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ABSTRACT 

 Investigating the dynamics of resource allocation within individual organisms is 

necessary for understanding the process of growth and development. Studies have shown 

that competition of resources has a significant effect on the resulting sizes of individual 

structures and many of these studies show competition of these resources increases when 

structures are in close proximity of each other. Other studies have shown that functionally 

different structures, both in close and far proximity, also compete for limiting resources. 

In this study, we investigate whether proximity or function has a bigger effect on 

determining resource allocation. We also take a broader view and investigate to what 

extent functionally different systems (locomotion and reproduction) compete for 

resources. Using Manduca sexta in our investigation, imaginal discs were excised 

surgically from the larvae and the resulting weight changes in the adult locomotive 

structures (wings, legs and flight muscle) we measured and the resulting number of eggs 

were counted. We conclude that structure function has a higher priority than structure 

proximity but ultimately, structure size is the greatest factor in determining resource 

allocation. We also show that resource allocation between functionally different systems 

is complex and not easily explained.      

 

 

 

 

 

 



INTRODUCTION 

 During development, resource allocation tradeoffs may arise between structures 

of an organism that share a common, limited resource pool. This means that if an 

organism obtains a finite amount of resources and allocates a certain percentage towards 

one structure, it now has fewer resources to invest towards a second structure. As a result, 

this resource competition can have a significant effect in determining the sizes of 

individual structures (Nijhout and Wheeler 1996).  

Quite a bit of research has been carried out to determine the dynamics of resource 

allocation in developing insects. One study found that the removal of hind wing imaginal 

discs in developing butterfly larvae of Precis coenia resulted in adult butterflies 

developing heavier than normal front wings and legs, but found no changes in the relative 

sizes of the heads or abdomen (Nijhout and Emlen 1998). These results suggest that 

structures in close proximity compete for a limiting resource, with the closest structures 

outcompeting for more resources.  Another study revealed that the overall weight 

increase in response to the removal of hind wing imaginal discs in the butterfly larvae 

Precis coenia diminishes with increasing distance from the site of disc removal and that 

structures on the same side of the removed hind wing increased in size more so than the 

same structures on the opposite side of the organism (Klingenberg and Nijhout 1998). 

These results further support the idea that structures in close proximity compete more 

highly for a limiting resource and they suggest there is a morphologically asymmetrical 

priority in resource competition. However, these studies only measured functionally 

similar structures used for locomotion (wings and legs) and did not investigate the 



resource allocation dynamics between functionally dissimilar structures, such as 

reproductive structures and locomotive structures.  

Separate studies that have investigated resource allocation between functionally 

different structures have uncovered similar results. They have shown that functionally 

different structures also compete for limiting resources. One study examined the resource 

tradeoff between the horns and eyes of the Onthophagus taurus beetle and found that 

with hormone treatment, beetles selected to produce larger horns also produced smaller 

eyes while beetles selected to produce smaller horns produced larger eyes (Nijhout and 

Emlen 1998). While these structures are in close proximity to one another, they are 

functionally different (one is used for male-male competition and mate attraction while 

the other is used for sensory input). Another study examined the competition of resources 

between the testes and the horns of Onthophagus taurus during development and found 

that the removal of the testes resulted in an increase in horn size (Moczek and Nijhout 

2003). Similarly, essentially the opposite study was performed on Onthophagus 

nigriventris and concluded that when the growth of the horns of the developing beetle are 

inhibited, the beetle invests more greatly in body size and teste growth (Simmons and 

Emlen 2006). Both of these studies reveal the presence of resource competition between 

two functionally different structures that are relatively distant from each other within the 

organism. Finally, another study revealed that nocturnal beetles are less likely to have 

horns located at the base of the head (in close proximity with the eyes) (Emlen 2001). 

The results of this study indicate that while functionally different structures compete for 

resources, in an evolutionary context, there is an optimal proximity of these structures 

from each other. In other words, functionally different structures in close proximity may 



over compete for resources in a way that is detrimental to the organism. Further 

investigation is necessary, in the context of resource competition, to determine if there is 

a priority of resources given to similar structures that are in close proximity or structures 

that are in close proximity but different in function. 

A final question arises from the results in the studies mentioned above. The 

results of two of these studies indicate that structures in close proximity that are used for 

the same function (locomotion) compete for a limiting resource (Nijhout and Emlen 

1998; Klingenberg and Nijhout 1998). In addition, the results of two other studies show 

that structures distant from each other with separate functions also compete for resources 

(Moczek and Nijhout 2003; Simmons and Emlen 2006). Further investigation is needed 

to determine the dynamics of resource allocation between two functionally different 

systems of an organism. For example, how are resources distributed between the 

locomotive systems of an insect (wings, legs, and flight muscle) and the reproductive 

system of the insect? Knowing that wings and legs have been shown to compete for 

resources while wings and testes also compete for resources could lead to a broader view 

of resource allocation. 

Manduca sexta is an excellent organism to aid in the investigation of these new 

questions. The wing imaginal discs of M. sexta grow continuously and exponentially after 

the late larval stages when the organism has begun its wandering stage (Nijhout et al. 

2006). After initiating the wandering stage, M. sexta no longer feeds; therefore, the wing 

imaginal discs are competing for limited resources at this point. Also, because the growth 

of wing imaginal discs is exponential at this point, these discs are a significant resource 

sink. As a result, the removal of these discs would allow resources to be utilized in other 



developing structures of the organism. Also, the wings and legs of the adult M. sexta are 

very close together in proximity to each other. These structures are all located on the 

thorax (which is divided into three sections). The front section (the prothorax) contains 

the front legs, the middle section (the mesothorax), contains the middle legs as well as the 

forewings, and the back section (the metathorax) contains the hind legs and the 

hindwings. This anatomical setup provides the opportunity to investigate the priority of 

resource allocation with respect to proximity versus function. Specifically, this study will 

investigate two areas of resource allocation by removing the imaginal discs of M. sexta 

during the late larvae stage. First, as previously mentioned, an examination of the priority 

of resource allocation with respect to proximity versus function will be carried out. 

Second, a broader view of resource allocation with respect to locomotion (wings, legs, 

and flight muscle) and reproduction will be examined.  

 

 

 

 

 

 

 

 

 

 

 



MATERIALS AND METHODS 

The Study Organism and Pre-Surgery Rearing 

M. sexta larvae were obtained from a colony maintained at the University of Arizona. 

Larvae were raised at 25°C, under a 17:7 (light:dark) cycle, at 50-60% relative humidity. 

Early fifth instars were used in the experiment: 17-18 day old larvae were selected, at 

random, without any previous knowledge of the sex of the larvae. Three different surgery 

treatments were performed on the following number of specimens: 11 had one (right) 

hindwing imaginal disc removed (8 male, 3 female), 10 had two hindwing imaginal discs 

removed (6 male, 4 female) and 3 had one (right) forewing imaginal disc removed (3 

female). Sham treatments were also performed on the following specimens: 5 one (right) 

hindwing (2 male, 3 female), 6 two hindwings (4 male, 2 female), and 6 one (right) 

forewing (2 male, 4 female). Also, 13 controls were used (7 male, 6 female). Control 

specimens did not undergo any form of surgery. 

 

Surgery 

After a larva was selected for a treatment, it was anesthetized under CO2 for four 

minutes. Prior to the removal of the imaginal disc(s), larvae were submersed in a saline 

solution (Waldrop Christensen and Hildebrand, 1987) and remained submerged until the 

completion of the surgery. Surgeries were performed using a Nikon SMZ800 dissecting 

microscope. To remove the imaginal disc(s), a small incision of the cuticle, just above the 

disc location was made. The disc(s) were carefully pulled out and snipped away at the 

base of the disc. For larvae that underwent sham treatments, the same incision was made 

into the cuticle, but the disc(s) were not removed. Larvae were immediately placed under 



ice and the incision was closed using 3M Vetbond Tissue adhesive, No. 1469. Larvae 

remained under ice for 30 minutes and were then transferred to a container. 

 

Post-Surgery Rearing 

Larvae were given artificial diet and kept in containers that were placed in an 

environmental chamber at 25°C, under a 17:7 (light:dark) cycle, at 40-70% relative 

humidity. Larvae were checked every day in the late morning and once wandering 

occurred, larvae were transferred into wooden blocks, with individual cells, allowing the 

larvae to pupate. The blocks were returned to the environmental chamber and remained 

for three weeks. After three weeks, pupae were placed in individual paper bags and 

remained in the environmental chamber until the day of emergence. On the first day of 

emergence, moths were weighed, returned to their paper bag and placed in the 

environmental chamber without any source of nutrition. After three days, moths were 

weighed again, euthanized by injecting a couple of microliters of ethanol into their flight 

muscle, and a dissection was performed. 

 

Dissection 

Moth wings and legs were carefully snipped off, making sure to make the snip as close to 

the thorax as possible. Although this was performed by the same person with great care to 

ensure each snip was done the same way, it is possible some subtle asymmetry occurred 

due to the handiness of the person and of the scissors. Next, using the same dissecting 

microscope, an incision was made on the ventral side of the abdomen from the anus to 

the bottom of the thorax. If the moth was female, the entire abdomen was emptied and the 



number of mature eggs was recorded. Mature eggs were identified by having a chorion. If 

the moth was male, saline was sprayed into the abdomen and the testes were removed, 

making sure to make the snip at the base of the testes to minimize the amount of seminal 

vesicle fragments included. Finally, the flight muscle and the attached cuticle fragment 

were carefully removed from the thorax.  

 

Further Moth Processing 

After dissection, moth legs, wings, body, and eggs were placed in a -20°C freezer for 

future analysis. Moth legs and wings were dried in a 50°C oven for 24 hours and the dry 

weight of each leg and wing was determined. Wings were also photographed for surface 

area analysis. The few specimens with damaged wings from attempting to fly while in the 

paper bags were not used. Also, the few specimens with damaged/missing leg fragments 

were not used as well. Moth flight muscle (with attached cuticle fragment) and testes 

were placed in a desiccation chamber for 4 days and then transferred to a 50°C oven for 

24 hours and the dry weights of each were determined. Testes were then placed in a         

-20°C freezer for future analysis. The flight muscle-cuticle complex was immersed in a  

potassium hydroxide solution (5% by mass) for 4 days (this broke down the muscle 

which allowed for easier separation of the cuticle from the muscle). The separated cuticle 

was then dried in a 50°C oven for 24 hours and the dry weight was determined. The 

cuticle dry weight was subtracted from the flight muscle-cuticle complex dry weight to 

determine the dry weight of the flight muscle.  

   

  



RESULTS 

 In order to analyze whether resource allocation priority for structures in close 

proximity is given to similar or different structures, the change in size of the individual 

wings and legs of the treated groups were compared to the wing and leg sizes of the 

control group. In this case, the treated groups consisted of adult moths that had either 

their right hindwing imaginal disc removed or both hindwing imaginal discs removed 

during the late larvae stage. Every weight was standardized by dividing by the weight of 

the moth on the 4th day after emergence from which the structure came from. Figures 1 

and 2 should be interpreted as a diagram of the thorax of a moth (viewed from above with 

the prothorax facing the top of the page). The average changes in structure size are 

labeled roughly where one would find these structures on the thorax of a moth. The 

significance levels of each structure (compared to the control structures) are provided in 

Tables 1 and 2. A one-sided t-test was used to determine these values.  

 To further analyze these dynamics, two additional figures were plotted. The first 

figure (Figure 3), is a linear regression (y = 0.1450x + 0.4009, R2 = 0.8079, P < 0.0009) 

of the average differences in weight of the structures (legs and wings) of the 1 hindwing 

removal treatments versus the average structure weights of the control group. The second 

figure (Figure 4), is a linear regression (y = 0.1998x + 0.0496, R2 = 0.9807, P < 0.0001) 

of the average differences in weight of the structures (leg and wings) of the 2 hindwing 

removal treatments versus the average structure weights of the control group. Finally, a 

fifth figure (Figure 5), was plotted to compare the average changes in the weight of 

structures when 2 hindwings are removed versus the average change in the weight of 



structures when 1 hindwing is removed. Figure 5 is a linear regression (y = 1.2190x – 

0.3550, R2  = 0.8752, P < .0006) of locomotion versus egg number. 

  In order to determine the existence of resource allocation competition between 

two distant, functionally different systems (locomotion and reproduction), a linear 

regression was plotted (Figure 6). This linear regression uses data from all female 

experimental treatments (controls, specimens with one hindwing removed, specimens 

with both hindwings removed, and sham treatments) and compares the sum of the 

weights of the legs, wings, and flight muscle (locomotion) to the number of eggs 

produced (reproduction). Figure 6 is a linear regression (y = -0.834x + 146.27, R² = 

0.26462, P < .0120). 

 

  

 

  

  

 

 

 

 

 

 

 

 



DISCUSSION 

 The data from the proximity versus function analysis revealed some very 

interesting results. In Figures 1 and 2, there is no pattern suggesting that the closest 

structure near the removed hindwing disc(s) receives the most resources (weight gain) 

while structures more distant receive less. In addition, there is very little evidence to 

suggest that there is a priority for structures on the same side of the excised disc to 

receive more resources than the other side. In Figure 1, the only two instances of this 

occurring is that the right forewing gains more weight than the left and the back right leg 

gains more weight than the left. However, the same is not true for the front right leg or 

the middle right leg. These observations go against previous literature that states that 

there is significantly more competition for resources between structures on the same side 

of the organism.   

 Figures 1 and 2 clearly show that there is a priority of resource allocation given to 

wings over legs. In both figures, regardless of what side the structure is on, when a wing 

and a leg are located on the same segment of the thorax, the wing gained more weight 

than the leg. However, in both figures again, the front legs (which do not have a wing on 

the same segment of the thorax) gained a substantial amount of weight. This clearly 

indicates that there is a priority of resource allocation given to the wings over the legs. If 

we examine just the wings in Figure 1, the right forewing gained a substantially more 

amount of weight than the left forewing. Previous literature would argue that this is 

simply because the right forewing resides on the same side as the excised hindwing 

imaginal disc. However, if we consider the view that forewings have a priority over 

hindwings, the data supports this hypothesis as well. The right hindwing is absent, so 



much of the resources devoted to said wing can be claimed by the vast resource sink of 

the right forewing. On the other side of the specimen, the two left wings compete for 

resources, with the left forewing gaining much more weight than the left hindwing. 

Clearly, there is a hierarchy of resource allocation where the wings have priority over 

legs and forewings have priority over hindwings. But is it necessarily function of the 

structure that determines priority, or is there another explanation? 

  Another look at the data suggests a simpler explanation for the changes in 

weights seen in Figures 1 and 2. In Manduca sexta, when comparing the weights of 

wings and legs, forewings are the heaviest structures, followed by the front legs, then the 

hindwings, then the middle legs, and finally the hind legs (data not shown). In Figures 1 

and 2, the greatest weight change in structures was positively correlated with the average 

weight of those structures. Therefore, perhaps priority of resources is given simply to the 

structure that requires more physical substance in order to be manufactured by the 

organism.  

 Based on the linear regressions plotted in Figures 3 and 4, it is clear that the 

priority of resource allocation is most likely due to the size of the structure rather than the 

function of the structure. As the size of the structure increases, the weight change of that 

structure also increases. The data obtained from this experiment is proven to be extremely 

robust. With the R2 values being 0.81 in Figure 3 and 0.98 in Figure 4, it is clear that the 

vast majority of the changes in structure weight were a direct result of the extra resources 

being distributed due to the removed imaginal discs. In addition, Figure 5 reveals an R2 

value of about 0.88. Because there is a positive slope when comparing the weight 

changes of structures when 2 discs are removed versus 1 disc, this indicates that the 



priority of resource allocation in either case is the same. There really is no data 

suggesting there is a priority given to a certain side of the body but rather, there is a 

priority given to structure size and perhaps structure function. Further research is needed 

to confirm whether or not resource allocation is prioritized by size, function, or a 

combination of the two. 

 Finally, after examining the data in Figure 6, it is clear a suggestive pattern exists, 

but the data does not allow us to conclude anything definite. While the downward slope 

in Figure 6 indicates there is a competition of limiting resources between the reproductive 

system and structures used for locomotion, the R2 value of 0.26 indicates there is another 

significant factor present directing the allocation of resources. It is obvious that such huge 

resource sinks would be competing for resources within the organism, but perhaps the 

two systems also use their own, separate resource pools separated by the abdomen and 

the thorax. Perhaps the distance and segmentation between the two systems prevents the 

direct sharing of a single resource store, which gave rise to the results in Figure 6. 

Another explanation is that some of the resources that would have been allocated towards 

the removed imaginal discs went towards other structures that were not measured, like 

the head or the antenna. It is clear that the reproductive system and locomotive structures 

compete for resources, but further investigation is needed to determine the underlying 

dynamics of resource competition between these two systems. 

  

   

 

 



AKNOWLEDGEMENTS 

 I would sincerely like to thank Dr. Goggy Davidowitz for giving me the 
opportunity to conduct my own research and allowing me to be a member of his research 
team. His continuous support, guidance and generosity know no bounds. I would also like 
to thank Dr. Heidy Contreras for being the most caring mentor any student could ask for. 
Finally, I would like to thank Jaika Ojha, Bryan Helm, Nhi Duong, Cristina Francois, Dr. 
Martin von Arx, Dr. Chandreyee Mitra, Patricia Stamper, Autumn Moore, and Stephanie 
Bustillo for their help and support along the way. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



REFERENCES 

Emlen, D. J. 2001. "Costs and the Diversification of Exaggerated Animal Structures". 
Science. 291, no. 5508: 1534-1536. 

 
Klingenberg, C. P., and H. F. Nijhout. 1998. "Competition Among Growing Organs and 

Developmental Control of Morphological Asymmetry". Proceedings: Biological 
Sciences. 265, no. 1401: 1135. 

 
Moczek, Armin P., and H. Frederik Nijhout. 2004. "Trade-Offs During the Development 

of Primary and Secondary Sexual Traits in a Horned Beetle". The American 
Naturalist. 163, no. 2: 184-191. 

 
Nijhout, H. Frederik, Wendy A. Smith, Ira Schachar, Srikanth Subramanian, Alexandra 

Tobler, and Laura W. Grunert. 2007. "The Control of Growth and Differentiation 
of the Wing Imaginal Disks of Manduca Sexta". Developmental Biology. 302, no. 
2: 569-576. 

 
Nijhout, H. F., and D. J. Emlen. 1998. "Competition Among Body Parts in the 

Development and Evolution of Insect Morphology". Proceedings of the National 
Academy of Sciences of the United States of America. 95, no. 7: 3685-3689. 

 
Nijhout, H. F., and D. E. Wheeler. 1996. "Growth Models of Complex Allometries in 

Holometabolous Insects". The American Naturalist. 148, no. 1: 40-56. 
 
Simmons, Leigh W., and Douglas J. Emlen. 2006. "Evolutionary Trade-Off between 

Weapons and Testes". Proceedings of the National Academy of Sciences of the 
United States of America. 103, no. 44: 16346-16351. 

 
Waldrop B, TA Christensen, and JG Hildebrand. 1987. "GABA-Mediated Synaptic 

Inhibition of Projection Neurons in the Antennal Lobes of the Sphinx Moth, 
Manduca Sexta". Journal of Comparative Physiology. A, Sensory, Neural, and 
Behavioral Physiology. 161, no. 1: 23-32. 

 

 

 

 

 

 

 



FIGURE LEGENDS 

Figure 1: A diagram of the average change in structure size of the 1 hindwing 

removed treatments. 11 individual larvae had their right hindwing imaginal disc 

removed. The resulting adult legs and wings were weighed and compared to the weights 

of 13 control adult structure weights. 

 

Figure 2: A diagram of the average change in structure size of the 2 hindwings 

removed treatments. 10 individual larvae had both hindwing imaginal discs removed. 

The resulting adult legs and wings were weighed and compared to the weights of 13 

control adult structure weights. 

 

Figure 3: A comparison of the average change in structure size of the 1 hindwing 

removed treatments to the average weight of control structure sizes. 11 individual 

larvae had their right hindwing imaginal disc removed. The resulting adult legs and wings 

were weighed and compared to the weights of 13 control adult structure weights. The 

regression revealed a linear relationship with an equation y = 0.1450x + 0.4009 and with 

R2 = 0.8079. 

 

Figure 4: A comparison of the average change in structure size of the 2 hindwings 

removed treatments to the average weight of control structure sizes. 10 individual 

larvae had both hindwing imaginal discs removed. The resulting adult legs and wings 

were weighed and compared to the weights of 13 control adult structure weights. The 



regression revealed a linear relationship with an equation y = 0.1998x + 0.0496 and with 

R2 = 0.9807. 

 

Figure 5: A comparison of the average change in structure size of the 2 hindwings 

removed treatments to the average change in structure size of the 1 hindwing 

removed treatments. 10 individual larvae had both hindwing imaginal discs removed. 

The resulting adult legs and wings were weighed and compared to the weights of 11 adult 

structure weights who had their right hindwing imaginal disc removed. The regression 

revealed a linear relationship with an equation y = 1.2190x – 0.3550 and with R2  = 

0.8752. 

 

Figure 6: A comparison of the number of eggs in female adult moths to the overall 

weight of locomotive structures. 23 female adults (3 with a single forewing imaginal 

disc removed, 3 with a single hindwing imaginal disc removed, 4 with both hindwing 

imaginal discs removed, 7 sham treatments, and 6 controls) had their eggs counted and 

plotted against the combined weight of their legs, wings, and flight muscle. The 

regression reveal a linear relationship with an equation y = -0.834x + 146.27 and with R² 

= 0.26462. It should be noted that the data revealed no significant difference between any 

of the sham treatments and the controls. 

 

 

 

 



Figure 1 

Average Weight Change of Wings and Legs of 1 Hindwing Removal Treatment 

 

   

KEY 

FLL = Front Left Leg 
MLL = Middle Left Leg 
BLL = Back Left Leg 
FRL = Front Right Leg 
MRL = Middle Right Leg 
BRL = Back Right Leg 
LFW = Left Forewing  
LHW = Left Hindwing 
RFW = Right Forewing 
RHW = Right Hindwing 
  
 

  

 

 

 

 

 

  

LFW 

1.879 mg 

RFW 

2.738	  mg 

LHW 

0.677 mg 

RHW 

removed 

FRL	  	  	  1.534	  mg	  

MRL	  	  	  0.783	  mg	  

BRL	  	  	  0.775	  mg	  	  	  	  

1.608	  mg	  	  	  FLL	  

	  	  0.835	  mg	  	  	  MLL	  
	  

	  	  0.574	  mg	  	  	  BLL	  



Table 1 

Significance Levels of Average Weight Change of Wings and Legs  

of 1 Hindwing Removal Treatment 

 

Structure Significance Level F-Values 

FLL P < .0002 4.3331 

MLL P < .0001 4.3843 

BLL P < .0008 3.6389 

FRL P < .0001 4.4165 

MRL P < .0006 3.8122 

BRL P < .0002 4.1743 

LFW P < .0065 2.7713 

LHW P < .0050 2.8547 

RFW P < .0007 3.7914 

 

 

KEY 

FLL = Front Left Leg 
MLL = Middle Left Leg 
BLL = Back Left Leg 
FRL = Front Right Leg 
MRL = Middle Right Leg 
BRL = Back Right Leg 
LFW = Left Forewing  
LHW = Left Hindwing 
RFW = Right Forewing 
 

 



Figure 2 

Average Weight Change of Wings and Legs of 2 Hindwings Removal Treatment 

 

   

KEY 

FLL = Front Left Leg 
MLL = Middle Left Leg 
BLL = Back Left Leg 
FRL = Front Right Leg 
MRL = Middle Right Leg 
BRL = Back Right Leg 
LFW = Left Forewing  
LHW = Left Hindwing 
RFW = Right Forewing 
RHW = Right Hindwing 
  
  
 

  

 

 

 

 

  

LFW 

2.555 mg 

RFW 

2.998	  mg 

LHW 

removed 

RHW 

removed 

FRL	  	  	  1.186	  mg	  

MRL	  	  	  0.646	  mg	  

BRL	  	  	  0.494	  mg	  	  	  	  

1.099	  mg	  	  	  FLL	  

	  	  0.689	  mg	  	  	  MLL	  
	  

	  	  0.568	  mg	  	  	  BLL	  



Table 2  

Significance Levels of Average Weight Change of Wings and Legs  

of 2 Hindwings Removal Treatment 

 

Structure Significance Level F-Values 

FLL P < .0269 2.1099 

MLL P < .0135 2.4315 

BLL P < .0021 3.3104 

FRL P < .0201 2.2610 

MRL P < .0244 2.1746 

BRL P < .0241 2.1775 

LFW P < .0356 1.9997 

RFW P < .0084 2.7350 

 

 

KEY 

FLL = Front Left Leg 
MLL = Middle Left Leg 
BLL = Back Left Leg 
FRL = Front Right Leg 
MRL = Middle Right Leg 
BRL = Back Right Leg 
LFW = Left Forewing  
RFW = Right Forewing 
 

 

 



Figure 3 

 

 

 

 

 

 

 

 

 

 

 

 

y	  =	  0.145x	  +	  0.4009	  
R²	  =	  0.80792	  
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Figure 4 
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Figure 5 
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R²	  =	  0.87524	  

0	  

0.5	  

1	  

1.5	  

2	  

2.5	  

3	  

3.5	  

0	   0.5	   1	   1.5	   2	   2.5	   3	  

W
ei
gh
t	  D
iff
er
en
ce
	  o
f	  2
	  H
W
	  T
re
at
ed
	  S
tr
uc
tu
re
s	  

(m
g)
	  

Weight	  Difference	  of	  1	  HW	  Treated	  Structures	  (mg)	  

Average	  Weight	  Differrence	  of	  Structure	  in	  2	  Hindwings	  and	  1	  
Hindwing	  Treatments	  



Figure 6 
 
 

 
 
 
 

y	  =	  -‐0.834x	  +	  146.27	  
R²	  =	  0.26462	  
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