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ABSTRACT

Begging behavior in nestling birds presents a paradox of sorts to the trained evolutionary biologist [?]. Parent birds do indeed respond to begging signals with increased food provisioning to nestlings, yet nestlings abstain from constant barrages of signals (1, 4, 8). Current evolutionary theory has focused a lens on the so called “problem of deceit” in signaling systems (11). Better phrased as a lay question, “What keeps the cheaters from winning?” Nestling birds do not signal constantly, and we as behavioral ecologists want a proximate explanation for the apparently paradoxical evolution of reliable information transfer between parent and child. We have generated a theoretical model on STELLA software that incorporates a Lotka-Volterra scaffold [scaffold seems a bit jargony – just say it is based on Lotka-Volterra model] including a single parent and two nestlings (9). Our model addresses [considers?] the effects of nestling size, metabolism, latent energy, and signaling intensity on food provisioning by the parent bird. By incorporating a variable “deceit” coefficient governing allocation of energy towards signaling, we were able to explore the effects of differential energy allocation, as well as the effect of sibling competition, on nestling growth.  We find, within the context of our initial conditions and assumptions [good qualification], that the optimal amount of energy a nestling “should” allocate to signaling may actually be less than its current “need” calls for (here we define need as the ratio of nestling size to latent energy) [is this for a bird that is alone or that shares the nest?  Seems like an important condition to indicate]. We have termed this the “under-representation paradox,” a fruitful area of potential future study. “Deceit” can also reward [?] a nestling with growth, but only relative to its sibling, and only up to certain point. This model presents a possible mechanistic explanation for energetic cost regulation of parent-child signaling systems, and supports current theory of cost-mediated signal reliability (3, 7, 6, 11).
BACKGROUND
In behavioral ecology, a “signal” is a behavior or trait, fashioned and maintained through natural selection because it conveys information to other organisms. Signals are necessary, particularly in social species, because they convey information about one individual’s state of being or intent (the signaler) to another individual (the receiver). The signaler signals with the “intent” of influencing the receiver to do something to benefit the signaler. The receiver uses the information in the signal to make a decision that will best benefit the receiver. In some situations the signaler and receiver are entirely at odds, and what best benefits the signaler is opposite that which best benefits the receiver. However there are some situations in which benefits overlap, but are not completely identical (1, 5, 11). [nice explanation]
One of these situations is parent-offspring interactions. Behavioral ecologists have long applied a synthesis of optimality theory and game theory to the investigation of parent-offspring signaling systems. Both signaler (offspring) and receiver (parent) “want” [i.e., it is in their interest] the signaler to survive to become a reproductive individual. In an ideal situation the parent could dedicate all its time and energy to feeding that offspring, while still having all its time and energy to feeding its other offspring and itself. Since this is not possible, there are tradeoffs. There is competition between offspring for resources, and there is a kind of competition between parent and offspring since the parent wants to have enough energy to create and feed more offspring in the future (11).

The theory surrounding the evolution and maintenance of signaling requires the signal have a cost to keep it honest, or rather the information in the signal accurately corresponds to the condition of the signaler [aren’t these two different things?]. Without a cost, any individual can signal at top intensity. If every signaler is deceitful, then the signal receivers cannot accurately respond to need. In the case of nestling birds signaling food need to their parents the interests of the nestlings and the parents largely overlap (1,11). The nestling will have the greatest fitness if it gets as much food as possible, and the parents will also have the greatest fitness (through the reproductive value of the nestlings) if all of its offspring get all of the food they need. There is a conflict of interest because the parents have a limit to the amount of food they can provide, and it does not benefit the parents to provide food to a nestling that doesn’t need it if there are other nestlings that do need it. Thus it pays the parents to respond to a signal that the nestling needs food, but only if that signal is honest.

 No group of organisms, in this regard, has been better studied than the avian clades. Our goal was to construct a model to investigate how potential fitness costs associated with nestling begging can render begging signals into “honest” statements of the offspring’s fitness, as well as determine how parent birds divide resources among a brood (5, 8,). It is standard in behavioral ecology to assume that there must be some cost, physiological, predatory, parasitic, etc., associated with begging; this model will additionally allow inquiry into situations where begging signals have no associated fitness costs (11). Will there still be “honesty” in signals and need-based resource allocation among offspring?
[Much of the intro text in this paragraph is nearly identical to the text in the paragraph two paragraphs up!] The theory surrounding the evolution and maintenance of signaling requires the signal to have a cost to keep it honest. Without a cost, any individual can signal at top intensity, leaving open the possibility of deceit. Here “deceit” means that a signaler can manipulate a receiver by sending a signal that does not accurately correspond to the signaler’s condition (11). If every signaler is deceitful, then the signal receivers cannot accurately respond to need. In the case of nestling birds signaling food need to their parents the interests of the nestlings and the parents largely overlap. The nestling will have the greatest fitness if it gets as much food as possible, and the parents will also have the greatest fitness (through the reproductive value of the nestlings) if all of its offspring get all of the food they need. There is a conflict of interest because the parents have a limit to the amount of food they can provide, and it does not benefit the parents to provide food to a nestling that doesn’t need it if there are other nestlings that do need it. Thus it pays the parents to respond to a signal that the nestling needs food, but only if that signal is honest. [ Remove preceding paragraph?]
The problem is that evidence suggests that energetic, metabolic costs to nestling signaling, while significant, are very low (3, 7). Predation costs for signaling have been found for species that nest close to the ground, but this is only in a few observed cases (2). There is some question as to whether these costs are large enough to keep signaling honest. We set out to create a model that investigates a how energy allocation in nestlings affects their growth rate and size at fledging when signaling costs are factored into the situation. [OK, this is fine, but I think you could build a stronger and clearer “gap in knowledge” that the model is designed to fill.  My sense is that your question is really more focused on using a model to assess plausible mechanisms that may or may not actually be operating in nature.  It is important to let your reader understand that your goal is to explore what is possible rather than what is necessarily so]
METHODS

This model was created on STELLA software using a basic Lotka-Volterra differential equation scaffold for the baby-parent relationship (9). Parent energy was modeled as a first order growth with losses to feeding each individual baby. Babies were given a stock of latent energy [define what you mean by latent energy] with an inflow of energy from feedings, and three outflows: growth, metabolism, and signaling. Growth flow was dependent upon baby latent energy, and corresponded to a proportional inflow into a stock of Nestling Size. Metabolic flow was then an entropic flow out of baby latent energy, linearly [i.e. first order?] dependent on nestling size. Signaling energy out of latent energy flowed into a secondary stock of Energy to Signal, which was proportional to the baby’s signal intensity. This flow was proportional to the nestling’s size times its latent energy. The outflow of energy out of the parent energy stock was thus proportional to the energy contained in the baby’s Energy to Signal stock. Outflow from the energy to signal stock was dependent on the condition of the stock compared to the Nestling Size divided by Baby Latent energy (called NEED in the model). If Need was less than Energy to Signal, the outflow activated and drew energy out of the Energy to Signal stock. This was meant to be representative of a baby emitting energy in the form of a signal adequately reflected its need. 

A deceit coefficient was factored into the flow between Baby Latent Energy and Energy to Signal. This coefficient was manipulated to shunt a varying percentage of Baby Latent Energy into Energy to Signal. This coefficient served as a great source of potential variation in the model. A death coefficient was added to crucial flows in both the parent and baby sectors to shut down flow if either bird’s respective latent energy dropped below a critical level. Two nearly identical baby sectors were thus created. The second baby, however, had a birthday coefficient which allowed researchers to vary its time of birth relative to the first baby. See Appendix A and attached model interface and skeleton for further information.
RESULTS
We ran the model first with only one nestling, to test the dynamics that arose from our model when it was as simple as possible. First we ran it with the deceit coefficient set at 1 as a control run [makes sense]. This caused the amount of energy flowing from Latent Energy to Energy to Signal to be solely a function of Latent Energy and Nestling Size (Latent Energy * Nestling Size). This gave us the control size of the nestling, which was 35 grams. For the second run we set the deceit coefficient at 3 to represent an over-representation of need, because in this case the bird would be allotting more energy to signal than is necessary. During this run, the nestling grew to be 24 grams, 11 grams less than the control run. For the final run, we set the deceit coefficient at 0.3 so that less energy would be allotted to signaling, representing an under-representation of need. In this case the nestling grew 28 grams larger than the control run, and peaked at 63 grams. The results from this test can be found in Table 1.

	Honest Signaling


	35 g



	Deceit = 3: Over-Represents Need


	24 g



	Deceit = 0.3: Under-Represents Need


	63 g
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The next several runs were designed to test the additional dynamics that arose when another nestling was added. Both nestlings were identical, so each nestling sector showed identical dynamics and final nestling size. These runs were similar to the runs for one nestling: for over-representation of need we set the deceit coefficient at 3, and for under-representation it was set at 0.3. 


The control run, with both nestling’s deceit coefficients at 1, brought the nestlings to a final weight of 24 grams. When both over-represented, they both each reached 12 grams, but the mother died at time 2292 [seems to me that a parent would almost always stop feeding if they were likely to kill themselves by doing so – if the parent dyes no genes will be perpetuated, if the offspring dyes the parent has a chance of reproducing again.  So I would suggest setting the model up so that the parent always takes care of their own basal metabolic needs firs]. After this time, the signaling intensity of both nestlings spiked due to the increases “need” (baby’s size divided by its latent energy), after which both nestlings died. When both nestlings under-represented their need equally, they each grew to 44 grams. See table 2. 


To measure competition between nestlings, we conducted two tests in which their deceit coefficients were set at different values. For the first test, baby 1 over-represented his need, while baby 2 had his deceit coefficient set at 1. In this scenario, baby 1 reached 16 grams, but died at time 2322 due to complete exhaustion of its latent energy store. Baby 2 lived on after the death of his sibling, increasing his size at a greater rate after sibling mortality, growing to be 21 grams.

The next test had baby 1 under-representing his need (deceit coefficient set at 0.3) and baby 2 being honest. In this case baby 1 grew to be 23 grams, slightly less than the control group, and baby 2 grew to 32 grams. These results are in Table 2 as well. In the latter scenario, baby 1 under-represents and baby 2 is honest. Although when there is only one nestling this is a decent strategy, and results in a much larger size, the dynamics change when there are two nestlings acting independently. The baby that under-represented grew to a smaller size, while his brother grew larger. 


We also ran the model with baby 1 being just a little dishonest, having his deceit coefficient set to 1.1, and his brother being honest. Although in all other examples over-representing need was detrimental to final nestling size, in this case it actually benefited baby 1, who grew to be 25 grams, while his brother reached 23 grams (see figure 1). 
	Pair 1 – Both honest


	Baby 1


	24 g



	
	Baby 2


	24 g



	Pair 2 – Baby 1 Over-Represents (deceit = 3)

	Baby 1


	16 g *



	
	Baby 2


	21 g



	Pair 4 – Both Over-Represent (deceit = 3)

	Baby 1


	12 g **



	
	Baby 2


	12 g **



	Pair 5 – Both Under-Represent (deceit = 0.3)

	Baby 1


	44 g



	
	Baby 2


	44 g



	Pair 6 – Baby 1 Under-Represents (deceit = 0.3)

	Baby 1


	23 g



	
	Baby 2


	32 g
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[Not clear why there are three outcomes in second scenario]




DISCUSSION

When run with only one nestling, our model suggests that over-representing need is directly detrimental, and that under-representing need can be beneficial. When honest, the single nestling grew to 35 grams, but only reached 24 grams when over-representing need (deceit = 3). This suggests that by allocating more energy for signaling, the nestling has less energy for growth [of course this is very much a function of how costly you made signaling in your model]. Although more food may be coming in, much of that energy is being used to signal more. This is detrimental to the nestling in the long run because at fledging, it isn’t as fit. When over-representing, it only grew to be 68% of the weight it was when honest.


Under-representing need can be beneficial for a single nestling [interesting]. In this case, much more energy is being used for growth than for signaling early in the nestling’s life, so although less energy is coming in, the energy is essentially being used much more efficiently for growth. This would suggest that nestlings should signal less than their actual need, in order to use the energy for other processes. Our model may assume a higher cost of signaling than is found in nature [yes], but the pattern would still emerge if a bird-parenting system were structured as our model (2, 7) [not clear what you mean by structured here – do you mean in terms of energetic costs or in terms of the nature of feeding relationships?].


When a pair of nestlings coordinates (i.e. displays identical behavior), similar results arise. When both are honest they each reach 24 grams, when over-representing they each reach 12 grams, but die from over-working the parent, and when both under-represent they each reach 44 grams. The same mechanisms are at work here, and since in all three scenarios both babies have the exact same deceit-coefficient their results are also the same. In the scenario where both are over representing, there is an additional cost of high signaling: the mother bird dies at time 2292. As both nestlings die soon after, this would suggest that there is an additional evolutionary incentive not to signal too intensely.


It would seem from our model that nestlings should under-represent their true need when signaling. However, in nature nestlings do not work coordinately (10). The dynamics change when the nestlings have different deceit coefficients, which is more realistic [why is it realistic?]. When one baby over-represents, both babies suffer, because the over-representing baby saps more of its mother’s energy. In our scenario the over-representing (deceit = 3) baby only grew to 16 grams (as opposed to the control 24 grams), while his brother (deceit = 1) only grew to 21 grams. Additionally, in this scenario the over-representer died at time = 2322, leaving his “honest” brother alive to reap the benefits of a less encumbered parent.

Although a single nestling benefited from under-representing, the addition of a second, honest nestling caused the under-representer to reach a smaller final size than the honest sibling. In this case, instead of using all its energy for growth and growing to a bigger size, the baby that under-represented only grew to 23 grams, while his brother grew to 32 grams. Since the first baby was signaling less, all of the food the mother would have given him was given to his honest brother. The under-representing nestling was out-competed by his brother; the mother seemed to pay more attention to his brother.


Additionally, when one nestling slightly over-represented need, he actually benefited. In the scenario where baby 1 had his deceit coefficient at 1.1, he grew an extra gram and his brother grew a gram less (than in an identical honest scenario). This would suggest that by very slightly over-representing need, a nestling can get more food from the mother bird and grow to be more fit than its sibling. [Is it the case that fledglings tent to beg more when there are more offspring?  I would expect this because they have to be heard over the surrounding noise.  This would not really be over representing, but it would still cost more energy]

These results suggest that when a nestling signals, the nestling is sacrificing energy he could have used for metabolism and growth. This is in part due to the structure of our model, but still makes sense as a nestling has a single inflow of energy, and energy used for one function means less energy available for another.


Our model assumed that the size of the nestling at fledging is directly proportional to the nestling’s fitness. There are other factors in nature that determine fitness, and this is a simplified version. Weight does seem to play a large role and can be largely influential in the chances of survival (11). With that in mind, our model suggests that it is never beneficial to a single nestling to over-represent need. For a pair of nestlings, the over-representer will usually die, but there are instances, such as sibling rivalry [how are you defining this as distinct?], where over-representing does benefit the individual. This over-representing must be very slight, otherwise the nestling won’t grow as large, or the siblings will over-work the mother and she will die.


It benefits the babies to signal less than is necessary, because more energy is used for growth, which increases overall fitness. However, this only works for a single nestling or coordinated nestlings, which is uncommon. Even in cases where under-representing is beneficial, this is only to a certain point, because below that level the nestling won’t be fed enough to maintain basic metabolism, and will die.


Our model supports [is consistent with?] current theory that energetic signaling costs are one possible mechanism  that can be used to [?] maintain signal reliability over evolutionary time (1, 11). Although deceit can be beneficial, the birds must be coordinated, which is something that doesn’t occur often in nature. If one bird were to under-represent, a “smart” sibling could simply be honest and would out-compete the deceitful brother. As both options are detrimental, any sort of deceit must be slight, other wise the system would fall apart (read: parental death).


The under-representation paradox, the fact that under-representing actually benefits a signaler, in our model is an unexpected result. This is due partially to the fact that, in our model, energy allocated to signaling is proportional to nestling size [I wonder the extent to which this is true, it probably wouldn’t be a linear dependence anyway]. A baby bird can put a lot of energy into growth right away, and once it is bigger make stronger signals. In this way the baby sets itself up to win in the first several time units.


The presence of a competing sibling can alter the nestling’s optimal signaling strategy, which also is common in nature (10). When two birds end up competing for the same resources, deceit tends not to be beneficial, and the best option usually is to be honest. Future research can focus on integrating empirical data for nestling metabolism and energetic fluctuations throughout a nestling’s life. Additional work could be done in considering how to formulate a model that includes fitness costs such as predation or parasitism. The paradox of under-representation is a fascinating one that also deserves attention in future experimental studies.
Appendix A: Coefficients, Initial Conditions and Equations
B1 = Baby One’s Latent Energy, initial = 10 Kcal
B2 = Baby Two’s Latent Energy, initial = 10 Kcal
E1 = Baby One’s Energy to Signal, initial = 0 Kcal
E2 = Baby Two’s Energy to Signal, initial = 0 Kcal
P = Parent’s Latent Energy, initial = 10,000 Kcal
S1 = Baby One’s Size, initial = 1 grams
S2 = Baby Two’s Size, initial = 1 grams
k1 = Baby One’s Deceit Gene Coefficient, varies, default = 1
k2 = Baby Two’s Deceit Gene Coefficient, varies. Default = 1
h = Baby Two’s Birthday, varies
c = Conversion Efficiency coefficient, =  0.1
p = Parent’s Energy Intake coefficient, = 0.04 hour-1
f = Feeding efficiency = 0.0008 hour-1
g = Baby’s Growth Rate coefficient (same for baby 1 and 2), = 0.2 hour-1
b = Basal Metabolism coefficient (same for baby 1 and 2), = 0.01 Kcal/gram*hour
q = Baby’s Signal Energy Loss coefficient (same for baby 1 and 2), = 1 hour-1
w = grams per kilocalorie converter (same for baby 1 and 2) = 0.02 grams/Kcal
n = Need per kilocalorie converter (same for baby 1 and 2) = 1 Kcal*Kcal/g
db1 = Baby One’s death indicator, = 0 If B1 < 0.001
db2 = Baby Two’s death indicator, = 0 If B2 < 0.001
dp = Parent death indicator = 0 If P < 50
· Parent’s Latent Energy:

P(t) = P(t-dt) + (P*p*dp) – [(P*f*E1*db1) + (P*f*E2*db2)] * dt

· Baby One’s Latent Energy:

B1(t) = B1(t-dt) + [(db1*P*p*dp*c) – (B1*g) – (B1*k1*S1) – (S1*b)] * dt

· Baby One’s Energy to Signal:

IF: E1 < (n*S1/E1) 

THEN: E1(t) = E1(t-dt​) + (B1*k1*S1) * dt

ELSE: E1(t) = E1(t-dt​) + [(B1*k1*S1) – (E1*q)]  * dt

· Baby One’s Size:

S1(t) = S1(t-dt) + (E1*g*w) *dt

· Baby Two’s Latent Energy

IF: t < h

THEN: B2 = 10 Kcal

ELSE: B2(t) = B2(t-dt) + [(db2*P*p*dp*c) – (B2*g) – (B2*k2*S2) – (S2*b)] * dt

· Baby Two’s Energy to Signal

IF: t<h 

THEN: E2 = 0

ELSE: IF: E2 < (n*S2/E2)


THEN: E2(t) = E2(t-dt​) + (B2*k2*S2) * dt


ELSE: E1(t) = E2(t-dt​) + [(B2*k2*S2) – (E1*q)]  * dt

· Baby Two’s Size:

IF: t<h 

THEN: S2 = 1

ELSE: S2(t) = S2(t-dt) + (E2*g*w) *dt
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Criteria

E.2)  Research model: Documentation and summary report (3-5 pgs)

Documentation is written in the form of a brief scientific paper.  I recommend that you look in the orange notebook of modeling papers on reserve in the Science Library for a sense of how to structure your report.  Include the following sections in your report:

· Abstract: One paragraph summarizes objectives, approach, findings and conclusions. Good, see comments inserted
· Introduction: Provides sufficient, well researched, background on the topic for the intended audience.  Reviews relevant literature and includes appropriate citations. Clearly states objectives/questions/hypotheses of project and describes why the subject is worthy of study, and why modeling provides a useful approach. At least implicitly identifies audience. You have a nearly duplicated paragraph – proof reading should have removed this!  Overall well written and good context.
· Methods/approach: Describes the dynamic simulation modeling approach as it relates to your research. Describes the structure of your model. Explains choice of state variables. Explains equation formulations [e.g. "we used a multiplicative Michaelis-Menton type equation to describe the growth of the pond weed Elodea sp. as a function of nitrogen concentration and light intensity (Madden et al., 1998)"]. Describes how you calibrated and "validated" your model (if applicable). Describes simulation scenarios used. Fine
· Results: Includes graphs of STELLA output. Describes and explains your results and findings. Yes, STELLA output hard to read
· Discussion/conclusions: Interprets the significance of your work. Points towards future potential work of interest and new questions raised.  Be certain that all figures have text legends and that the x and y-axes on all graphs are clearly labeled with units. Yes, see comments embedded and below.
· Literature cited: Cite at least three sources.  Uses literature cited format of American Naturalist.  Excellent
· Figure legends: these are blocks of text that describe figures in sufficient detail that someone can interpret without reading (this is different from internal legends). Be sure to number both figures and figure legend.  Yes
· Appendices: One appendix includes equations and coefficients. A second describes the separate role of each group member in developing and implementing the project. Yes
Elise, Eli and Ian:

You have done an outstanding job with the model project.  Excellent job of creatively applying what you have learned in both this course and behavioral ecology to create a novel model.  The only thing I would say is that I think you should place greater emphasis on exploring what this kind of a model does and does not tell you about nature.  It strikes me that you would do well to acknowledge that you are making a wide range of assumptions that may not be true – e.g. regarding the costs of signaling.  The aspect to stress is that you are exploring what is possible.  The value of this type of model is in suggesting plausible hypotheses.  I confess that I remain a bit confused about the concept of “under representing”.  Couldn’t one say that, almost by definition, if you signal less and gain more weight then you are not under representing your need?  Aren’t you only under representing in the sense that you are signaling less than your modelers thought would be optimal?  At any rate, very nice work.  See extensive comments in your text.
Nice presentation in class as well.  Your talk was well organized and appeared to be well-rehearsed.  Your answers to questions indicated that you know the topic and also had an excellent understanding of your model.  The Powerpoint effects were a bit out of hand, but I will let that slide…
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* Died at 2322 time units





** Died at 2292 time units, due to parent mortality
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FIG 1: Scenario run with nestling 1 (upper graph) deceit set at 1.0, with nestling 2 (lower graph) deceit set at 1.1. Nestling 1 achieves maximum size of 23 grams, nestling 2 receives maximum size of 25 grams. [text in graphs is too small to easily read.  It is very confusing that you are using different scales in the two graphs – this makes comparison difficult]
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