to block a specific range of wavelengths. Experiments that filter UV tend to be less expensive
and require less equipment than experiments supplementing UV radiation (Caldwell and Flint
1994). Plastics are available as a clear plastic (allowing UV to penetrate) or a UV blocking
plastic (filtering UV radiation). Plastic films can filter out either all UV radiation or only one
specific UV subtype (UV-A or UV-B) (Ballare et al. 1996, Mazza et al. 2000, Rousseaux et al.

2001, Zavala et al. 2001, Costa et al. 2002, Chyzik et al. 2003, Antignus and Ben-Yakir 2004,



Diaz and Fereres 2007, Legarrea et al. 2012). The technique of separating UV subtypes can
often provide convincing evidence that UV-B is influential (Caldwell and Flint 1994).

Using plastic filters gives researchers the ability to manipulate UV while keeping other
light intensities consistent. Different filters vary in the amount and type of radiation that passes
through, including both UV and photosynthetically active radiation (PAR). PAR (400-700nm) is
the light plants are able to use for photosynthesis (Teramura 1980), so it is important to use
filters that allow equivalent amounts of PAR to reach study organisms. Filtering out UV also
allows visible light intensity to be more consistent with natural levels, and is often considered a
benefit over supplementing UV radiation, which sometimes uses UV intensities outside natural
ranges (Caldwell and Flint 1994). With two plastic filters that only vary in what UV radiation is
filtered, researchers can minimize variation in humidity, temperature, and wind changes, thereby
keeping microclimates similar across treatments (Caldwell and Flint 1994). Essentially, filtering
naturally occurring UV allows researchers to inexpensively examine current levels of UV
radiation with minimal disturbance to the microenvironment (Paul et al. 1997).

Using the approach of filtering UV radiation has some drawbacks and limitations that
should be considered when determining the appropriate technique. While microclimates may be
equal among treatments, filters can potentially alter the natural abiotic and biotic plant
interactions beneath the plastic compared to situations that are open to all the elements (Caldwell
and Flint 1994). These difficulties tend to become more problematic when plastics are kept over
plants for long periods of time (Caldwell and Flint 1994). Another restriction for this technique
is that it can only reduce current UV intensities, making it difficult to replicate experimental UV

levels consistently through time and generate predictions related to enhanced levels of UV that



may occur in the future (Caldwell and Flint 1994, Caldwell et al. 1998a). Filtering UV is only
one technique of UV manipulation; the other approach is the addition of UV radiation.
Adding UV Radiation

Adding UV radiation via high output lights provides the opportunity to control both the
intensity and duration of the desired UV subtype (UV-A or UV-B). UV producing bulbs that
provide UV radiation are typically used in lab or greenhouse experiments (Ziska et al. 1992,
Gwynn-Jones et al. 1997, Caldwell et al. 1998a, McCloud and Berenbaum 1999, Warren et al.
2002). These UV producing bulbs emit either a UV-A or UV-B subtype to create different
treatments.

Controlling the intensities and duration of UV exposure differs from using natural UV
radiation because natural UV intensities are not consistent through time (i.e. daily and seasonal
variation) and you can increase UV intensities beyond what occurs under field conditions.
Inconsistent natural intensities through time make it difficult to replicate experiments using
natural UV radiation. Being able to conduct UV experiments in a lab allows more control over
environmental factors (i.e. temperature, humidity, lighting, etc.) among experiments. In
addition, lab experiments allow one to conduct experiments year round.

However, there are some constraints associated with experimentally manipulating UV
levels via UV bulbs. There has been some skepticism as to how accurately artificial UV addition
experiments represent natural UV radiation wavelengths and intensities (Edwards 1992, Adamse
et al. 1997, Ryan and Ireland 1997). Adding UV is generally more expensive than filtering UV
light because it requires specific UV bulbs, lighting fixtures, and timers. Moreover, heat
radiation and temperature should be monitored when adding UV to make sure they do not

become a confounding factor (Caldwell and Flint 1994).
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Effects of UV

UV has the potential to affect most organisms; however, it is almost impossible to say
that UV has one specific effect on any organism. Certain groups of organisms are consistently
shown to be affected by UV in a negative way, but even within these groups the severity of the
effect varies greatly across individual organisms and specific studies (Bancroft et al. 2007). This
may potentially be caused by some sort of dose response to UV, with the intensities varying
between systems. In other cases UV actually benefits organisms (reviewed below). In reality,
there is a spectrum of possible effects of UV on terrestrial organisms, ranging from beneficial, to
negligible, to detrimental, which I will subsequently discuss.

When considering the severity of the effect, UV subsections (UVA and UVB) may have
the potential to affect the tissues of organisms differently. UVB is a shorter wavelength and
therefore is absorbed by the first layer of tissue, unable to penetrate deeper. UVA is a longer
wavelength and has the potential to penetrate tissues and skin, affecting the organism differently
than UVB. UVB may cause sunburns and quick damage; whereas UVA may cause long term
damage including sun spots, cancers, and deeper tissue damage (Mead, 2008).

In the following sections | am specifically interested in the net phenomenological effect
of both UVA and UVB, but not necessarily why or how that effect occurs (that will be covered
in the section How UV influences herbivore density). Within each section I begin with some
general examples across biological systems. Then I illustrate specific examples for herbivorous
insects, primarily aphids. | give special attention to the latter group as it is the most closely
associated with my specific research questions (Chapter 2), and recent studies have shown that
aphids exhibit a variety of responses when exposed to UV radiation (Table 1, Antignus et al.

1996, 1998, Antignus 2000, Costa et al. 2002, Chyzik et al. 2003, Kulmann and Muller 2009).
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Beneficial Effects of UV

General beneficial examples. Some organisms, including humans, utilize UV radiation in
beneficial ways. Exposure to proper amounts of UV can provide health benefits to humans,
including increases in body metabolism and the acquisition of adequate vitamin D, which has
been linked to strengthening bones and the immune system (Mead 2008).

UV can also influence many behavior activities that are associated with communication.
This can encompass a wide breadth of effects; for example, UV has been shown to influence
agonistic behavior (behavior that is associated with actual aggression or displays of aggression),
reproduction/mating behaviors, and social communication (Alberts, 1989; Fleishman et al. 1993,
Gehrmann 1994).

Perception of UV. Some animals, including certain birds, insects, and reptiles benefit
from UV radiation by being able to see reflective UV radiation on plants and other animals
(Gwynn-Jones 1999). Insects are able to perceive UV through photoreceptors which have a peak
of sensitivity in the UVA region, around 360nm; this sensitivity also extends into the UVB
region, decreasing significantly below 300nm (Mazza et al. 2010). Sensitivity to UV is
important for many daily activities including navigation, ability to find host plants, and forage
effectively (Paul and Gwynn-Jones 2003). Using UV in vision is also important in prey location,
mimicry, cryptic coloration, mate selection and trophic associations between plants and animals
(Hunt et al. 2001, Kevan et al. 2001). The ability of insects to utilize UV radiation for vision,
especially UV-A, is a trait that dates back to the Paleozoic (> 350mya), suggesting a strong

evolutionary significance for having the ability to use UV for vision (Briscoe and Chittka 2001).
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Table 1. Overview of various characteristics in response to UV radiation that affect aphid
populations.

UV Induced Changes that Affect Aphid Populations
Positive
cages covered in UV transparent films had a

1.5-2.0 times greater propagation rate than  Chyzik et al. 2003
cages covered with UV blocking films

green peach aphid
(Myzus persicae)

potato aphid density reduced under UV blocking net
. : ) L tal. 2012
(Macrosiphum euphorbiae ) compaired to UV transparent cgarrea eta
cotton aphid population was lower on tomatoes grown Nakagaki et al.
(Aphis gossypii) under UV blocking plastic 1982
Neutral
_ blocking of all UV had no effect on the aphid Chyzik et al. 2003
green peach aphid development time
(Myzus persicae ) population growth did not differ on broccoli  Kuhlmann and
plants under high UV-B Muller 2010
no effects of UV-B on fecundity Guay et al. 2009
potato aphid no significant effect of daily UV-B exposure

(Macrosiphum euphorbiae) N moverr_lent, developr_nent, or fecundity Niguyen et al. 2009
reproduction was not directly affected by

UV-B exposure

Negative
pea aphid UV-B radiation adversely affected aphid
: . . G t al. 2009
(Acyrthosiphon pisum ) fecundity (afthough much less than heat) vayetd
cabbage aphid population growth was significantly reduced Kuhlmann and
(Brevicoryne brassicae ) on broccoli plants under high-UV-B Muller 2010

Beneficial effects on herbivorous insects. Beneficial effects of UV on insect herbivores
are primarily related to flight and the ability to successfully locate host plants, although some
studies indicate insect population growth is higher on plants exposed to ambient levels of UV. In
2003, Chyzik et al. reported that both the flight activity and population density of Myzus persicae
were suppressed on peppers under a plastic film that blocked UV radiation, suggesting that the

aphids did better on plants receiving more UV. Specifically, they found that aphids on plants
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covered by UV-transparent films (i.e. allowed UV natural, higher levels of UV radiation) had a
significantly greater propagation rate than those covered by UV-absorbing films (lower UV
treatment) (Chyzik et al. 2003). Chyzik et al. (2003) believed this was the first report of
inhibitory effects of UV elimination on aphid propagation.

In 2002, Costa and colleagues experimented with suspending different greenhouse
plastics over two genera of plants that are common hosts for aphids (Chrysanthemum sp. and
Solidago sp.). They found that aphid numbers were lower under the UV blocking plastics and
concluded that certain plastics could be useful in integrated pest management (IPM) programs
(Costa et al. 2002). When trapping alate aphids, Chyzik et al. (2003) found fifty times more
alates were trapped under UV-transparent film compared to UV-absorbing film. Counts of
herbivorous insect pests such as whitefly, aphids, and thrips have been greater in UV-transparent
tunnels (higher UV) compared to UV-absorbing plastic tunnels (lower UV) (Antignus et al.
1996, 1998, Antignus 2000), which may be due to altered visual cues or insect behavioral
responses (Antignus 2000).

Negative Effects of UV

General negative examples. There are several negative consequences of short and long
term exposure to UV on humans and other animals, but the most prominent is acute and chronic
damage to skin and eyes (Gwynn-Jones 1999, Paul and Gwynn-Jones 2003). From a human
prospective, both UV-A and UV-B can cause skin damage and cancer, however, they damage
skin differently (Ichihashi et al. 2003, Mead 2008). UV-A penetrates deeper into the skin
causing wrinkling, loss of elasticity, and premature aging (Mead 2008). UV-B is absorbed by
the first layer of the skin (epidermis) and causes visible sunburns and redness (Mead 2008). UV

can also cause navigation difficulties and behavioral changes in animals (Gwynn-Jones 1999,
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Paul and Gwynn-Jones 2003) that can contribute to population declines and in extreme cases,
extinction (Blaustein et al. 1994).

Negative effects on herbivorous insect populations. Exposure to UV radiation has been
shown to negatively impact the density and reproduction of some insect species. Mazza et al.
(1999Db) found that when UV-B was filtered using UV blocking plastics thrips densities increase
by 3-5 fold and concluded that there was an inverse dose response relationship between UV-B
levels and thrips density. Kuhlmann and Muller (2010) found that Brevicoryne brassicae
populations (Hemiptera: Aphididae) were significantly reduced on broccoli grown under high
UV-B radiation compared to low UV-B radiation. Similarly, Guay et al. (2009) found that UV-B
adversely affected pea aphid (Acyrthosiphon pisum) fecundity while on broad bean leaf discs
(Vicia faba) in petri dishes. UV can also affect insect behavior (which I will discuss in the
section Insect behavior changes in response to UV radiation), which can indirectly impact
herbivore fitness and reproduction (Mazza et al. 1999b).

Neutral Effects of UV

Some organisms are not affected by UV radiation, either because they can tolerate UV or
they are mitigating the effects of UV radiation. One example is the aphid M. persicae, which
showed no significant difference in fecundity and overall population density between UV present
and UV exclusion treatments while on broccoli (Kuhlmann and Muller 2010). Kuhlman and
Muller (2010) noted that aphids generally moved to the underside of the leaf, providing an
intriguing hypothesis about the potential for a behavioral change, in this case movement, to

mitigate effects of UV radiation.
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How UV Influences Herbivore Densities

Given the broad range of effects UV can have on organisms, it is helpful to consider
exactly how UV influences organisms and how those mechanisms could ultimately influence
herbivore densities. This may provide insights on when to expect positive, negative, or neutral
effects of UV in a given system. To disentangle some of these potential mechanisms, 1 will
discuss differences between direct effects of UV on herbivorous insects and indirect effects of
UV that occur because the UV alters the plant, which subsequently affects the herbivore (Figure
4),
Direct vs. Indirect Effects of UV on Herbivorous Insects

The majority of studies investigating effects of UV on herbivores assess herbivores while
feeding on the host plant. This means that any observed effect on the insect could be due to
direct effects of UV on the insect or because of indirect effects mediated by a change in the host
plant (Figure 4, Caldwell et al. 1998a). Direct and indirect effects of UV could affect insects in
very different ways. A direct effect is one where nothing else is necessary for the effect to occur.
In this system, for example, UV exposure could directly increase the mortality of an insect alone
in a petri dish. An indirect effect comes about because the UV exposure alters the host plant in
some way, which ends up affecting the herbivorous insect that is feeding upon it. A hypothetical
example would be if UV drastically decreased the nutrient content of the plant, making it a poor
food for the insect feeding on it.

In this case, the UV isn’t directly doing anything to the insect, but it is indirectly affecting
it by changing the quality of its food. Similar UV induced changes in plant chemistry,
morphology, and physiology can affect the plant and consequently the herbivore that feeds on

them (Lindroth et al. 1993, McCloud and Berenbaum 1994, Ballare et al. 1996, Caldwell et al.
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2007). Despite the fact that most studies do not separate direct and indirect effects of UV on
insects, we can look for potential indirect effects by reviewing the direct effects UV have on
plants and then using the literature to suggest how such changes could ultimately influence the
herbivore. Considering such direct and indirect pathways can be important for better
understanding how plant-insect interactions are altered under changing environmental conditions
(Massad 2010). To better understand potential indirect effects of UV on herbivorous insects
mediated by the host plant, I first review some of the direct effects of UV on to plants (Table 2)

and then speculate on how such changes can influence the herbivore.

Direct Effects of
UV on the Aphid

Indirect Effects
of UV on the
Aphid

Direct Effects of
UV on the Plant 5

Figure 4. Diagram illustrating a direct effect of UV on an aphid vs. an indirect effect of UV on
the aphid mediated by UV altering the aphid’s host plant.

17



Physical plant effects. Increases in the intensity of UV-B radiation are often, but not
always, detrimental to plant growth and development (Sisson and Caldwell 1976, Kossuth and
Biggs 1981, Teramura and Murali 1986, Strid et al. 1994, Caldwell et al. 1998a,b, Tevini 2004,
Tevini and Teramura 1989). Exposure to UV radiation can result in thicker leaves with more
wax (Barnes et al. 1990, Garcia et al. 1997, Liakoura et al. 1999). The cuticle wax layer plays a
major role in plant protection, as it is the first layer of protection between plants and their
environment (Muller and Riederer 2005) and can protect them from abiotic factors such as UV
radiation (Long et al. 2003, Pfundel et al. 2006).

Other plants have been reported to have slower leaf elongation, smaller leaf areas, and
reductions in leaf expansion due to UV-B exposure; potentially either because it’s a negative
consequence of UV exposure or as a mitigation effort, as smaller leaf surface can reduce the
amount of UV the plant is exposed to (Dickson and Caldwell 1978; Teramura and Caldwell
1981, Searles et al. 1995, Ballare et al. 1996, 2001, Krizek et al. 1997, 1998, Mazza et al. 1999a,
Xiong and Day 2001, Day 2001). These changes can have unanticipated knock-off effects. For
example, changes in plant height and leaf area can change the canopy cover and ultimately the
competitive balance between species for visible light (Gold and Caldwell 1983, Caldwell et al.
1998a, Barnes et al. 1990). In agriculture crops, reduced growth and height can correlate with
reduced yields (Yin et al. 2011) creating economic impacts.

Chemical plant effects. Similar to how UV affects plants physically, UV can also affect
many chemical processes within the plant changing plant chemistry and nutrient levels that are
involved in development and acclimation efforts (Jansen et al. 1998). For example, some plants
can mitigate UV by accumulating phenolic compounds (e.g., flavonoids), in the epidermal layer,

which acts as a “sunscreen” absorbing UV-B radiation while allowing quantum (PAR) light to
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penetrate (Lake et al. 2009, Mazid et al. 2011). Increased UV-B radiation can increase flavonoid
production, providing further evidence these compounds provide protection from UV-B radiation
(Caldwell et al. 1983, Saviranta et al. 2010).

Table 2. Overview of both physical and chemical plant responses to UV radiation.

How UV Radiation Affects Plants

Physical Plant Changes Induced From UV Radiation
Changes in the Leaf
Dickson and Caldwell 1978, Teramura and

reductions in leaf expansion Caldwell 1981, Teramura et al. 1983

reduced total wax coverage on leaves Kuhlmann and Muller 2009
increased leaf thickness and cuticle thickness Garcia et al. 1997, Liakoura et al. 1999
reductions in leaf area Kadur et al. 2007

Total Plant Changes
Tevini and Teramura 1989, Strid et al. 1994,

I pl h
reduces total plant growt Tevini 2004, unpublished Kuhlmann

reduction in biomass allocation Teramura 1980
inhibited stem elongation Mazza et al. 1999a,b
reduction in dry weght and freash weight Kadur et al. 2007
delayed seedling emergence Kadur et al. 2007

Chemical Plant Changes Induced From UV Radiation
Changes in Amount of Chemicals
accumulation of methanol-soluble phenolics  Mazza et al. 1999a

acummulation of flavonoids Harborne 1988

increase lignin content Rozema et al. 1997

increases in total leaf nitrogen Hatcher and Paul 1994, Lindroth et al. 2000
changes in carbohydrates and fibers Lindroth et al. 2000

increased amino acids Salt et al. 1998

increases in defense related phylpropanoid McCloud and Berenbaum 1994, Grant-Petersson
derivatives and Renwick 1996, Lavola et al. 1998

changes in proteinase inhibitors Stratmann et al. 2000, Ryan 1990, McManus and
Burdess 1995

Changes in Chemical Processes

Brandle et al. 1977, Ziska et al. 1992, Teramura

inhibits net photosynthesi .
NAIDIES NEt photosynthests and Sullivan 1994, Ambasht and Agarwal 1998

reduces transpiration Teramura 1980, Caldwell 1977
changes dark respiration Teramura 1980, Sisson and Caldwell 1976
modifications in gene expression Savenstrand et al. 2002, Brosche and Strid 2003

Feucht et al. 1996, Picman et al. 1995, Glassgen

changes in secondary metabolism et al. 1998, Norton 1999

suppression of chlorophyll synthesis Kulandaivelu et al. 1991
inhibits electron transport Noorudeen and Kulandaivelu 1982, Niyogi 1999
influence cyanogenic activity Lindroth et al. 2000
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In addition to UV absorbing sunscreens, high UV intensities can also cause reductions in
nitrogen levels within the plant (Hatcher and Paul 1994, Lindroth et al. 2000). For legume
species, nodules aid in nitrogen uptake and consequently affect the sensitivity of the plant to UV-
B radiation. The effect of UV-B on nodulation activity has varied results, with some studies
stimulating nodulation (Pinto et al. 2002) and others decreasing nodulation (Rajendiran and
Ramanujam 2006).

Although we know that plants experience chemical changes in response to UV,
sometimes the consequences of these changes are unknown. It’s known that plants change
chemically, but it’s unknown if these changes confer any resistance. For example, UV radiation
has been shown to affect numerous chemical processes, which include inhibition of electron
transport (Noorudeen and Kulandaivelu 1982, Niyogi 1999), suppression of chlorophyll
synthesis (Kulandaivelu et al. 1991), and impaired photosynthetic processes (Allen et al. 1998).
In addition, UV can change levels of carbohydrates, fibers (Lindroth et al. 2000), and amino
acids (Salt et al. 1998). It is unclear if these chemical changes affect UV resistance; however, it
is known these changes may alter the attractiveness of the plant to the herbivore (Caldwell et al.
2007). Understanding these plant changes can provide predictions as to how insect herbivores
are indirectly affected.

How plant changes affect insect herbivores. Changes within the plant in response to UV
radiation, as discussed above, can indirectly affect the herbivorous insects that feed on them. UV
induced plant changes (both physically and chemically) can alter the susceptibility and
attractiveness of the plant to the herbivore (Lindroth et al. 1993, McCloud and Berenbaum 1994,
Ballare et al. 1996). For example, increases in wax thickness can also facilitate increased

resistance against herbivorous insects (Muller 2008). UV-induced changes in total leaf nitrogen
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and increases in defense related compounds can directly influence the attractiveness of the plant
to the herbivorous insects (Caputo et al. 2006).

Secondary defense related compounds are a main consideration when looking at plant-
insect interactions. These secondary compounds help increase the plant’s resistance to abiotic
(UV) and biotic (herbivore) stressors without having any direct influence on normal plant
growth, development, or reproduction (Rosenthal 1991, Wink 1999). However, these secondary
compounds are thought to be costly to produce, which can indirectly reduce plant growth and
reproduction providing evidence that their role in plants facilitates a higher resistance to biotic
and abiotic factors (Simms 1992, Karban and Baldwin 1997, Harvell and Tollrian 1999, Siemens
et al. 2002). UV radiation can influence these defense related compounds (McCloud and
Berenbaum 1994, Grant-Petersson and Renwick 1996, Lavola 1998, Reifenrath and Muller
2007, Kuhlmann and Muller 2010), which can indirectly affect herbivorous insects (Fuhrer 2003,
Bidart-Bouzat and Imeh-Nathaniel 2008).

Innate and Induced Responses

Given that UV can potentially have a variety of effects across different organisms and
even when considering the same organism in different situations, an important question becomes
what factors help determine what effect UV will have. | have already briefly mentioned that the
intensity of UV can be variable, and this can play a big role in what happens to the organism.
However, there are two additional factors related to the organism itself that can influence the
effect of UV: 1) innate tolerance mechanisms the organism has and 2) induced factors that can
help the organism mitigate the effect of UV. These two factors differ in that an organism either

has or doesn’t have the specific tolerance mechanism, whereas mitigation arises when an induced
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response from UV exposure offers protection. Mitigation responses change the susceptibility of
the organism to the effect, which in turn can change the effect size.

The degree to which organisms are affected by UV radiation can be modified because of
physical, chemical, or behavioral adaptations that allow them to tolerate UV radiation (Ohtsuka
and Osakabe 2009, Paul and Gwynn-Jones 2003). Tolerance can be either an innate tolerance
(naturally shows no effect to UV) or an induced tolerance (induced response to provide
tolerance). Terrestrial organisms have become well adapted over the years, protecting
themselves from UV radiation by using exoskeletons, fur, or plumage (Ohtsuka and Osakabe
2009, Paul and Gwynn-Jones 2003). In other examples involving plants, we find that some plant
species are more sensitive or tolerant to UV than others and this tolerance is based on innate
differences between the plants such as physical or chemical barriers (previously reviewed).

Organisms can also have behavioral strategies that help tolerate and mediate the effects
of UV exposure. Organisms can be located or can actively move to locations that are shielded
from UV radiation (Barcelo 1981, Mazza et al. 1999b, 2002). For example, poison dart frogs
avoid areas of high UV-B by moving and taking refuge in low UV-B areas (Han et al. 2007).
This example illustrates how organisms can actively induce a change in their behavior in
response to UV, which provides protection from the effects of UV radiation. Many other
examples are found in the plant literature where the presence of certain amounts of UV radiation
invokes a change in the plant, which makes it more tolerant of the UV radiation (reviewed

above).
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Insect Behavioral Changes in Response to UV Radiation

One of the primary ways that UV may ultimately affect insect population dynamics is by
changing that insect’s behavior. There is a fairly wide range of potential effects already
demonstrated by UV (Table 3), including some that could be involved in mitigating potential
negative effects of UV exposure.

Various insects detect and rely on UV radiation for numerous crucial behaviors including
orientation, navigation (reviewed by Kuhlmann and Muller 2010), overall flight activity (Chyzik
et al. 2003), foraging, and reproduction (reviewed by Costa 2002, Antignus et al. 2004, Hastad et
al. 2005) (see Table 3). When insects redistribute themselves on their host plant they
subsequently spend less time feeding and may be sacrificing a nutritionally optimal feeding site
for an inferior one that has less UV exposure. Field experiments in a wide range of ecosystems
report the intensity of insect herbivory often increased when UV-B was blocked using filters,
potentially suggesting that these insects spent more time feeding and less time moving to
mitigate UV radiation (Bothwell et al. 1994, Ballaré et al. 1996, Rousseaux et al. 1998, Mazza et
al. 1999b, Zavala et al. 2001).

Changes in UV intensities can also potentially change the way insects perceive UV
radiation, changing their behavior. Predicted increases in UV levels can alter these crucial
behaviors creating potential unanticipated effects such as insects losing the ability to recognize
host plants (reviewed by Costa 2002, Antignus et al. 2004). This could have huge consequences
for pollinator species that play a critical role in plant pollination and reproduction. Although not
always the case, bumblebee activities have been reported to be 94% greater under clear films
compared to UV-B blocking films (Morandin et al. 2001) providing evidence UV-B aids in flight

activity.
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UV radiation may induce rapid changes in behavior, some of which may provide
mitigation from UV radiation. Insects may avoid abiotic stressors by moving to protected
microhabitats, such as below a leaf, which can lessen the negative effects of some abiotic
stressors (Pincebourde et al. 2007, Barton and Schmitz 2009, Kearney et al. 2009).

Since the transmission of UV-B through the leaf’s surface is minimal (due to UV-B
absorbing compounds found in the epidermis as discussed earlier) insects on the lower leaf
surface should also have reduced UV exposure.

Table 3. Overview of how UV can alter the movement of various aphid species.

How UV Radiation Influences Aphid Movement

Alate Aphids
green peach f':\phld UV absorbing film reduced flight a.ctlvlty and overall density Chyzik et al. 2003
(Myzus persicae ) of alate aphids

Coverd greenhouses with UV blocking film that blocked UV
unidentified aphid species <380 +IR had reduced numbers of alate aphids captured on Costa et al. 2002
yellow sticky traps compared to a standard <360 plastic

cotton aphid Fewer aphids entered and fewer alate were recorded in UV Kurmar and Poehling 2006
(Aphis gossypii) blocked greenhouses vs. one having more UV g
All Aphids
potato aphid Aphids exposed to UV-B frequently settled on the least
(Macrosophum euphorbiae ) exposed surface of the leaf discs in petri dishes Nauyen et al. 2009

Infestation rate in tunnels covered in UV transparent film was
higher compared to tunnels covered in UV-absorbing films ( Chyzik et al. 2003
spring followed same trend)

green peach aphid
(Myzus persicae)

potato aphid (Macrosiphum
euphorbiae ) and lettuce aphid
(Acyrthosiphum lactucae )

Reduction in aphid abundanceand delay in colinization

Di F 2
in tunnels with UV blocking films laz and Fereres 2006

Movement to areas that are protected may be a behavioral adaptation to UV-B radiation.
Ohtsuka and Osakabe (2009) conducted an experiment to determine if the deleterious effects of
UV-B can be avoided through herbivore location (i.e. the herbivore being in a location protected

from UV radiation). They reported that the survivorship and egg production of spider mite,
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T. urticae, was strongly decreased when exposed to UV-B radiation (Ohtsuka and Osakabe
2009). They concluded that it is an essential behavior for T. urticae to be located on habitats that
are protected from UV-B radiation, such as the lower leaf surface, where survival rates
increased. This type of avoidance behavior in response to UV-B has been reported in various
species, some of which include: a number of insect species (Mazza et al. 1999b, Kuhlmann and
Muller 2010), mites (Barcelo 1981, Ohtsuka and Masahiro 2009), and frogs (Han et al. 2007,
Van de Mortel and Buttemer 1998). A study looking at the effects of UV-B on aphids casually
mentioned that aphids, presumably from their experiment, usually investigate the adaxial leaf
surface that is exposed to UV-B before settling on the abaxial side (Kuhlmann and Muller,
2010). This provides a tantalizing suggestion that aphids may receive reduced UV exposure by
moving to the abaxial side of leaves which receives less UV-B radiation.

Overview of Soybean Aphid
Why Study Soybean Aphids?

Soybean aphid (Aphis glycines Matsumura) is an invasive species that was first
discovered in North America in 2000, and since then has received a tremendous amount of
attention in order to elucidate more of its biology and ecology. Since the soybean aphid
reproduces parthenogenetically (has the ability to produce only females asexually) on soybeans,
researchers can easily isolate single aphids and thus conduct experiments with genetic clones and
single lines. The small size and limited needs of soybean aphids makes laboratory rearing simple
usually only requiring florescent lights and soybean plants. A large amount of previous research
has been done since the soybean aphid’s arrival including general biology studies, ecology
studies, and natural enemy studies (Ragsdale et al. 2011). These reproductive characteristics

coupled with an immense amount of background information available for the soybean aphid has
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turned the soybean aphid into a common study species. | am interested in whether insects such
as the soybean aphid are affected by changing environmental conditions, particularly UV
radiation. To address that question | will first provide background information describing the
biology of the soybean aphid.
Arrival in North America

The soybean aphid is an invasive pest (native to eastern Asia), which arrived in the
United States and spread rapidly across the Midwest (Ragsdale et al. 2011). They were officially
documented in North America in Wisconsin in July of 2000, but probably arrived years earlier
(Venette and Ragsdale 2004, McCornack et al. 2004, 2005, Ragsdale et al. 2004). By 2004, the
soybean aphid had spread to 21 states and 3 provinces in Canada infesting 80% of U.S. soybean
fields, making itself an important economic pest (Venette and Ragsdale 2004, McCornack et al.
2004, Mignault et al. 2006). The unique life cycle and reproductive characteristics of the
soybean aphid adds to the difficulty of managing these insect pests.
Life Cycle

Soybean aphids have a complex life cycle, alternating host plants to complete a
reproduction cycle. This life cycle strategy is known as a heteroecious holocyclic life cycle
(Dixon 1998, Wu et al. 2004). This means they have a host alternating life cycle (with the
primary host being European Buckthorn (Rhamnus spp.) and the secondary host being soybeans
in the spring and summer. Sexual morphs produce eggs on wintering host. Soybean aphids also
parthenogentically reproduce in the spring and summer, which gives them the ability to
reproduce extremely quickly (Ragsdale et al. 2004, Wu et al. 2004). The soybean aphid
overwinters on buckthorn, Rhamnus spp., as an egg (Ragsdale et al. 2004, McCornack 2005) and

spends the summer months feeding on soybeans where they will produce apterous (wingless)
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females with each generation ranging from 2-16 days in length (Wang et al. 1962, Ragsdale et al.
2004). Soybean aphids commonly are found foraging on the stem and the bottom of young
trifoliates of soybean plants but as populations grow they are often found throughout the entire
plant. The soybean aphid’s life cycle coupled with its ability to reproduce quickly creates
problems when trying to manage populations. In addition to their life cycle, abiotic factors can
greatly influence soybean aphid abundance on host plants.
Host Plant

The soybean (Glycine max (L.) Merr.) is a legume species native to Eastern Asia that
arrived in North America in the mid-1760s (Hymowitz and Harlan 1983). Soybeans today are
the second highest crop in cash sales and the number one agricultural export being used for oils,
domestic feed, and human consumption (Gibson and Benson 2005). Research on soybeans
began in the late 1800s and has continued since, developing soybeans into a genetically modified
biotech crop (Gibson and Benson 2005). Soybeans are the host plant for the soybean aphid,
which is an invasive pest also from Asia creating significant yield loss (Fehr and Caviness 1977,
Ragsdale et al. 2004). Before the arrival of soybean aphids, less than 2% of soybean fields were
scouted (Ragsdale et al. 2011). Current scouting efforts have exceeded 75% of all fields
(Ragsdale et al. 2011).
Soybean Aphid as a Pest

Soybean aphids are a pest of soybeans because of their large economic impact and ability
to reproduce extremely rapidly (Ragsdale et al. 2011). Although many herbivores are
occasionally associated with soybeans, (i.e. spider mites, Orthoptera, Coleoptera, Lepidoptera)
the soybean aphid is the single most important arthropod pest of soybeans and can cause more

than a 40-50% reduction in yield if left untreated (Halbert et al. 1986, Wang et al. 1994,
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Ragsdale et al. 2004, 2007, 2011). With the 75 million acres of soybeans planted in 2011
(USDA 2011) yield losses of 40-50% may have huge economic implications. Estimates through
models predict the future cost of controlling this pest in the United States could reach over one
billion dollars per year (Kim et al. 2008). The ability of soybean aphids to parthenogenetically
reproduce can result in rapid population growth and dispersal. On soybeans, the soybean aphid
can produce up to 18 generations in a single summer and double their population in as fast as 1.5
days making timely treatments with insecticide difficult (McCornack et al. 2004). Soybean
aphids can survive summer temperature up to 35°C (Rice et al. 2005) and winter temperatures, as
eggs, down to -34 °C (Crompton 2007, McCornack et al. 2005, Ragsdale et al. 2004) making
them an extremely tolerant pest and able to inhabit many climates. All of these factors
contribute to the pest status the soybean aphid has earned.

Soybean aphids affect soybean through negative changes within the plant, which as
discussed previously, substantially reduce yields. While it is clear that the aphid presents a
substantial economic risk to soybean growers (Kim et al. 2008, Ragsdale et al. 2011), precise
damage estimates can be difficult to predict as soybean aphids can affect the soybeans in various
ways. Soybean aphids are problematic for their host plant because unlike chewing insects they
feed by piercing and sucking mouthparts in which they inject saliva and remove assimilates
(Goggin 2007). Feeding by soybean aphids can cause multiple problems for the soybean
including photosynthetic pathway interference (Macedo et al. 2003), reduction in seed protein
content (Wu et al. 2004), direct consumption of plant nutrients, reduced plant height, reduced
pod numbers, reduced total yields (Dai and Fan 1991, Lin et al. 1993, McCornack et al. 2004,
Ostlie 2005, Wang et al. 1996), the vectoring of viruses (lwaki et al. 1979, Hill et al 2001, Clark

and Perry 2002, Grau et al. 2002, Wu et al. 2004, Davis and Radcliffe 2008) and changes in
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glucosinolate concentrations (Kuhlmann 2009). In summary, the soybean aphid is economically
damaging, negatively affects plant development, reduces yields, and is difficult to manage in
agricultural ecosystems. Therefore, it is clear that understanding the soybean aphid’s role as a
pest is very important in successful soybean production.

Potential Effects of UV on Soybean Aphids

While we have yet to find any studies examining the effects of UV radiation on soybean
aphids, we can try to speculate on potential effects given previous research in related systems.
As reviewed above, different herbivore species have been found to be negatively or positive
affected by UV. The same is true when looking just at other aphid species. For example, the
cabbage aphid, Brevicoryne brassicae, had significantly reduced densities on broccoli grown
under high UV-B conditions (Kulmann and Muller 2010). However, the green peach aphid,
Myzus persicae, showed no significant difference between UV treatments on broccoli (Kulmann
and Muller 2010). In contrast, another study with the green peach aphid, M. persicae, indicated
that aphids on pepper plants covered by UV-transparent films (i.e. allowed UV radiation to pass
through) had a 1.5-2.0 times greater propagation rate than those covered in UV-absorbing films
(Chyzik et al. 2003).

We can consider the possibility of indirect effects of UV by considering previous work
on UV effects on soybeans. Soybeans, similar to almost all other plants, are affected and
influenced by UV radiation. Experiments researching UV usually study the effects of enhanced
UV-B radiation; they have reported physical changes in both leaf area (Koti et al. 2007) and wax
layer thickness (Kakani et al. 2004), both of which could potentially alter herbivore densities.
Additionally chemical changes also take place within the plant. An example of this is when the

plant is exposed to enhanced UV-B radiation; UV absorbing compounds are often found
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accumulating in the epidermis (Grammatikopoulos et al. 1999). These compounds, as discussed
earlier, accumulate in the epidermal layer absorbing UV radiation acting as a “sunscreen” (Lake
et al. 2009, Mazid et al. 2011). However, it is unclear if these specific chemical changes would
impact soybean aphids.

Conclusions

Ultraviolet (UV) radiation can be important to many of the earth’s organisms (Caldwell
et al. 2007, Paul and Gwynn-Jones 2003); however the type of effect it can have is extremely
variable. What effect UV has on a given organism is influenced by the intensity of UV radiation,
which has been increasing in association with the depletion of ozone (Kerr 1988, NASA 1988).
The effect is also influenced by a number of mechanistic factors that influence an organism’s
tolerance or response to UV.

Our goal was to use the literature to develop predictions of how UV radiation may affect
the soybean aphid. Previous research indicates that the density of other aphid species can be
influenced by exposure to UV radiation (Chyzik et al. 2003, Kuhlmann and Muller 2010),
however there is no clear cut expectation of whether UV should enhance or diminish aphid
populations. Studies have also shown affects to host plants, which can alter the plants
susceptibility and attractiveness to herbivores (Lindroth et al. 1993; McCloud and Berenbaum
1994, Ballare et al. 1996), including effects to soybeans. However, there were again no clear cut
predictions about how UV radiation would directly or indirect affect soybean aphids. The lack
of clear predictions about soybean aphid interactions with UV radiation provides a unique
opportunity to examine if, like other aphid species, soybean aphids are affected by changes in
UV radiation levels, and if so, what mechanisms may be important in determining the types of

effects UV may have.
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DENSITY AND DISTRIBUTION OF SOYBEAN APHID, APHIS GLYCINES
MATSUMURA (HEMIPTERA: APHIDIDAE) IN RESPONSE TO UV RADIATION
Introduction

Terrestrial organisms exist in a dynamic environment and must constantly deal with
multiple abiotic factors, including temperature, atmospheric gases, and light. Among those
ultraviolet radiation (UV) has increasing relevance in today’s world due to depletion of the ozone
layer (NASA 1988, Houghton and Woodwell 1989, Adamse et al. 1990, Kerr 1988). The ozone
layer blocks more UV-B (280-315 nm) than UV-A (315-400 nm). Thus the thinning of the
ozone layer will allow more of the former to reach the Earth’s surface (Madronich et al. 1998,
Tallas 2000). Consequently, UV-B has been the main focus for research when examining future
effects of UV radiation on terrestrial organisms (Rozema 1999, Gwynn-Jones 1999, Paul and
Gwynn-Jones 2003), although not all research disentangles the effects of UV-A from UV-B.

Although UV can have beneficial effects on plants and animals, there are numerous
instances where exposure has negative consequences (Kiesecker and Blaustein 1995, Blaustein et
al. 1994, Gwynn-Jones 1999, Chyzik et al. 2003, Paul and Gwynn-Jones 2003, Caldwell et al.
2007, Ohtsuka and Osakabe 2009, Kulmann and Miiller 2010). Effects of UV may be direct or
indirect. For example, herbivores may be indirectly affected by UV radiation via alterations in
their host plants (Fuhrer 2003, Bidart-Bouzat and Imeh-Nathaniel 2008). Many organisms
possess innate or induced physical and chemical adaptations that help mitigate negative impacts
of UV (Paul and Gwynn-Jones 2003). Some insects and other closely related arthropods may
minimize their exposure to UV radiation by being located in relatively protected locations such
as the undersurface (abaxial side) of leaves (Ohtsuka and Osakabe 2009; Kuhlmann and Muller

2010).
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Soybean aphids (Aphis glycines Matsumura) are economically important herbivorous
pests of soybeans (Kim et al. 2008, Ragsdale et al. 2011). Apterous individuals are capable of
intraplant movement (Whalen and Harmon 2012). Like other aphid species, they are commonly
found on abaxial leaf surfaces (Ragsdale 2007, Rice et al. 2005). Phloem-feeding insects may
prefer the abaxial surface for several reasons, including accessibility to phloem tissue (Freeman
et al. 2001). The microclimate of the abaxial surface may also be more suitable for the insect
(Wiktelius 1987, Ma 2000, Ma and Ma 2007a,b), possibly due to protection from abiotic
stressors such as UV.

The goal of this research was to examine the effects of UV radiation on soybean aphids;
specifically the growth of small aphid populations and their within-plant distribution. Our
primary hypothesis was that exposure to UV light would be detrimental to soybean aphid
populations. A secondary hypothesis was that the location of aphids on the plant reduces the
severity of negative effects associated with exposure to UV light. To test the effect of UV
radiation we used two complementary methods. First we used UV producing bulbs in the
laboratory to supplement UV levels. Next, we selectively blocked UV using specialized plastic
films in the field. Experiments were conducted on a brief time frame (7 d) to focus on short-term
effects of UV on aphids rather than long term effects where aphids could be influenced by UV-
induced host plant changes to a greater degree. Based on differences in aphid distribution across
the two experiments, we performed a follow up experiment that specifically tested whether aphid

location in relation to the side of the leaf altered soybean aphid density.
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Materials and Methods

Insect Colonies

Soybean aphids used in experiments were obtained from lab reared colonies established
in 2008 from individuals collected on soybean at the North Dakota State University Agricultural
Experimental Station near Prosper, ND. Field-collected aphids from the same general location
were periodically added to colonies to contribute to maintenance of genetic diversity. Aphids
were reared on a susceptible soybean variety (RG607RR, NDSU Research Foundation, Fargo,
ND) in 47.5 x 47.5 x 47.5cm cages (#44545F, MegaView Science Co., Taichung, Taiwan) and
transferred to clean plants every 5-7 d. Watering was done as needed and no fertilizer was added
to the soil. Aphid colonies were maintained under high output fluorescent lights (Sunblaze T5,
Sunlight Sully Incorporated, Vancouver, Washington) on a 16L:8D photoperiod at 25 + 5°C, 60-
80% RH. When the lights were on, typical levels (measurements taken approximately 30.48cm
below the light) of photosynthetically active radiation (PAR, 400-700 nm) outside cages were
750 umol/m2s (#3415FXSE, Spectrum Technologies, Plainfield, IL) and UV levels (280-400nm)
were 4.0 umol/m2s (#3414F, Spectrum Technologies, Plainfield, Illinois). Soybean aphids used
in all experiments were late-stage nymphs and adults (based on size).
Effects of Adding UV radiation on Aphid Densities and Within-Plant Distribution in the
Lab

In this experiment we explored how adding UV-A and UV-B light, alone and in
combination, affected aphid population growth and within-plant distribution from the point of
aphid infestation through the duration of the experiment. The experiment was carried out in a
laboratory physically partitioned into four distinct areas using white foam boards (6.35mm thick

foam board, partitioned areas were 1.27m long x 0.76m wide). There were four UV radiation
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treatments, with each one randomly assigned to a treatment area: 1) no supplemental UV, 2)
+UV-A, 3) +UV-B, 4) +UV-A+UV-B. To avoid confounding treatment effects from effects
related to the physical location in the room, treatments were reassigned between blocks. In all
treatments four high output fluorescent bulbs (T5 6500°K, Sunlight Supply Inc., Vancouver,
WA) within a light fixture (Sunblaze T5, Sunlight Sully Incorporated, VVancouver, WA) were
used to provide quantum (PAR) light on a 16:8 light:dark cycle. UV radiation was added to the
appropriate treatment areas using special bulbs (1.2m T12 40 watt bulbs, Q Lab Corporation,
Westlake, OH: UV-A 340, UV-B 313 EL) that were on for 3 h centered at solar noon (i.e. noon -
3pm). UV-B 313 EL bulbs emitted radiation simulating natural UV-B radiation (280-315nm)
with the majority of intensity occurring from 290-315nm. UV-A 340 bulbs (310-400nm)
provided a replication of natural UV-A radiation (315-400nm). The number of UV bulbs was
standardized for each individual and combination treatment (i.e. 4 UV-A bulbs in the +UV-A
treatment, 4 UV-B bulbs in the +UV-B treatment, and 2 UV-A and 2 UV-B bulbs in the +UV-
A+UV-B treatment). Bulbs providing quantum light were positioned directly overhead of plants,
whereas UV bulbs we located on each side of the quantum light fixture providing UV light from
each side slightly angling towards the center.

UV radiation and quantum (PAR) light were accessed once during the experiment using
light meters (UV meter, #3414F, Spectrum Technologies, Plainfield, IL; PAR meter,
#3415FXSE, Spectrum Technologies, Plainfield, IL). A total of 240 separate readings were
recorded during the experiment (UV, n=120; PAR, n=120). UV and PAR readings were taken
when UV emitting bulbs were on (i.e. noon-3pm) within each of the four treatments (no UV,
UV-A, UV-B, UV-A+UV-B) at three different locations within each treatment (for each meter:

outside cage n=10, inside cage above leaf n=10, inside cage below leaf n=10). Readings were
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taken with meters oriented straight up towards the light source. PAR readings were also taken at
the same time and locations within each of the four treatments at the same three different
locations on the plant (outside cage n=10, inside cage above leaf n=10, inside cage below leaf
n=10).

Temperature was quantified throughout the experiment using HOBO data loggers (UA-
001-08, Onset, HOBO data pedant, Pocasset, MA). One HOBO was placed on a stake 5cm
above soil surface in a tube cage within each treatment area and it recorded temperature on an
hourly basis for the duration of the experiment.

Soybean plants were a susceptible soybean variety (RG607RR, NDSU Research
Foundation, Fargo, ND) and was grown individually in plastic pots (10.2 x 10.2cm, Tessman
Seed Co, St. Paul, MN) filled with a commercial horticultural mix (Sunshine Mix LC1, Sun Gro
Horticulture, Vancouver, BC) under standard lab conditions as per plants used for rearing insects
(i.e. no UV radiation). At the V4 growth stage (four fully expanded trifoliates), soybean plants
were transferred to treatment areas (no UV, +UV-A, +UV-B, +UV-A+UV-B). There were five
plants per treatment area replicated twice across two temporal blocks.

Immediately after plants were moved into each treatment area, eight soybean aphids were
transferred to the adaxial (upper) surface of a unifoliate leaf (one leaf blade per leaf stem) using a
small paintbrush. Each plant was then placed in a larger round plastic pot (21.0cm diameter,
15.2cm height and covered with a plastic tube cage (40.6cm high X 20cm diameter) with a nylon
organdy mesh top (19cm diameter) and two side panels (5.0 width X 6.9 height) to provide air
movement while preventing aphids from moving between plants. Soybean aphids were allowed
to freely distribute themselves on individual host plants and aphid densities and location (i.e.

upper/lower leaf surface, stem) were recorded on days 1, 2, 4, and 7 after infestation. Effect of
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UV radiation treatments on aphid performance was measured by analyzing adult survival,
reproduction, and per capita population growth.
Effects of Blocking UV radiation on Aphid Densities and Within-Plant Distribution in the
Field

In this experiment we examined how natural UV radiation affected soybean aphid
population growth and within plant distribution in the field by selectively blocking UV radiation
using specialized plastic films. The experiment was carried out on individually caged plants
(RG607RR, NDSU Research Foundation, Fargo, ND) within a larger soybean field near Fargo,
ND (one acre field, row spacing- 30”, plant spacing- 1.5”, RG607RR). Plants within each
treatment cage were thinned to one plant per cage right before treatments were applied. Plants
outside of cages remained in normal field spacing (including plants under plastic but outside
cage). There were three UV radiation treatments randomly assigned to field plants: 1) no film
control, 2) plastic film that selectively blocks UV radiation (Dura-Film Super 4; AT films,
Edmonton, Alberta; blocks UV wavelengths below 380 nm but transmits PAR 400-700 nm), 3)
plastic control film that does not block UV (Tufflite IV film; Berry Plastics, Monroe, LA,
transmits UV wavelengths between 290-400 nm and PAR 400-700 nm). There were 30
replications of each experimental treatment established in two temporal blocks (15 replications
per block) varying in plant age and the location of aphid infestation. Two replicates that had
zero aphids after one day were removed from the analysis.

The first experimental run was established when plants were at the V4 growth stage (four
fully expanded trifoliates) on 07/09/2012. Cages and plastic tents were set-up on 07/10/2012.
Mesh cages were erected (#1451DC, 24 x 20 mesh, 24” x 24” x 54”, Rancho Dominguez, CA) to

prevent contamination of experimental plants by resident aphid populations and natural enemies.
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Cages were randomly assigned throughout the field and plants were thinned to one per cage.
Plants in both runs were thoroughly checked for resident aphids and natural enemies, which were
removed from plants before aphids were added to treatments. For the first experimental run, an
insecticide, PyGanic® (EC 1.411, MGK, Minneapolis, MN) was sprayed on plants after
treatments were applied and aphids were infested four days after.

For the first experimental run, eight adult soybean aphids were transferred to the adaxial
surface of a unifoliate leaf using a small paintbrush. Two UV radiation treatments (UV blocking
film, UV transparent film) were then imposed by placing tents (3.6m long % 2.1m wide x 0.6cm)
made by stretching the specialized plastic film over a metal conduit frame (0.6m wide x 1.2m
tall) over the mesh cages. Plastic tents were stretched across mesh cages (top of cages were
slightly angled to allow for water runoff) and secured to the ground using metal stakes (see
Figure 5). Control plants (no plastic film) were set up in the same way but did not have any

plastic over the mesh cages.

Figure 5. Picture of field cage set up in treatments with plastic (UV blocking or UV transparent).
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The second experimental run was established when plants were at the R2 growth stage
(open flowers at one of the two uppermost nodes of the main stem) on 07/19/2012, and eight
adult soybean aphids were placed on the adaxial surface of the newest expanded trifoliate. For
this run we randomly selected new plants within the field and set up cages and plastic tents as
outlined previously. Plants were thoroughly checked for any aphids or natural enemies right
after the treatments of plastic films were applied and aphids were infested the same day.

Aphids were transferred onto detached soybean leaf pieces in the lab, which were placed
into small plastic cups (44.4ml Solo cup co., Urbana, IL) with moist cotton and transferred to the
field in coolers. Leaf pieces were then draped on the uppermost trifoliate of experimental plants.
In both runs, aphids were allowed to freely distribute themselves on the individual host plants
and aphid densities and location (i.e. upper/lower leaf surface, stem) were recorded on days 1, 2,
4, and 7 after infestation. Effects of treatments on aphid performance were measured by
analyzing aphid survival, reproduction, and per capita population growth.

UV radiation and PAR light were accessed daily during the experiment using light meters
(meters discussed previously). A total of 164 separate readings were recorded during the
experiment (UV, n=82; PAR n=82). UV and PAR readings were taken once daily centered
around solar noon (i.e. noon-3pm) within each of the three treatments (no film, UV blocking
film, UV transparent film) at three different locations within each treatment (for each meter:
outside cage n=6, inside cage above leaf n=11, inside cage below leaf n=11). PAR readings
were also taken at the same time and locations within each of the 3 treatments at the same three
different locations on the plant (outside cage n=6, inside cage above leaf n=11, inside cage below

leaf n=11).
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Temperature was quantified throughout the experiment using HOBO data loggers
(discussed previously). One HOBO was placed 15cm above the soil surface next to the stem of
an individual plant in each treatment and recorded temperature on a hourly basis for the duration
of the experiment.

Effects of Leaf Orientation on Aphid Densities in the Field

In the first two experiments aphid movement was not restricted, therefore their exposure
and response to UV radiation may have been dependent on within plant location, specifically the
lower versus upper leaf surface. However, aphid performance may also have been affected by
differential leaf surface characteristics between abaxial and adaxial leaf surfaces (e.g. waxes,
trichomes, thickness) independent of UV radiation. In this experiment we explored how
manipulating soybean leaf orientation and the leaf surface onto which aphids were placed
affected their survival and population growth under natural field conditions. We used a factorial
design, with aphids confined to one of the following four treatment locations: 1) adaxial, facing
up, 2) adaxial, facing down, 3) abaxial, facing down, 4) abaxial, facing up. There were 10
replications per treatment. The experiment was carried out in a soybean field (as previously
described) on randomly selected soybean plants.

Five adult soybean aphids were transferred using a small paintbrush to either the adaxial
or abaxial surface of the newest fully expanded trifoliate and a clip cage placed over them to
confine them to that leaf surface. Clip cages were constructed from clear celluloid tube (6 cm
diameter x 1.9 cm high x 1.6 mm thick) and 1.6mm closed cell foam was used to form a tight
seal where the clip cage comes together. The top and bottom of the clip cage was covered with a
nylon organdy mesh top that was held in place using hot glue. Clip cages were held together by

a 10.2 cm stainless steel hair clip. Steel rods (5.24 m x 0.63 cm), with a 17.8 cm, 16 gauge
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copper wire, was sunk into the ground adjacent to an experimental plant, and an alligator clip
was attached to the hair clip to keep the clip cage in place (Figure 6). Clip cages were used to
keep aphids confined to a leaf side and assist in manipulating the soybean leaf to desired
experimental position. Soybean aphid densities were recorded daily for six days after

infestation. Treatment effects on aphid performance were assessed by measuring adult survival,

reproduction, and per capita population growth.

Figure 6. Picture of clip cage set up in leaf orientation experiment.

Unlike previous experiments we did not manipulate UV radiation levels during this
experiment, however, when aphids were located below the leaf, the leaf itself blocked some
light. UV and temperature were assessed throughout the experiment for each treatment. Light
measurements were taken through the nylon organdy mesh 1 cm away from the above/below leaf
surface, similar to where the aphids were located for each treatment. A total of 40 separate UV
(n=20) and PAR (n=20) readings were recorded during the experiment (meters discussed in
previous experiments). UV readings were taken once daily centered around solar noon (i.e.
noon-3pm) at either above the leaf (n=10) or below the leaf (n=10). PAR readings were also

taken at the same time and locations (above leaf, n=10; below leaf, n=10).
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Temperature was quantified throughout the experiment using HOBO data loggers
(described previously). One HOBO was placed inside a clip cage in a mock treatment setup (one
HOBO above leaf, one HOBO below leaf) and recorded temperature hourly throughout the
duration of the experiment. We also quantified the surface temperature of both the bottom
(n=20) and top of the leaf (n=20) using a laser temperature gun thermometer (Milwaukee
Electric Tool Corp., Brookfield, WI, 53005).

Statistical Analysis

All statistical tests were run using JMP 9.0 statistical software (SAS Institute Inc. 2010).
Our primary response variable was aphid population growth, specifically the log of aphid density
on the last day of the experiment divided by the log of aphid density after one day. This measure
corrects for differences in how successfully we transferred adult aphids on different plants. In
the 3" experiment (leaf orientation) three replicates had aphids after the first day but no aphids at
the end of the experiment. We viewed these as still biologically significant, as it could have
been a treatment effect, and therefore used an X+0.5 transformation for the last days count. For
both field and laboratory experiments a temporal block was added to take into account that the
experiment was repeated twice, and one term was added to differentiate the treatments.
Temporal blocks between both lab and field experiments were not significantly different from
each other. Even though in the 2" experiment (blocking UV) there were slight methodological
differences in where aphids were added to the plant, there was no differences in abiotic and
population measurements between rounds. Pre-planned contrasts across treatments were
performed using Tukey’s multiple comparisons test at the a=0.05 level. The clip cage
experiment included two independent variables (abaxial vs. adaxial side and face up vs. face

down) plus their interaction.
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For each experiment we recorded a number of environmental variables to make sure that
treatments had the intended differences in UV and that there were no other abiotic factors
confounding our treatments. Differences in these factors were determined using ANOVA with
contrasts between treatments as needed. Transformations were used where needed to meet the
standard assumptions of ANOVA. Since temperature measurements were taken every 60
minutes from a single HOBO per treatment we can only make qualitative comparisons of
temperature differences, not any statistical tests.

In the laboratory and field experiments we were also interested in the location of aphids
throughout the plant. To investigate this we recorded aphids as being in one of three locations:
above the leaf, below the leaf, and other (primarily the stem) and calculated the proportion of
aphids on the plant that were in each category. We used MANOVA to determine if the
distribution of aphids in these categories differed among the treatments. Since the proportion of
aphids in all three categories would sum to one, we used just above and below the leaf to ensure
that each variable was an independent measure within the model (Cisneros and Rosenheim
1998).

Results
UV Radiation Addition Lab Experiment

The primary goal of our treatments was to modify UV exposure while keeping other
abiotic conditions as similar as possible. Our measurements outside and inside the cage show a
drastic reduction in UV levels in the no UV treatment (Table 4) and relatively similar total UV
measurements in the other three treatments. Temperature and visible light was qualitatively
similar among all treatments, though there were some statistical differences in the amount of

visible light outside the cage and below the leaf inside the cage (Table 4). Because we were also
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interested in the location of aphids, we took measurements of UV and PAR above and below the
leaf in the cage. We found that the no UV treatment still had significantly less UV than the other
treatments, but that all four treatments had substantially reduced UV under the leaf, which was
lower than the amount of UV radiation received above the leaf in the no UV control experiment
(Table 4).

The aphid population growth over the course of the experiment depended on the
treatment that was applied to the plant (Figure 7; F3,35=5.78, p=0.003). Contrasts indicate that
aphid growth in the no-UV control treatment was greater than all three treatments with UV
radiation added and that the three UV treatments had similar levels of aphid growth (Figure 7).
At the end of the experiment aphids were distributed throughout the plant, including on the top
of leaves, the bottom of leaves, and the stem (Figure 8). However, there was no difference in

this distribution across the four treatments (F8,68=1.14, p=0.35).
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Figure 7. Log aphid growth (£ 1 SE) per UV treatment in a laboratory experiment with addition
of UV light.
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Table 4. Average (x 1 SE) of individual light and temperature readings taken during solar noon
(i.e. when UV bulbs were on) during the UV addition experiment.

No UV UV-A uUVv-B UV-A+UV-B | p-value
Temg‘éf) ature | 27240141 | 27.3+0.147 | 27.2+0.145 | 27.0+0.149 n/al
Outside Cage
uv 558+0.29a | 29.2+0.40b | 28.9+0.58b | 29.1+0.32b | <0.0001
(1umol/m2s)
PAR 7336+723a | 737+597a | 756+6.79a | 752.9+2.97a | 0.033?2
(umol/m2s)
Inside Cage — Above Leaf
uv 335+0.10a | 24.79+0.22b | 2421 +0.20b | 24.66 +0.15b | <0.0001
(umol/m2s)
PAR 394.2+2.03a | 396.0+248a | 403.8+1.80a | 3956+6.30a | 0.48
(umol/m2s)
Inside Cage — Below Leaf
uv 0.19+0.03a | 1.54+0.03b | 1.57+0.06b | 1.50+0.05b | <0.0001
(umol/m2s)
PAR 457+088a | 485+1.98a | 42.0+1.73a | 43.8+1.36a | 0.053
(umol/m2s)

Temperature measurements were taken every 60 minutes from a single HOBO per treatment.
Thus we can only make qualitative comparisons of temperature differences, not any statistical

tests.

2 Despite a statistically significant value for the ANOVA, comparisons among all treatments
using Tukey’s did not find a statistical difference between any of the two treatments (a=0.05).
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Figure 8. Proportion of the aphid population located on different parts of the plant on day 7 in a
laboratory experiment with addition of UV light.
UV Radiation Blocking Field Experiment

As expected, UV radiation was substantially lower in the treatments with the UV
blocking film compared to the UV transparent film (Table 5), and this was true whether under
only the plastic or if under both the plastic and the cage material. Light conditions and
temperature appeared comparable across treatments (Table 5). Since the two replicates of this
experiment differed in where the original aphids placed on the plant, we did the same abiotic
measurements toward the top and middle/bottom of the plant, but found no significant difference
in UV or visible light (p<0.05). As with the laboratory experiment, UV radiation was
substantially lower below the leaf compared to above the leaf. In all treatments the UV radiation

below the leaf was lower than the UV radiation above the leaf in the UV blocking treatment.
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Aphid population growth was similar across all three treatments (Figure 9; F,g,=1.50,

p=0.23). Across all three treatments there was a difference in the distribution of aphids (Figure

10; F4166=3.62, p=0.007). This difference was likely driven by the plants in the no film control

having almost no aphids located on the stem (<2%) whereas in the blocking film (no UV) there

was approximately 7% of aphids on the stem and in the transparent film plants over 10% of the

aphids were on the stem. The same analysis performed with just the plants in the blocking and

transparent films shows no difference in their aphids’ distribution (F;5=1.28, p=0.29).

Table 5. Average (£ 1 SE) of individual light and temperature readings taken during solar noon
(i.e. noon-3pm) during the UV blocking experiment.

No Film UV Blocking Film | UV Transparent Film | p-value
Temperature 25.8 £0.357 26.4 + 0.345 26.2 + 0.363 n/a’
Outside Cage (but under plastic)
UV (umolim2s) | 149.0 + 10.45 a 54.6 +3.48b 126.7+7.75a <0.0001
PAR (umol/m2s) | 1967 + 16.33 a 1890 + 36.44 a 1886 + 43.04 a 0.26
Inside Cage — Above Leaf
UV (pumol/m2s) 457+ 7.65a 17.4+£230b 359+3.94a <0.0006
PAR (umol/m2s) | 676.4 £ 136.8 a 5475+79.0a 487.7+7041a 0.65
Inside Cage — Below Leaf
UV (pumol/m2s) 3.07+0.34 a 1.29+£0.13b 24+0.16 a <0.0001
PAR (umol/m2s) | 26.09 +2.89 a 3190+4.24a 34.09+3.68a 0.27

Temperature measurements were taken every 60 minutes from a single HOBO per treatment.
Thus we can only make qualitative comparisons of temperature differences, not any statistical

tests.

46




No film UV Blocking Film UV Transparent Film
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Figure 10. Proportion of the aphid population located on different parts of the plant on day 7 in a
field experiment with blocking of UV light.
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Leaf Orientation Field Experiment

Similar to the previous experiments, the amount of UV radiation aphids were exposed to
when in clip cages above the leaf was substantially higher than when they were in clip cages
underneath the leaf (Table 6). UV exposure was not the only difference in abiotic effects across
treatments: levels of visible lights were significantly reduced under the leaf (Table 6).

Table 6. Average (£ 1 SE) of individual light and temperature readings taken during solar noon
(i.e. noon-3pm) during the leaf orientation experiment.

Through mesh | Through mesh — p-value
—Above Leaf Below Leaf
Temperature (°C) 21.2+0.81 19.5 + 0.70 n/al
Leaf Surface Temp. (°C)* | 29.6 +0.40 a 29.2+0.34 a 0.52
UV (umol/m2s) 75.8+599a 1.25+0.35b <0.0001
PAR (umol/m2s) 1255 + 52.64 a 88.0+29.30 b <0.0001

Temperature measurements were taken every 60 minutes from a single HOBO per treatment.
Thus we can only make qualitative comparisons of temperature differences, not any statistical
E?_S(:Zf surface temperature measurements were taken on leaf without clip cage because the mesh
on the clip cage obstructs the accuracy of the reading.

Growth of soybean aphids in clip cages were affected by both the side of the leaf aphids
were confined to (abaxial vs. adaxial) and the orientation of the leaf (face up vs. face down),
such that there was an interaction between leaf side and orientation (Figure 11; F; 36=6.34,
p=0.016). Across all data, aphids faced down (lower UV exposure) had a higher growth rate
than aphids faced up (higher UV exposure) (F136=8.61, p=0.0058), and aphids on the abaxial side
had higher growth than aphids on the adaxial side (F; 3,=7.10, p=0.012). However, the
interaction comes about because the aphids confined to the adaxial side had a much greater

change in growth rate when faced up vs. faced down when compared to aphids on the abaxial

side.
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Figure 11. Log aphid growth (= 1 SE) per treatment in field experiment where aphids were
confined to particular leaf side (abaxial or adaxial) and leaf orientation was manipulated.

Discussion

Our primary goal was to understand how UV radiation affects the soybean aphids as
measured by the growth of small aphid populations. We focused on potential direct effects of
UV as opposed to plant-mediated indirect effects by performing short term studies on plants that
were unmanipulated before aphids were added and experimental treatments began. In the 1%
experiment (UV addition in the lab) we found that the no UV control treatment had higher
population growth compared to any of the three treatments that added artificial UV radiation,
suggesting a deleterious effect of UV. However, in the field there was no difference in aphid
growth rates between plants that were under a UV blocking film treatment (no UV control) and a
UV transparent film treatment (ambient levels of UV radiation).

There are a tremendous number of logistical and biological reasons why we may have
gotten different results in the 1% experiment (UV addition in the lab) and the 2" experiment (UV
blocking in the field). The most obvious difference between the experiments is the way we

created our relatively low UV vs. relatively high UV treatments. Both artificial additions and
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UV blocking plastics have been used to test for effects of UV radiation, but there are advantages
and disadvantages to both methods (reviewed in Chapter 1), and it is not necessarily clear which
methods offer the best insights. For example, in the laboratory experiment UV radiation is given
in a constant amount for a set period of time, however, that method misses the day to day and
hour to hour variation in UV radiation which naturally occurs (reviewed in Chapter 1).
Additional logistical or methodological differences between the two experiments, e.g. physical
and chemical differences in laboratory grown plants vs. field plants, exact amount and type of
radiation, etc., could also play a role in the different results we received.

An additional biologically-based explanation for the different results appeared when we
compared the aphid distribution in our laboratory and field experiments. Although aphid
location was not different among the main treatments within each experiment, there was a
dramatic difference in the distributions between the two experiments (Figure 8 vs. Figure 10); in
the 1% experiment (UV addition in the lab), aphids were found throughout the plant, including on
the adaxial leaf surface and the stem, whereas in the field, the aphids were found almost
exclusively on the abaxial leaf surface.

There is a potential connection between this difference in aphid location and their risk of
exposure to UV radiation. Our measurements showed that the amount of UV radiation was
drastically lower on the undersurface of leaves compared to other areas. This means that the
aphids on the abaxial surface could be less affected by UV radiation even if the plant was in a
relatively high UV treatment. If this is the case, it could explain the difference in our
experiments. In the laboratory, aphids were found throughout the plant including areas that
should have received exposure to UV radiation. More exposure may have led to the lower

growth rate for aphids in high UV treatments. In the field, aphids were almost exclusively found
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in areas that receive little UV radiation. If aphids were receiving little exposure to UV in the
high UV treatment, they may not have incurred the potential deleterious effects leading to similar
growth rates across UV treatments.

We tested to see if this difference in being “under” a leaf or “on top” of a leaf could result
in differences in soybean aphid population growth in the field. In the third experiment (leaf
orientation) we found that when soybean aphids were confined to a particular leaf side we saw
higher densities when the leaf was oriented downwards with the leaf between the aphids and the
sun. We saw this effect regardless of whether the aphids were on the abaxial or adaxial surface
of the leaf. This result is consistent with our idea that aphid location could mitigate some of the
potential negative effects of UV radiation.

A similar idea about arthropod location and UV exposure was put forth by Onzo et al.
(2010). They found that artificial addition of UV-B was extremely detrimental to three species
of predatory mites, but that if the mites were inside the apex of the plant or on the underside of
leaves, the effect of UV-B was lessened. Moreover, Kuhlman and Muller (2010) speculated that
in their study there were few direct effects of UV on their aphids because the aphids were
primarily on the underside of leaves.

In the third experiment, aphids confined to the adaxial leaf side had a much greater
decrease in growth rate when faced up vs. faced down compared to aphids on the abaxial leaf
surface. Leaf trichomes can influence the amount of UV-B radiation reaching the plant surface
(Karabourniotis et al. 1992, Karabourniotis et al. 1995), and in some systems abaxial trichomes
are more effective than those on the adaxial leaf surface (Karabourniotis and Bornman 1999).

There are a number of intriguing questions related to this study that could be pursued in

the future. First, why did the aphids in the field change their distribution from the initial
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placement on the top of the leaf to the underside of leaves, whereas in the lab aphids slowly
spread throughout the plant without the same affinity for the abaxial side of the leaf? Perhaps
there are cues related to natural sunlight, wind, or other abiotic factors that stimulate aphid
movement in the field. Second, are there any indirect effects of UV on soybean aphids that are
mitigated by changes to the plant? Many plants exhibit physical or chemical changes in response
to UV (reviewed in Chapter 1). It is possible those changes also exist in soybeans and that those
changes could subsequently affect soybean aphids. Further experiments would need to be done
to be sure that any quickly acting plant-induced changes did not occur in this study as well.
Despite trying to minimize such indirect effects by working on a small time scale, it is possible
that some of the negative effects in the laboratory were due to changes in the plant. Moreover,
some or all of the difference in the two experiments could have been influenced by the
differences in how plants were raised in the laboratory versus the field or other artifacts of our
methodology such as the exact intensity and duration of UV radiation in each experiment.

Our study demonstrates that UV radiation can potentially have negative effects on
soybean aphids, but that this result was inconsistent across experiments, perhaps because of
where aphids were located within the plant and the fact that some places on the plant seem to
receive less UV exposure than others. These results, along with those of similar studies, suggest
that aphids and other arthropods may be able to mitigate some of the potential negative effects of
UV radiation. Thus, if we want to understand or predict the potential effects of changing abiotic
variables, this studies furthers the argument that we need to account for not only the inherent
tolerance of an organism, but also the potential behaviors that could alter how organisms are

actually affected by that changing environment.
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CONCLUSIONS

Soybean aphids are a potentially severe problem for soybean crops since their arrival in
the United States, creating large yield losses if left untreated in years with high aphid densities
(Ragsdale et al. 2011). Apterous aphids are relatively sessile with soft bodies, potentially
limiting the adaptive means to deal with environmental stress which may make them more
susceptible to environmental effects (Nguyen et al. 2009). On their secondary host, soybean,
they are often found on the underside of leaves. There are some speculations as to why aphids
are located below the leaf (Pettersson et al. 2007); these include potentially having easier access
to phloem below the leaf, gravity and light direction preference, possibly to avoid predator
detection, or its effort to avoid harmful environmental factors.

In a series of experiments, we examined how UV radiation impacted aphid population
growth and aphid location. In the lab experiment (UV addition) the population growth of aphids
was significantly greater in treatments absent of UV vs. treatments where UV was added. In the
field experiment (UV blocking) the population growth did not significantly differ between
treatments where UV was filtered and treatments where UV was allowed to penetrate. To further
elucidate why we had a treatment difference in the lab experiment and not in the field experiment
we examined aphid location.

Aphid location was not different between treatments within each experiment, however,
aphid location was very different when comparing across experiments. This difference in aphid
distribution between lab and field experiments may reveal a potential connection: when aphids
are in a location, above the leaf, exposed to UV, population growth may be negatively affected,
whereas when aphids are in a location shielded from UV, population growth may be less

affected.
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To test this hypothesis we conducted a third experiment where we confined aphids to a
particular leaf side and orientated the leaf in positions that would either expose them to UV
(aphid located between the sun and the leaf) or shield them from UV (leaf located between the
sun and the aphid). We found that aphid population growth was significantly affected by the
location of the aphid, independent of the leaf surface they were on (abaxial or adaxial).

Soybean aphid population growth appears to be affected by UV radiation, at least under
certain conditions, but the size of the effect seems to depend on the location of the aphid. The
mechanism by which the aphid population growth is affected is still uncertain. This study may
be an example of the soybean aphid mitigating a potential negative environmental effect through

behavior.
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