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Abstract

Bumblebees have the physiological ability to actively transfer heat from their
thorax to their abdomen as a means of managing heat excess. This ability to
thermoregulate enables them to occupy a wide range thermal environments. Bumblebees
feature an active physiological heat transfer mechanism that is well documented, but the
extent to which the sugar concentration of nectar influences the effectiveness and
limitations of this mechanism is understudied.

I asked if sugar concentration mediates this thermoregulatory mechanism in
Bombus melanopygus, the black-tailed bumblebee. I found that under heat stress
thermoregulatory ability increased after bees consumed highly concentrated sugar
solutions. Plants grown under high heat or drought have been shown to produce nectar
with low sugar concentrations and both temperature and drought are predicted to increase
under climate change. This study evaluates nutritional and climactic factors that may
influence the decline of bumblebee populations from a physiological perspective.
Investigating how energy resources affect bumblebee thermoregulatory process will

enhance our understanding of how bumblebees will adapt to a changing climate.



Introduction

Bumblebees (Apidae) are cosmopolitan insects that serve as global pollinators.
They are heterothermic and require a constant supply of readily available energy to
maintain an optimal temperature relative to that of their surroundings (Heinrich, 1993).

In a classic experiment on Bombus vosnesenskii, Bernd Heinrich (1976)
investigated the physiological mechanisms for thermoregulatory heat dissipation. He
inserted electrical thermocouple probes into bees to measure temperature fluctuations
together with dorsal and diaphragm activity. When heat was applied to the thorax of a
live bee, its dorsal vessel and ventral diaphragm produced coordinated pulsations that
stimulated the circulatory system to actively pump hemolymph across the petiole into the
abdomen. The counter-current pumping of heated hemolymph from the thorax to the
abdomen enabled the bee to reduce thoracic temperature by means of convective heat
dissipation via the ventral side of its abdomen. When heat was applied to the thorax of
recently dead bees or bees with an obstructed petiole there was only a minor transfer of
heat to the abdomen -- likely due to passive heat transfer. Heinrich elegantly
demonstrated that bumblebees have the physiological ability to actively transfer heat
from their thorax to their abdomen as a means of managing excess body heat (Heinrich
1976).

The ability to thermoregulate enables bumblebees to occupy a wide range thermal
environments including tropical, desert and arctic zones (Potapov et al., 2014; Roberts &
Harrison, 1999; Stone et al., 1999). Most metabolic heat is produced in the thorax of

flying insects where the wing muscles are located (McCallum et al., 2013; Heinrich,



1993) The physiological regulation of thoracic temperature is essential for activating and
maintaining flight in bumblebees (Gilmour & Ellington, 1993; Mapalad, Leu, & Nieh,
2008). Insect flight is energetically expensive and requires a high metabolic rate which in
turn produces a large amount of heat byproduct. A bumblebee in flight is able to produce
enough internal heat to forage in cooler conditions compared to non-heterothermic
insects (Heinrich 1993). If ambient temperatures are high and if/or a flying bee is subject
to an external heat source (such as solar radiation) a bumblebee must dissipate heat
through its abdomen to maintain the narrow range of temperature where it will not
overheat. In this paper I will focus on the counter-current heat exchange mechanism
present in bumblebees. This highly adaptive thermoregulatory process is critical to
bumblebee thermoregulation and brood incubation (Heinrich, 1975b; Heinrich 1993).
The main energy source for adult foraging bees is primarily simple carbohydrates
(sugars) found in nectar (Crailsheim, 1993; Paoli et al., 2014). Flowers in nature will
have nectar that varies from about 10% to 80% sugar (Heinrich, 1975a). Most bee species
will visit flowers with a wide range of nectar concentrations. However, lab experiments
show that when given a choice, Bombus spp. prefer highly concentrated nectar
(Ashbacher, in prep; Konzmann & Lunau, 2014). Highly concentrated nectar has more
energetic value per unit weight than less concentrated nectar. Optimal foraging theory
states that pollinator foraging patterns should be dictated by the quality of floral
resources. A pollinator must balance the energy it gains from consuming food with the
energy it loses foraging for food (Charnov, 1976). The consumption of highly
concentrated viscous nectar would allow a bee forage for pollen for longer periods of

time before having to feed at another flower.



The active heat transfer mechanism of bumblebees is well documented (Heinrich,
1976; Heinrich, 1993; Chown et. al, 2004), but the extent to which nutritional quality
influences the effectiveness and limitations of this mechanism is understudied. Thoracic
temperatures increase for the bumblebee Bombus wilmatta in response to higher sugar
concentrations (Nieh et al., 2006). Similar responses were found for two other Apidae
bees (Nieh & Sanchez, 2005; Schmaranzer & Stabentheiner, 1988; Underwood, 1991),
suggesting this phenomenon may be common among all Apidae members. Given the
effect of sugar concentration on thoracic temperature, it follows that sugar concentration
could also affect thermoregulatory capacity. No study to date has examined the
interaction between nutritional quality, thermoregulatory ability, and heat stress, a
scenario that bumblebees are likely to be exposed to in the coming years.

Global temperatures are predicted to rise in the coming decades, while the
American west in particular is possibly facing an unprecedented mega-drought (Cayan et
al., 2007; Cook et al., 2015; Rahmstorf et al., 2012). High water and heat stress, typical of
drought have the potential to decrease flower abundance and the sugar concentration of
floral nectar (McLaughlin & Boyer, 2004; Wyatt et al., 2016; Carroll et al., 2008).
Energy resources regulate many essential processes for bees (McCallum et al., 2013;
Nieh et al., 2006; Nieh & Sanchez, 2005) and temperatures often limit the activity of bees
(Cooper et al., 1985; Vicens & Bosch, 2000). Thus the physiological regulation of body
temperature is a vital process that will determine a bees thermoregulatory ability to adapt
and function in its environment.

A decline of nectar sugar concentration is a plausible outcome of increasing

temperatures and decreasing water inputs. Climate mediated temperature shifts could lead



to a decline of bumblebee populations by exposing them to a dangerous combination of
higher radiative temperatures and lower quality resources (Al-Ghzawi et al., 2009; Asif &
Shaheen, 2011; Hegland et al., 2009). Here I investigate to what extent the quality (sugar
concentration) of nectar influences thermoregulation in bumblebees. I assessed the ability
of Bombus melanopygus (Nylander, 1848) to transfer excess heat from its thorax to its
abdomen after the consumption of various sugar solutions. The overarching question of
this study is: Do Bombus melanopygus individuals that consume low quality nectar
thermoregulate less efficiently than individuals that consume high quality nectar?
Specifically, I hypothesize that Bombus melanopygus individuals that consume more
dilute sugar solutions will transfer excess heat from their thorax to their abdomen at

lower rates than those that consume more highly concentrated sugar solutions.

Materials and Methods

Experimental Species

Bombus melanopygus, the black-tailed bumblebee can be found throughout most of
California, Oregon, Washington, British Colombia and Alaska. It is also found in the
highland deserts of Arizona, New Mexico, Utah and Nevada. Populations of B.
melanopygus are found sporadically in the northern great planes and populations occur as
far north as the Artic circle (Hatfield et al. 2014). B. melanopygus forages on a wide
variety of flowers (Hatfield et al. 2014) and inhabits an assortment of habitat types

including agricultural and urban areas. It’s size ranges from 12 to 17mm.



Trial preparation:

I caught bees during the Spring of 2016 at the UCSC arboretum in Santa Cruz, CA. Each
day I captured 5-10 B. melanopygus workers and quickly transported them to the lab for
testing. I misted bees with water and individually held them in a glass chamber for one
hour without access to food. Misting encouraged bees to remain active as they dried off.
Constant movement enabled them to consume any relictual nectar in their crop, thereby
expending surplus energy left from free foraging in the field. After one hour, bees were
placed in feeding chambers and haphazardly assigned a known sugar solution treatment
presented in an artificial flower. Artificial flowers were constructed from a small piece of
sponge and local bee pollen. Sugar solutions were deionized water mixed with Karo®™
syrup. I mixed fresh sugar solutions daily and I confirmed sugar concentrations with a

handheld refractometer (Eclipse® Brix 50 low volume; Xylem, Lawrenceville, GA).

Nectar Quality Treatments:

I presented bees with one of five sugar concentrations: 0%, 15%, 35%, 55%, 75% (n=16
per treatment). All five treatments were tested each trial day in haphazard fashion with up
to two replicates per treatment per day. A total of 80 bees were used for this experiment.

Each treatment was replicated 16 times with a new bee each time.

Bees fed freely until they stopped on their own. After feeding they were relaxed for 30
seconds with a mild dose of ethyl acetate after which they were then fastened to a
Styrofoam pad by cross-pinning around their petiole. A piece of aluminum sheeting was

then positioned around the petiole to shield the abdomen from the heat application to the



thorax. Thus, I ensured that subsequent recorded abdominal temperatures were the result
of active heat transfer from the thorax and not the result of radiative heat or passive heat

transfer.

Heat application:

I applied heat to the thorax of bees with a blue heat lamp (25 watt incandescent bulb)
positioned 2 inches away from the thorax. Heat was continuously applied to the thorax
over a period of 5 minutes. Thoracic (T) and abdominal (T,) temperatures were
simultaneously recorded every 30 seconds using a pair of infrared temperature

thermometers.

Analysis

Results were analyzed using R statistical software (R Foundation for Statistical
Computing, 2014). I calculated the difference between Ty, and Ty, as (Tq). I used T4 as a
metric for evaluating heat transfer for bees, with higher values indicating a greater
temperature difference between the thorax and abdomen and thus less heat transfer. Our
response variable was the average difference between Ty, and T, (T4) from 30 seconds to
5 minutes for each trial. Percent sugar treatment was our explanatory variable. Trial was
treated as a random factor in a linear mixed effects model using a two-way analysis of
variance (Anova) with type III sums of squares. I used Tukey tests to evaluate specific
differences between individual treatments, and to determine saturation points for each

treatment by comparing T4 at each 30 second interval of the trials.



Results

Higher sugar concentrations increased the thermoregulatory ability (lower T4) of
live bees experiencing heat stress (Fig. 1, F=96.344 60y p < 0.001). Sugar concentration
did not influence baseline thoracic temperatures (F=1.45(4 75), P=0.23) and individual bee
baseline thoracic and abdominal temperatures were similar (+ °C). T4 increased for the
first 30 seconds of each trial and then stabilized, regardless of treatment (Fig. 2,
F=2.88(19,50), p=-008).

Bees that consumed the least concentrated sugar solutions, 0% and 15%, had the
highest T4 values and Ty did not differ between them (Tukey p=0.67). T4then decreased
with each subsequent rise in sugar concentration (35%-75%) indicating that Ty, and Ty
were more similar in temperature. The 75% sugar treatment had the lowest average Tq
(2.88 °C) while 0% sugar treatment had the highest (4.83 °C).

Thoracic temperature in dead bee controls continuously increased for the duration
of heat trials, however there was not a corresponding rise in abdominal temperature. Bees
that were alive were able to eventually maintain a constant T4 regardless of sugar
concentration, while dead bees showed no ability to maintain a continuous T4, As a result,

T4 was highest for dead bee controls compared to live bees (Fig. 1,Tukey p=0.67)

Discussion

Heat transfer from thorax to abdomen of B. melanopygus was greatest for bees
that had consumed highly concentrated sugar solutions. Thus, bumblebees should
thermoregulate most efficiently under heat stress after consuming highly concentrated

floral nectar. Studies show that plants grown under high heat or drought conditions



produce dilute nectar (Pacini et al., 2003; Scaven & Rafferty, 2013). Temperature and
drought are predicted to increase in the coming decades(Cayan et al., 2007).
Consequently, under a climate change scenario, bumblebees may be trapped in a “two-
sided climate vise” where higher temperatures increase their energetic needs while
simultaneously reducing the quality of energy available to them in nectar.

Energy rewards serve as the co-evolutionary currency that maintain plant-
pollinator interactions (McCallum et al., 2013; Mitchell et al., 2009). The consumption of
highly concentrated viscous nectar would allow a bumblebee to maximize its energy
intake and thus forage most efficiently. Highly concentrated floral nectar would in theory
be optimal for maintaining high energy expenditure activities such as foraging, brood
incubation and thermoregulation. However, bumblebees would find it increasingly
difficult to fulfill their energetic needs as nectar quality declines with climate stress.

Transferring heat from the thorax to the abdomen is a vital physiological process
that enables bumblebees to adapt to a given thermal environment (Heinrich, 1975b;
Heinrich, 1993). Thermoregulation is also essential for reproduction as it is an
indispensable aspect of brood incubation (Heinrich 1993). The results of this study show
that sugar concentration plays a role in regulating the counter-current heat exchange
mechanism in bumblebees. Bumblebees with only access to dilute nectar will experience
a reduction in convective heat dissipation from their abdomen and may be more likely to
overheat over a shorter period of time. Furthermore, bumblebees also experience a
reduced ability to incubate a vigorous brood; larval development is largely influenced by
diet (Burkle & Irwin, 2009; Kim & Thorp, 2001) and requires an active transfer of heat

analogous to the thermoregulatory process. A Bumblebee’s ability to forage,



thermoregulate, and incubate the brood is limited by nectar concentration which in turn is
sensitive to temperature and moisture inputs. Accordingly, changing these inputs will
have a direct impact on processes crucial to bumblebee livelihood.

Bumblebees are important pollinators of native plants and have been shown to be
exceptional pollinators of a number of crops (Rao & Stephen, 2010). They are keystone
species that maintain global biodiversity and support vital ecosystem function in most
terrestrial systems(Memmott et al., 2007; Parmesan, 2006). Evidence suggests climate-
mediated declines in pollinator diversity (Kluser & Peduzzi, 2007; Potts et al., 2010), and
also parallel declines in many of the flowering plants that rely on them to be pollinated
(Miller-Struttmann et al., 2015). Furthermore, as their habitat contracts, bumblebees are
failing to migrate northward to cooler temperatures prompting dramatic species loss
along the southern reaches of their habitat (Kerr et al., 2012). Pollinator decline could
have a large scale impact on the natural environment and world food production
(Hegland et al., 2009; Potts et al., 2010). The relationship between climate change and a
decline in bumblebee species has been established (Kerr et al., 2012; Miller-Struttmann et
al., 2015). This study illustrates nutritional and climactic factors that may influence the

decline of bumblebee populations from a physiological perspective.
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Figure 1. Tq of bumblebees consuming sugar solutions (0%, 15%, 35%, 55%, 75%
glucose). Error bars indicate +1 SE. Data collected in Santa Cruz County, CA.
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Figure 2. LOESS model fit for Tq of bees consuming sugar solutions over a period of
five minutes. Error bars indicate #1 SE. Data collected in Santa Cruz County, CA.
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