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Essay 

Love in the leaves: Does tent quality influence female mate 

choice in tent-making bats? 
Author: Maisy Inston Illustrator: Maisy Inston 

Abstract 

The first case of tent making in bats was described in 1932 (Brooke, 1990) in the species Uroderma bilobatum, 
the Tent-Making Bat (Fig.1). It is now known to occur in three different bat tropical families – 
Vespertillionidae, Phyllostomidae and Pteropodidae (Brooke, 1990). Tents are made by chewing along ridges 
on the undersides of leaves, causing the sides to droop. The bats then roost under these tents, safe from 
predators and adverse weather conditions (Kunz et al., 1994; Stoner, 2000). Tent making bats generally have 
harem-based mating systems, where one male will defend and mate with a group of females. Given that tent 
making has only been observed in male bats (Kunz et al., 1994; Tan, Zubaid and Kunz, 1997; Chaverri and 
Kunz, 2005), this literature review aims to assess whether tent quality influences female mate choice and 
reflects the quality of the male – similar to the system found in bower birds (Borgia, Pruett-Jones and Pruett-
Jones, 2010). The literature review will also explore the tent-making habits and social structures of seven 
species of bat. Whilst tent-quality as an influencer of female mate choice can be ruled out in some species, 
there is still a possibility that it can occur in others – a fascinating area for future research. 
 
Introduction 

 
Figure 1: An illustration of a tent making bat (Uroderma bilobatum) 

 
There are a number of different types of tent found across the different species of tent making bat, such as 
apical, stem, palmate umbrella, and boat tents (Fig.2). Tent styles can depend on the species of plant whose 
leaves are used (Kunz et al., 1994). For example, Cynopterus brachyotis (the lesser short-nosed fruit bat) uses 
palm leaves to make palmate umbrella tents, and leaves from Scindapsus aureus to make apical tents (Tan, 
Zubaid and Kunz, 1997). Some species, such as Cynopterus sphinx (the greater short-nosed fruit bat) only 
make stem tents, but use a range of plants (Storz et al., 2000) – whereas others, such as Ectophylla alba (the 
Honduran white bat) will only make boat tents from leaves of Heliconia plants (Fig.2).  
 
The longevity of the tent relies on the species of plant it is made of. Some tents have been known to last up to 
9 months (Kunz and McCracken, 1996), whereas those made of Heliconia sp. or Musa sp. last for less than a 
month (Chaverri and Kunz, 2005). 
 
 
As well as providing shelter for the bats, the tents provide a flexible roost location (Brooke, 1990; Stoner, 2000) 
and in the case of C. brachyotis, male bats will make several tents (Tan, Zubaid and Kunz, 1997). Interestingly, 



 

 4 

Essay 

in the case of E. alba, the tent can influence the bat’s camouflage, and it is suggested that the unusual white 
fur of the species reflects the surrounding green of the leaf tent, reducing the risk of being spotted by 
predators (Brooke, 1990).  
 
Tents act as important defendable resources for males (Kunz and McCracken, 1996), and possibly drivers for 
resource defence polygyny (when one male mates with many females, and defends a resource, such as a tent, 
from other males to gain access to females) – such as that observed in C. sphinx (Storz et al., 2000). 
 

Figure 2: These illustration show examples of tent construction and tent use. 
 

Social Structure 

It is thought that tent-making may have evolved through the harem systems observed in tent-making bats 
(Kunz et al., 1994), although these systems are quite common and have been observed in cave roosting 
Artibeus jamaicensis, the Jamaican fruit bat (Fig.3), which is also known to make tents (Brooke, 1990), and 
non-tent-making bats such as Saccopteryx bilineata, the greater sac-winged bat (Heckel, 2002) (Fig. 4). The 
harems can consist of very few females; for example, C. brachyotis was observed in harems of one to four 
individuals (Tan, Zubaid and Kunz, 1997). Other species can have much larger groups of females, such as A. 
jamaicensis, which has been observed with harems of up to 37 females (Storz, Bhat and Kunz, 2000) – in each 
of these cases, the females are guarded by just one male (Brooke, 1990).  
 
After the birth of pups, the previously co-habiting mixed-sex roost groups of E. alba segregate into nursery 
colonies and groups of males known as bachelor groups (Brooke, 1990). The nursery colonies consist of 
females, their young, and a single adult male who defends access to the tent (Brooke, 1990). This pattern of 
segregation seems quite common in tent-making bats, although bachelor groups have not been observed in C. 
sphinx (Storz, Bhat and Kunz, 2000). 
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Figure 3: A Greater Sac-Winged Bat 

(Saccopteryx bilineata) 

Figure 4: A Jamaican Fruit Bat (Artibeus 

jamaicensis) 

 

In five species, tents were observed containing just one male (Brooke, 1990; Tan, Zubaid and Kunz, 1997; 

Storz et al., 2000; Storz, Bhat and Kunz, 2000; Kunz and McCracken, 1996). It could be possible that these are 

males waiting to acquire a harem of females, or perhaps males that did not get to defend a maternity roost of 

their own due to the high level of variation in mating success observed in each breeding season. This is due to 

there being a higher harem sex ratio than adult sex ratio in the total population (Storz et al., 2000). 

There are three models of polygyny observed in nature: resource defence polygyny (where females chose 
males based on their ability to defend resources that improve female reproductive success), harem defence 
polygyny (where males directly defend groups of females), and sororal polygyny (where females chose males 
based on the quality of the females he already possesses). Tents may be considered resources that improve 
female reproductive success (Kunz and McCracken, 1996), and so drivers of resource defence polygyny. This 
has been confirmed in C. sphinx (Storz et al., 2000), A. jamaicensis (Morrison, 1979 as cited by Brooke, 1990) 
and may be the case for other species as well. In C. sphinx, females are observed to stay in fairly fixed groups 
of individuals (Storz, Bhat and Kunz, 2000). This could possibly be an example of sororal polygyny, as shared 
parental care in maternal colonies of bats is very common, and occurs in E. alba (Brooke, 1990). 
 
 
Female Mate Choice and Tent Quality 

 
It has been suggested that the quality of the tents made by males may influence female mate choice (Kunz 
and McCracken, 1996; Kunz et al., 1994; Tan, Zubaid and Kunz, 1997) in a mechanism analagous to that 
employed by female bowerbirds- who may select a mate based on how well he has constructed his bower 
(Borgia, Pruett-Jones and Pruett-Jones, 2010). Observations such as higher male fidelity to a specific tent 
(Storz et al., 2000; Chaverri and Kunz, 2005) support this. Similarly, how well the tent is constructed may give 
an indication as to the fitness of the male. If the male is diseased or malnourished, he may construct a 
substandard tent compared to a healthier male, whose offspring may be more likely to survive.  
If this is proved to be true, some sexually dimorphic species of tent-making bat, such as C. brachyotis (Tan,  
 
Zubaid and Kunz, 1997), may have sneaker male dynamics such as those observed in the peacock blenny 
(Salaria pavo) (Goncalves, Fagundes and Oliveria, 2003). This is when males imitate females in size and 
colouring, allowing them to enter the territories (or in this case, tents) of dominant males, and mate with the 
females undetected. 
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However, there are a number of aspects which suggest that female mate choice may be based on other 
aspects of tent-making bat ecology. For example, Kunz, August and Burnett (1985) suggest that harem 
maintenance and acquisition in A. jamaicensis is size related, based on the observation that males with 
harems seemed older and larger than the males found in bachelor groups. Likewise, a study on C. sphinx 
concluded that there was no evidence to suggest that tent occupancy was influenced by how the tents were 
constructed architecturally (Storz et al., 2000). 
 
Interestingly, a study on Artibeus watsoni (Thomas’s fruit-eating bat) observed that young male and female 
bats occupied low quality tents due to better tents being already taken by older, more territorially established 
individuals (Chaverri and Kunz, 2005). In this case, tent quality appears to give an indication of the age of the 
bat, so there is still some form of social signal to be obtained from tent quality. 
 
Conclusion 
 
Tent making is a fascinating trait of some tropical bat species, and their harem-based social systems are 
complex, involving resource defence polygyny.  
Whilst tent quality as a factor in influencing female mate choice can be ruled out in C. sphinx, there is an 
absence of studies specifically looking at this system in other species of tent-making bat. Perhaps tent quality 
can be quantified using criteria such as size or predator accessibility outlined in Stoner’s research paper 
(2000); and mate choice perhaps by the number of females roosting in the tent. If these studies found that 
tent quality correlated with female mate choice, it could be interesting to look for dynamics such as sneaker 
males. Understanding female mate choice is crucial to discovering more about how sexual selection can 
influence the evolution of behaviours, and may have an important role to play in tent-making.  
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Could NAD+ be a biological clock? 

Author: Charlie Lamb 

Introduction 

 

How can we measure age? Of course, there is the astronomical approach, but this tells us nothing about 

biology aside from our degree of exposure to cytotoxins and ionising radiation. Senescence is the term for 

biological aging, described as the gradual deterioration in the function of an organism, bringing about an 

increased susceptibility to disease. ‘Senescence is a far more informative parameter of age than that years 

elapsed on earth. For example, it is a much more accurate indication of how a patient may respond to surgery. 

A good biological clock would measure a biomarker with the following properties: its concentration must be 

correlated with age, be easily measurable, and be involved in the aging process itself. This review will focus 

on the evidence for measuring intracellular NAD+ concentration as a biomarker of aging.   

Nicotinamide adenine dinucleotide (NAD+) is an organic enzyme cofactor that is able to transfer electrons or 

protons in metabolic processes. It is made of two groups: nicotinamide, where it is oxidised or reduced, and 

acetyl-ADP-ribose. Additionally, it is a co-substrate for metabolic enzymes involved in aging, notably the 

sirtuins and the PARPs (poly ADP ribose polymerase), both of which consume NAD+ in their function. When 

such enzymes use NAD+, the bond between nicotinamide and acetyl-ADP-ribose is broken, forming 

nicotinamide as a by-product (T. Zhang, et al., 2009). NAD+ concentration has been found to decrease 

naturally with age (Braidy et al., 2011) meaning that NAD+ is implicated in cellular senescence (D. V. Ziegler et 

al., 2015).  

 

 

 

 

 

 

Fig. 1: The cleavage of NAD
+
 acting as a co-substrate (E. Verdin, 2015) 

An example linking NAD+ dependant proteins to ageing are a class of signalling enzymes known as the 

sirtuins. Sirtuins use NAD+ to deacylate lysine residues on protein targets and modify their function (W. Li 

and A.A. Sauve, 2014). For example, SIRT1 acetylates PGC-1α, a transcriptional coactivator that regulates 

metabolic gene expression leading to increased metabolic activity (M. N. Sack and T. Finkel, 2012). Sirtuin 

enzymes have been described as having protective effects against senescence as several studies have found 

that knocking out the genes encoding these enzymes leads to accelerated aging and increased oxidative 

damage (C.Sebastián, et al., 2012). However, this evidence contains discrepancies as the sirtuin enzymes have 

been shown to act on a variety of proteins (B.J. North and E. Verdin, 2004). Therefore removing them from 

the cell entirely via ‘knock-out’ studies would disrupt many metabolic processes, any of which could also be 

attributing to advanced aging.   
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NAD+ concentration is also linked to DNA repair. Enzymes known as PARPs are responsible for transferring 

ADP-ribose groups from NAD+ to a protein target (L. Virág, C.Szabó. 2002). PARP-1 localises in the nucleus, 

and is activated upon DNA damage to repair and maintain genomic stability). These enzyme classes, the 

PARPs and the sirtuins, link NAD+ concentration to both metabolic regulation and DNA repair. Therefore, we 

can assume that as NAD+ concentration decreases with age, so does metabolic function. This is due to 

decreased sirtuin activity and DNA repair through decreased PARP activity. These two cellular dysfunctions 

have been shown to play a role in aging (J. Viña, et al., 2007) and thus NAD+ concentration could be a good 

measure of the decreasing function associated with senescence.   

NAD+ concentration declining with age has been shown in a study that investigated the intracellular NAD+ 

concentrations in the different organs of rats, finding a substantial decrease between 3 months and 24 

months of age (N. Braidy, et al., 2011). The mechanisms for this decrease are currently unclear but recently 

CD38, an NADase enzyme, was identified as a cellular NAD+ regulator that can decrease NAD+ concentration 

by hydrolysing the molecule as well as degrading its biosynthetic precursor NMN (E. N. Chuni, 2009). The 

fact that tissues have different NAD+ concentrations that decrease at varying rates with age introduces the 

possibility of an NAD+ map - a representation of NAD+ concentration in different parts of the body. This 

could potentially be used to measure the biological age of individual organs, and even predict the likelihood 

of problems developing in specific tissues via their biological age. However, more research needs to be 

conducted to understand why NAD+ concentrations decrease with age and the underlying mechanism  

 

 

 

 

 

 

 

 

Fig. 2: Graph showing decrease in NAD+ concentrations in several rat organs with age (N. Braidy, et al. 2011)                   

One final reason as to why NAD+ could be an effective biological clock is that its concentration is relatively 

simple to measure. NAD+ assay kits are readily available to buy from biotechnology companies (Abcom, 2012) 

which use an enzymatic method to measure NAD+. Whilst this is a straight forward technique that could 

theoretically be carried out in a clinical setting, there still remains the question of where in the body to 

measure NAD+ concentration. Skin cells immediately stand out due to their ease of sample collection. 

However, these cells are most exposed to damage, so may not be representative due to lower NAD+ 

concentrations.                                     
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NAD+ concentration shows potential as a biological clock for a number of reasons. It decreases at an almost 

linear rate with age and is essential for the activity of enzymes that protect against aging and its key causes, 

(i.e. DNA damage and metabolic dysfunction). It has also proven easy to measure through enzyme assays that 

can be obtained cheaply. There are drawbacks of using NAD+ concentration as a measure of age. Firstly, is 

that it is unclear which cells give the best indication of biological age. In addition, the role of NAD+ in the 

aging process is not completely understood, as most studies use knock-out genetics as evidence, which is not 

conclusive enough. The area showing the most promise is the concept of an NAD+ map, a measure of how 

much NAD+ is in each part of the cell and how its concentration varies around the body. Understanding this 

would further our knowledge of NAD+, its role in aging, and why its concentration decreases as we age.    
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Targeted protein degradation as a new avenue for drug 

discovery  
Author:  Abbie. MacMillan-Jones 

Abstract 

Emphasis is constantly being placed on the development of novel technology in the context of new medicines, 

and with many diseases lacking viable treatment options researchers are looking for new ways to target 

problematic, disease-causing proteins. Developments in the understanding of cellular sciences and drug 

discovery have allowed the creation of proteolysis-targeting chimeras (PROTACs), a novel class of molecules 

which manipulate the cell’s own degradation machinery to cause the breakdown of a specific target protein. 

As many diseases are characterized by an elevation in cellular protein levels, a technology able to lower these 

levels back to a physiologically normal state is an attractive option in treatment. With promising in vitro/in 

vivo data, and applications in numerous disease settings, clinical trials of PROTAC based medicines may 

occur in the next few years. 

Introduction 

In the age of innovative drug discovery, new advancements in the field of biomedical research are becoming 

increasingly important in the development of new therapies for traditionally untreatable diseases. 

Overington, Al-Lazikani and Hopkin’s (2006) review of molecular drug targets reported that there are 

currently 324 effect-mediating targets with approved drug treatment by the FDA (Food and Drug 

Administration). Actual estimates may vary, but a current approximation for the number of genetic targets 

linked with a disease-causing mutation is 3,825 (OMIM, 2017) . Clearly this leaves a large gap between current 

approved treatments and disease targets, hence the drive behind new, innovative research. While efforts such 

as the Human Genome Project identify thousands of disease-associated proteins (NHGRI, 2017), previous 

attempts to pharmacologically modulate many of these targets have failed.  This may be, partly, due to the 

lack of active binding sites for drugs to pharmacologically inhibit, hence preventing them from being targeted. 

As interest in ways to modulate these undruggable targets grows, a novel class of molecules known as 

proteolysis-targeting chimeras (PROTACs) have attracted the focus of numerous research groups. In Greek 

mythology, the word ‘chimera’ refers to a monster made up of several different parts. Here, it is applied to 

describe a molecule with three separate residues: a target protein binder, a variable linker and an E3 ligase 

binder (Gadd et al., 2017), as shown in Figure 1 PROTACs can manipulate the cell’s ubiquitin-proteasome 

system to cause degradation of a specific target protein, and could potentially be used in treatment of 

diseases characterised by an elevation in protein levels. 

 

 

 

 

 

Figure 1: A diagram of a single PROTAC molecule. This displays a binder to the target protein, a linker chain 

which can vary in length and an E3 ligase binder. 
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PROTACs and the Ubiquitin-Proteasome System 

Proteostasis is a cellular process referring to the delicate equilibrium of protein levels in the cell, balancing 

synthesis and degradation (Labbadia and Morimoto, 2015). This balance is critical to ensure a cell remains 

healthy and functional, with dysregulation of the system affecting normal processes and contributing to 

certain disease phenotypes. As such there are several key processes which help control the timed degradation 

of protein intracellularly. One of these is the ubiquitin-proteasome system (UPS), where a protein is targeted 

and subsequently degraded through a series of orchestrated enzymatic reactions (Schreiber and Peter, 2014). 

PROTACs offer a possibility to knockdown disease target levels intracellularly, removing their biological 

function by manipulating the UPS to result in polyubiquitination and subsequent degradation of target 

proteins (Sakamoto et al., 2001). By binding to a target protein and to a protein in the Ubiquitin-Proteasome 

pathway, PROTACs can selectively induce degradation of a chosen protein into its constituent parts (short-

chain peptides and amino acids) as shown in Figure 2 

 

Figure 2: A simplified diagram of the ubiquitination and protein degradation pathway. Ub (Ubiquitin) is 

transferred from E1 to E2, and then in the E2/E3 complex is transferred to the target protein. The protein is then 

poly-ubiquitinated and degraded by the proteasome. 

 

During the degradation process, firstly, ubiquitin (a 76-amino acid polypeptide) becomes activated in an 

ATP-dependent reaction by an E1 (ubiquitin-activating) enzyme. E1 goes on to covalently bind to the 

ubiquitin C-terminal, forming a thioester. The thioestered ubiquitin passes from E1 to the ubiquitin-

conjugating enzyme (E2), which is then bound to E3 and the substrate protein. This E3 interaction promotes 

the transfer of ubiquitin from the E2 enzyme to the substrate, acting in a catalytic manner (Kleiger and 

Mayor, 2014).  

The ubiquitination pattern plays various roles within the cell; however, it is key to the proteasome 

recognizing a protein and targeting it for degradation. PROTACs manipulate this system by binding to a site 

on the target protein, and to an E3 ligase. By bringing the two into close proximity, PROTACs promote 

ubiquitination of the target protein, causing it to enter the degradation pathway and be broken down by the 

proteasome.  
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A potential therapy? 

Since Sakamoto and colleagues first presented the use of PROTACs in degrading cancerous targets in 2001, 

research into the use of PROTACs as therapeutic agents has surged. This is unsurprising, considering the 

range of proteins that can be degraded. From CDK9, which is implicated in pancreatic cancer (Robb et al,. 

2017), to SMAD3, which is associated with renal fibrosis (Wang et al., 2016), the PROTAC approach has 

applications that spread out far across a range of diseases. As such, some groups have gone on to publish in 

vivo data surrounding PROTAC use. For example, Bondeson and colleagues (2015) showed that an ERRα 

specific PROTAC remained efficacious in mice, with protein knockdown in several tissues. Later, PROTAC 

ARV-771 was also shown to be effective against a BET protein target in vivo, although associated side effects of 

skin health deterioration were seen (Raina et al., 2016). This study demonstrates that a PROTAC does indeed 

work in an animal system, however (with reported side effects and few targets pursued) finding a potential 

disease therapy may be challenging. The broadly applicable action of PROTAC molecules makes them an 

attractive option to target a wide range of disease-related proteins, and as such research in this area is likely 

to develop with the production of more potent molecules and progression into further in vivo studies.  

PROTACs are still very much in their infancy, but they may well provide a competitive advantage in 

treatment over currently used small molecules. Removing a protein from the cell will have a far more 

pronounced and longer lasting effect than functional inhibition alone, possibly making them more effective 

in the treatment of disease. Another advantage of a PROTAC-based approach is that they can target proteins 

which have remained outside the reach of small molecule inhibition, due to the lack of a functional active site 

(Neklesa, Winkler and Crews, 2017).. Theoretically, a PROTAC molecule could be designed that binds to any 

area of a protein, opening this area as a viable option for therapeutically targeting disease related proteins 

that have historically proved difficult to inhibit (such as c-MYC and K-RAS) (Cromm and Crews, 2017).  

Alongside the benefits of taking PROTAC technology to the clinic, there are numerous challenges that stand 

in the way of this becoming an accepted medicine. Firstly, finding the right balance between therapeutic 

effect in clinic and harmful off-target effects will be challenging. Much in vivo work is required to gather data 

on the optimum dosing concentrations and regime to achieve good protein knockdown whilst limiting 

damage to healthy cells. Secondly, PROTACs are an example of a novel drug which violate Lipinski’s rule of 

five (Baell et al., 2013). Lipinski’s rule of five is a set of five parameters that a chemical compound should 

ideally lie within in order to be considered a promising drug prospect. One of these parameters specify a 

molecular weight of no more than 500 Daltons, as higher molecular weight molecules are less able to enter 

through the cell membrane, and as such have less efficacy than smaller molecules.  

 

With many PROTACs in the range of 700-1000 Da, compared to 300-500 Da with small molecules, PROTAC 

cell permeability may limit their clinical effect and requires careful chemistry to optimise (Neklesa, Winkler 

and Crews, 2017). New approaches, such the formation of CLIPTACs, (PROTACs which assemble 

intracellularly), may be used to circumnavigate this problem (Lebraud et al., 2016). Thirdly, should PROTACs 

be considered in the context of undruggable targets, research teams must discover and produce appropriate 

protein binding ligands to allow for PROTAC based degradation, which may prove challenging. Clearly, while 

a PROTAC approach may be an exciting prospect in drug discovery, there are still numerous hurdles to 

overcome. 
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Conclusion 

Potent and selective PROTACs provide a key to opening a whole new therapeutic area of treatment. While 

conventional pharmacological inhibitors have served well in modern medicine, it is time for new innovative 

approaches to explore fresh treatment avenues. A PROTAC approach confers numerous advantages over 

previous methods; they are more potent, have a longer lasting effect and a wider potential range of targets. 

While the initial data is promising, relatively few in vivo studies and potential off-target effects provide some 

challenges to the potential development of a future drug. Hopefully, emerging data will provide a clearer 

insight into when, or if, a PROTAC molecule will enter clinical trials. 

References 

Overington, J., Al-Lazikani, B. and Hopkins, A. (2006). How many drug 
targets are there? Nature Reviews Drug Discovery, 5(12), pp.993-
996. 

Omim.org. (2017). OMIM Gene Map Statistics. [online] Available at: 
http://www.omim.org/statistics/geneMap [Accessed 30 Oct. 2017]. 

National Human Genome Research Institute (NHGRI). (2017). An 
Overview of the Human Genome Project. [online] Available at: 
https://www.genome.gov/12011238/an-overview-of-the-human-
genome-project/ [Accessed 23 Oct. 2017]. 

Gadd, M., Testa, A., Lucas, X., et al (2017). Structural basis of PROTAC 
cooperative recognition for selective protein degradation. Nature 
Chemical Biology, 13(5), pp.514-521.  

Labbadia, J. and Morimoto, R. (2015). The Biology of Proteostasis in 
Aging and Disease. Annual Review of Biochemistry, 84(1), pp.435-
464. 

Schreiber, A. and Peter, M. (2014). Substrate recognition in selective 
autophagy and the ubiquitin–proteasome system. Biochimica et 
Biophysica Acta (BBA) - Molecular Cell Research, 1843(1), pp.163-
181. 

Sakamoto, K., Kim, K., Kumagai, A. et al(2001). Protacs: Chimeric 
molecules that target proteins to the Skp1-Cullin-F box complex 
for ubiquitination and degradation. Proceedings of the National 
Academy of Sciences, 98(15), pp.8554-8559. 

Kleiger, G. and Mayor, T. (2014). Perilous journey: a tour of the 
ubiquitin–proteasome system. Trends in Cell Biology, 24(6), 
pp.352-359. 

Robb, C., Contreras, J., Kour, S et al (2017). Chemically induced 
degradation of CDK9 by a proteolysis targeting chimera 
(PROTAC). Chem. Commun., 53(54), pp.7577-7580. 

Wang, X., Feng, S., Fan, J., Li, X., Wen, Q. and Luo, N. (2016). New 
strategy for renal fibrosis: Targeting Smad3 proteins for 
ubiquitination and degradation. Biochemical Pharmacology, 116, 
pp.200-209. 

Bondeson, D., Mares, A., Smith, I.et al (2015). Catalytic in vivo protein 
knockdown by small-molecule PROTACs. Nature Chemical 
Biology, 11(8), pp.611-617. 

Raina, K., Lu, J., Qian, Y., Altieri, M. et al (2016). PROTAC-induced BET 
protein degradation as a therapy for castration-resistant prostate 
cancer. Proceedings of the National Academy of Sciences, 113(26), 
pp.7124-7129. 

Neklesa, T., Winkler, J. and Crews, C. (2017). Targeted protein 
degradation by PROTACs. Pharmacology & Therapeutics, 174, 
pp.138-144. 

Cromm, P. and Crews, C. (2017). Targeted Protein Degradation: from 
Chemical Biology to Drug Discovery. Cell Chemical Biology, 24(9), 
pp.1181-1190. 

Baell, J., Congreve, M., Leeson, P. and Abad-Zapatero, C. (2013). Ask the 
Experts: Past, present and future of the rule of five. Future 
Medicinal Chemistry, 5(7), pp.745-752. 

Lebraud, H., Wright, D., Johnson, C. and Heightman, T. (2016). Protein 
Degradation by In-Cell Self-Assembly of Proteolysis Targeting 
Chimeras. ACS Central Science, 2(12), pp.927-934. 

 

 

  



 

 14 

Essay 

Ambiguity in Science: Does the P-value Need Revising?  

Author: Tomohito Noda 

Sceptical Science 

Science is sceptical. It is a field where every statement, proposition, and hypothesis amongst others are 
constantly under scrutiny. Colleagues constantly critique one-another, competitors and reviewers look for 
minute faults, and readers of publications debate the quality and the validity of results. Long lasting theories 
are not necessarily proven but rather have failed to be rejected (Bartley, 1964) despite such scepticism. This 
scepticism is what makes science incredibly powerful, and in the author’s opinion, has been humanity’s most 
successful attempt at describing the natural world. This elevated understanding of the natural world has 
powered the human world into advancements and technology no other species on earth has been able to 
replicate to our knowledge. However, as with all human endeavours, it is not perfect. One of the aspects 
deemed imperfect is the p-value threshold of P = 0.05, a value used to assess the statistical significance of a 
result (Woolston, 2015). Here the problems associated with the threshold, possible solutions, and its practical 
ramifications will be discussed.    

P-value and its Problems 

A widely used method in scientific research when comparing two groups is the null-Hypothesis or 
significance testing, where a null hypothesis (H0) represents two groups having no difference. The hypothesis 
is accepted or rejected based on the obtained results (Whitlock et al., 2009). The p-value (Probability value) 
is the probability of finding the obtained or more extreme results when the null hypothesis is true 
(Wasserstein and Lazar, 2016). In other words, the p-value represents the likelihood of the null hypothesis 
being true. Given between 0 and 1, the smaller the p value is, the more likely that the null hypothesis is false, 
and that the results are not a product of chance. This measure is used in different branches of science, 
particularly in experiments comparing two different treatments. The rejection of the null hypothesis (positive 
result) can substantially increase the likelihood of a study to be published. Such bias towards positive results 
is an issue of its own and deserves its own article, regardless the importance of p-value to scientists is 
significant. The cornerstone of this measure, however, is arbitrary. The significance level (often referred to as 
the alpha value), is a cut-off point where if the results yield a p value higher, the result is an insignificant 
result (Bland and Altman, 1995). The alpha value is often set as 0.05, which means P < 0.05 to reject the null 
hypothesis. This results in two issues; (a) P = 0.05 only provides weak evidence for an alternative hypothesis 
and (b) even under reasonable assumptions such as independence and normality of samples, P = 0.05 leads to 
a high likelihood of a significant finding being a false positive; detecting a difference when there is none. 
Known as a type 1 error, where a significant result is found when no such difference exists (type 2 error being 
the opposite). Both confound (along with other factors) to produce results that cannot be replicated (Halsey 
et al., 2015), which is a vital confirmation process for science. It is important to mention that different 
thresholds are used depending on the field, with some areas such as physics using lower thresholds 
(Lavrakas, 2008). However, the most “standard” used and taught is P = 0.05 because as put in an editorial in 
The American Statistician (Wasserstein and Lazar, 2016), that is “what everyone is taught”. The magical 
number that can significantly alter the chances of a study being publishable or not, does not have a strong 
justification and there lies the fundamental issue.  

Redefine Statistical Significance 

The topic has been attracting recent interest sparked by a paper published by 72 scientists from a variety of 
fields suggesting the threshold to be lowered to P = 0.005 (Benjamin et al., 2017). Using data from psychology 
studies and replication attempts of the studies, they attempted to demonstrate the statistical weakness of the 
current threshold and to justify their new proposed threshold of P = 0.005. There have been a variety of 
responses to this paper (Lakens et al., 2017; Novella, 2017; Schwenkler, 2017), and overall, there seems to be 
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very little disagreement on the arbitrary nature of the threshold and the need of revision of the practice. For 
example, a poll conducted by Nature resulted in of 69% of its respondents answering in agreement to 
lowering the p-value threshold (Singh Chawla, 2017). Even currently significant results, in particular, 
marginally significant results (e.g. P = 0.049) are looked at with some level of caution. Conversely marginally 
insignificant results (e.g. P = 0.051) are sometimes discussed with some relevance. This shows a clear 
understanding from most that the threshold is arbitrary, incomplete, and that statistical significance is a 
spectrum.  

Quality or Quantity 

A lower p-value is harder to obtain. Although it differs depending on the exact nature of the hypothesis and 
analysis being conducted, a lower p-value requires increasingly rigorous science. This can imply a variety of 
improvements depending on the study, such as a larger sample size, lower variance within treatment groups, 
better experimental design, etc. Lowering of statistical threshold may therefore promote higher quality 
scientific protocols and studies. Indeed, the scientific community should always strive for higher quality, 
however, there is a benefit to easing the process. Or rather, increasing rigor of studies can have adverse 
consequences. Science already has many hurdles economically, competitively, and academically. 
By increasing the difficulty there is a possibility that the people and facilities that can meet the standards will 
decrease. For example, if the sample size of a test subject must be increased 10-fold, it is likely that some 
institutions and researchers will be unable to get anything published, and certainly the number of studies will 
decrease. Moreover, the availability of such studies will decrease, therefore conducting such studies may 
become less accessible than its current state. A large number of ideas, even at the cost of some quality, is can 
also beneficial by potentially sparking new ideas and discoveries. It is important to make the distinction that 
such studies and results should not be taken as fact but rather potential, as misinformation can be extremely 
detrimental. However, understanding the practical ramifications is important when considering a change in 
practice that goes beyond ideals. It is a compromise between quality or quantity in which benefits of both 
sides must be considered.  

Other Proposals 

One response to Benjamin et al. (2017), proposed to have each study justify their respective p-value 
thresholds (Lakens et al., 2017). This proposal shines light on the problematic nature of expecting the same 
statistical rigor (or the lack of) on vastly varying research fields. For example, a result comparing a difference 
in two treatments obtained from a laboratory with sterile conditions and controlled environments will vastly 
differ from results conducted in the field with uncontrollable stochastic conditions. It would be fair to expect 
a much lower p-value from the former study, due to potentially larger sample sizes in a laboratory and the 
lack of stochasticity expected from results in the field. An example of an extreme response to doubts 
surrounding the p-value, was that of the journal Basic and Applied Social Psychology, which banned 
publishing papers containing p-values all together (Woolston, 2015). Although this approach may be extreme 
(as the p-value can be informative), it points out the larger issue of the over reliance on p-values in 
comparative studies. Although p-values are important, they only represent a fraction of the numbers in a data 
set: sample size, methodology, control, effect size, statistical power, appropriateness of a mathematical model 
and others all must be considered when assessing a result (Whitlock et al., 2009). Rather than obsessing on 
the threshold, perhaps revising the sole-reliance that some studies exhibit on the p-value may be key.   

Future Direction 

Regardless of which option is chosen to be the best, it will certainly not yield any immediate change. This is 
not the first-time that doubts surrounding the p-value has been brought up, and hopefully will not be the 
last. If there are any changes it will be slow, as once again; science is sceptical. However, knowledge about the 
misuse and ambiguity of p-values is becoming increasingly widespread. Lowering of the threshold may 
address some vital issues of repeatability by increasing the difficulty of misuse, particularly intentional misuse 
of p-values. However, it will still fail to address that there still existences a magical threshold. This is not 
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something that its creator, Ronald Fisher, intended (Nuzzo, 2014). Abolishing the use of p-values altogether 
such as the Basic and Applied Social Psychology may be unnecessary as the p-value does also convey valuable 
information. Each study justifying their respective significance levels and then subsequently deducing 
significance or insignificance may be the most balanced solution to the issue. This may help aid each 
researcher to truly understand and appreciate the numbers and statistics that they are working with, instead 
of hunting for an arbitrary threshold.  
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The Benefits and Impacts of Gravitational Wave Observations  

in Astrophysics and Cosmology 
Author: Brendan Wilby  

Abstract 

On 11th February 2016, the first ever confirmed detection of gravitational waves was announced. Since then, 

five more gravitational waves have been observed, bringing the number of confirmed detections to six. With 

an inevitable increase in observations just around the corner, this report aims to assess the impact of their 

discoveries on the fields of astrophysics and cosmology by investigating the methods involved in the 

detections and the advancements that they have made possible. 

Introductions 

The existence of gravitational waves (GWs) was first hypothesised by Albert Einstein in the 20th century, 

using his theory of general relativity. A major feature of general relativity is the treatment of gravity using the 

spacetime model. In this model, space and time are treated as one phenomenon, in which gravity arises from 

the presence of massive objects. With spacetime acting as a medium, all accelerating objects generate “ripples” 

in spacetime that propagate outwards at the speed of light. These ripples cause spacetime to squash and 

stretch by a magnitude that decreases proportionally to the inverse of the distance from the observer to the 

source. Hence, gravitational waves reaching observatories on Earth will have incredibly small strains due to 

the large distances from the sources. 

 

The first indirect evidence for their existence came from the discovery of the first binary pulsar (rotating 

neutron stars that emit radiation) by Russell Alan Hulse and Joseph Hooten Taylor. They found that the 

decay of the orbital period of the binary pulsar was found to precisely match the loss of energy that one might 

expect to be radiated in the form of gravitational radiation (Hulse, R.A and Taylor, H.J. 1974).  

During the 1990s work began on building LIGO and Virgo, two gravitational wave observatories that use laser 

interferometry (see method section). After years of null results, the team at LIGO made the first confirmed 

detection on 14th September 2015. Five more detections have been made since the first discovery, with the 

fifth detection observing a binary neutron star merger for the first time and the last observing a binary black 

hole merger with solar-like masses. 

Method 

The gravitational wave detectors used at LIGO and VIRGO are based on the Michelson laser interferometer, 

shown in Figure 1. A single laser beam is sent towards a beam splitter, where the input beam is split into two 

identical perpendicular beams.  Each beam then travels down towards the end of one of the arms of the 

interferometer, where a mirror reflects the beam back towards the beam splitter, and both beams are once 

again merged together. Depending on how the mirror system is configured, the detector (when looking for a 

GW) will either receive no signal or a brighter signal. At LIGO observatories, they are configured so that there 

is no signal observed when there is no disturbance on the detector, i.e., when there is no gravitational wave 

propagating through. 
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Figure 1: A simplified version of the Michelson laser interferometerused at LIGO and VIRGO observatories.  

If a passing gravitational wave propagates orthogonally to the detector plane, the arms undergo very small 

changes in length of δ𝐿𝑥 and 𝛿𝐿𝑦 respectively. The measured difference is given by Δ𝐿(𝑡) = δ𝐿𝑥 − δ𝐿𝑦 = ℎ(𝑡), 

where “ℎ is the gravitational-wave strain amplitude projected onto the detector” (Abbott et al., 2016, p.3). 

This means that one laser will travel a longer distance than the other, causing both beams to re-enter the 

beam splitter at different times. This has the effect of changing the phase difference of the beam in each arm, 

and so partial constructive or destructive interference occurs to produce an interference pattern. It is from 

this interference pattern that details about the event causing the gravitational wave can be found. 

At LIGO observatories, there are several improvements made to the interferometers to boost their chances of 

detection.  Firstly, the two perpendicular arms are 4km in length. This is to maximise the area through which 

a gravitational wave could potentially propagate through. Fabry Perot cavities are created by placing mirrors 

close to the beam splitter so that a percentage of the beam is reflected continuously throughout each arm. 

This has the result of reflecting the laser back and forth about 280 times, increasing the effective length of 

each arm from 4km to 1120km. Increasing the effective length has the effect of making the apparatus much 

more sensitive to smaller spatial strains induced by the propagation of gravitational waves (LIGO Lab | 

Caltech, 2017). 

However, the increase in sensitivity comes at a cost, because the detector is more than capable of detecting 

local tremors and disturbances, such as nearby vehicles and even 60Hz power lines. These arise as artefacts 

on the signal produced by the detector, so great efforts are made to increase the detectors levels of seismic 

isolation. To achieve this, passive and active isolation techniques are used. The first major technique in place 

is the creation of a vacuum in each interferometer arm. This reduces any thermal interactions from air or 

particles that would usually be present. Active isolation techniques involve the use of sensors and magnet 

actuators to counteract vibrations from the ground. Passive isolation involves suspending the mirrors in a 

quadruple pendulum system, held up with 0.4mm thick glass fibres. Both techniques allow the apparatus to 

reach the desired sensitivity and eliminate any unwanted sources of vibrations (Matichard et al., 2015). 
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GW150914 - The First Detection 

The first detection was made on 14th September 2015 by two LIGO observatories in Louisiana and Washington 

USA. The gravitational wave first passed through Louisiana and then arrived at the Washington detector 

6.9ms later. The signal was observed to increase in frequency from 32Hz to a maximum at 50Hz in around 

0.2s, with a peak spatial strain of 1𝑥10−21 and then rapidly decayed away. These results indicated that two 

objects with a total Schwarzschild radius of around 210km were orbiting at around 350km apart, with an 

orbital frequency of 75Hz when they merged. The only known objects that are massive and compact enough 

to do this are black holes. It was concluded that a black hole of mass 36−4
+5𝑀⊙merged with another of mass 

29−4
+4𝑀⊙, resulting in the formation of a single black hole of mass 62−4

+4𝑀⊙ (masses are expressed in terms of 

the mass of the sun). The resulting mass difference was radiated away as gravitational radiation with energy 

3.0−0.4
+0.5𝑀⊙𝑐2 (Abbott et al., 2016:2-7). 

GW170817 - Binary Neutron Star Mergers 

More recently, on August 17th 2017, the LIGO and VIRGO collaboration observed a gravitational wave 

resulting from the inspiral and merging of two compact and low mass objects. This observation was followed 

rapidly with a visible counterpart by the ESO telescope network, which detected a new point source of light 

in the galaxy NGC 4993. NASA’s Fermi Gamma-ray Space Telescope also detected a short gamma-ray burst 

from the same region of sky. A visible image made by the Hubble Space Telescope is shown in Figure 2. All 

three observations were consistent with those that would be detected from a binary neutron star (BNS) 

merger. Hence, the announcement was made on the 16th October 2017 that gravitational waves from a BNS 

merger were detected. The inferred masses of the neutron stars are between 0.86 − 2.26𝑀⊙, resulting in an 

object with a total mass between 2.73 − 3.29𝑀⊙. The merging event created a kilonova, a theorised type of 

nova that is theorised to be responsible for the production of heavy elements such as gold (Abbott et al., 

2017:1-6).  

Figure 2: A Hubble Space Telescope image of NGC 4993 5 days after the initial GW detection, with the kilonova 

produced from the BNS merging event located inside the box. In the top right corner, a closeup of the kilonovae 

is shown. 
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Discussion 

A major benefit of observing with gravitational waves is that they can pass through space unimpeded. 

Electromagnetic waves are easily absorbed/blocked by dust or large objects in the field of view and are not 

emitted by objects such as black holes. This allows for observations into regions of space that aren’t visible 

from Earth, and for the investigation and direct detections of black holes for the very first time. 

The detection of GW170817 and its optical counterpart was the first ever detection of a BNS merger and a 

resulting kilonova, and showed that these kinds of events can be observed. This observation confirmed that 

30% of all short gamma ray bursts come from neutron star mergers and that kilonovae might be responsible 

for a percentage of the universes heavy elements, such as gold. It also demonstrated that with a signal 

localised to a small enough area of sky, a follow up observation of EM waves from a (visible) gravitational 

wave source is possible and will likely result in future observations being made in the same way. GW170817 

has also helped constrain models of neutron stars and has made the possibility of investigating them possible. 

All detections have also been important for the field of cosmology. Results from the fifth detection were used 

to measure the Hubble constant, and thus the expansion rate and age of the universe. The Hubble constant 

was measured to be 𝐻𝑜 = 70−8
+12𝑘𝑚𝑠−1𝑀𝑝𝑐−1, which is consistent with the current accepted value (Abbott et 

al., 2017:8). Another important result was that the speed of propagation of the GW signal was found to be 

equal to the speed of light c. This immediately provides evidence against some recent theories of modified 

gravity, that theorise that if gravitons exist, they may propagate at a speed that is not equal to c. If a 

gravitational wave was observed to propagate less than c, it would imply that gravitons have mass. Abbott et 

al. concluded that if gravitons do exist, they have a mass 𝑚𝑔 that must be less than 1.2𝑥10−22𝑒𝑉/𝑐2 (Abbott 

et al., 2016:8).  

Conclusion 

There is no doubt that the discovery of gravitational waves has had a massive impact on the fields of 

astrophysics and cosmology. It has provided tests for general relativity and has opened doors into future 

discoveries and observations. Whilst hese detections have enabled new and remarkable discoveries to be 

made, they have also been crucial in verifying existing theories and measurements and therefore 

strengthening current theories in astrophysics and cosmology. They also provide evidence against proposed 

theories that offer alternatives to existing models for gravity and place limits on measurements, such as the 

mass of a graviton, that might one day be made in the future. 
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A close up shot of induced surface ripples known as faraday waves on water in a petri dish. These waves only 

appear above a certain frequency/acceleration of the medium. This is called the faraday threshold. They are 

interesting as they do not adhere to the geometry of the container (as one would expect a liquid to do). In a 

circular tank one does not observe a circular ripple, but instead one can observe wave fronts that are straight 

lines of even hexagonal in shape. The photograph above shows a fan like pattern spreading from a point on the 

circumference 

Though the droplets are dropped in a bath of the same substance (silicone oil). The droplets bounce on the 

surface of the silicone oil bath due to the oscillatory motion of the bath. The silicone oil bath is oscillating 

above the faraday instability as clear surface waves can be observed. The droplets do not coalesce, as there 

is always an air gap between the droplet and the bath that is constantly being replenished. 

Photography 

Photographs by Oliver Griffiths and Finnian Emson 
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Linseed oil droplet on a linseed bath showing it’s guiding or pilot wave. The bath is oscillating below the 

faraday threshold as no clear surface disturbances seen. It is worth remembering that these droplets can exist 

below the faraday instability, where the fluid surface is still. The standing waves set up in the fluid cause the 

droplet to bounce. The motion of the particle is thus guided by the wave in the fluid. This is where the analogy 

to the pilot theory begins, which is an important theory in attempting to understand the quantum 

mechanical behaviour of particles. 

 

Silicon oil (transparent) and linseed oil (gold) compressing as they impact with oscillating surface of silicon oil 

bath. Elastic potential energy in the deformed surface and droplet and a high-pressure air cushion between the 

surface and the droplet all do work to rebound the droplet back. 
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Brightness change and camouflage in juvenile furrowed 

crabs (Xantho incisus) 

Author: Sarah Curtis 

Abstract 

Camouflage in animals is an important predator defense strategy. Background matching (in which 

individuals attempt to replicate the pattern and colour of their background) is a common camouflage method. 

Adapting luminance - the perceived brightness of an object to an observer - is one way to increase match to 

background. This has been observed in a wide range of taxa, including various crab species. In this study, the 

luminance change abilities for camouflage of furrowed crabs, Xantho incisus, were tested by placing 

individuals on black or white backgrounds and monitoring luminance over time. Using a model of avian 

vision, the study found that there was little change in luminance for either treatment. Therefore, while 

brightness change in X. incisus might occur, it may be influenced by other factors rather than being primarily 

for camouflage, or could occur over longer timescales, providing new insight into the unknown sensory world 

of furrowed crabs. 

Introduction 

Camouflage is one of the most widely acknowledged means of avoiding predation in nature, and was a 

backbone to both Darwin and Wallace’s theories of evolution and natural selection (Stevens & Merilaita, 2011). 

Some animals exploit more than one method of camouflage for predator defense (Hanlon, 1998; Hanlon, 

2007), such as; masquerading (Buresch et al, 2011; Skelhorn et al, 2009), countershading (Young & Roper, 1976; 

Rowland et al., 2007; Rowland et al., 2008) and disruptive colouration (Stevens, Cuthill, Párraga & Troscianko, 

2006; Stevens, Cuthill, Windsor & Walker, 2006; Schaefer & Stobbe, 2006; Endler, 2006). All of these different 

methods of achieving camouflage are often a strategy for background matching. Background matching 

describes any form of camouflage in which an animal resembles the features of their environment, on 

variables such as colour, pattern, and brightness (Merilaita & Stevens, 2011).  

Background matching can appear behaviourally across small time scales, when individuals selectively choose 

backgrounds and microhabitats closer in colour to their phenotype (Donnelly & Dill, 1984; Edelaar et al., 

2008). It can also occur across a longer time scale, when morphological changes and phenotypic plasticity 

result in a better match of the individual or population to its background (Todd et al., 2006; 2012).  The 

impressive, rapid use of adaptive colouration for camouflage in animals such as cuttlefish and squid is well 

known among the natural world (Hanlon, 2007).  

Smith’s Dwarf chameleons have even been shown to selectively adapt their colouration in response to 

different predators’ visual systems (Stuart-Fox, Moussali & Whiting, 2008). One of the ways in which species 

change their appearance to optimise their match to their background is by adapting their luminance. 

Brightness describes an object’s ability to reflect or radiate light - which is distinct from luminance which is 

the perceived lightness of an object (e.g. animal) to an observer (e.g. predator).  Luminance allows 

comparative visual assessments by an individual (such as a predator) – for example, observing a white 

individual on a black background. However, there is little in the way of research into perceived predator 

vision on colouration (Stevens et al., 2014b). 
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Furrowed crabs (Xantho incisus) are an understudied species, with little published data available featuring 

them as a study species. Furrowed crabs show extensive variation in carapace colouration between 

individuals (Nokelainen & Stevens, 2016), with juvenile furrowed crabs demonstrating the most variation in 

carapace colour. Furrowed crabs are similar to shore crabs (Carcinus maenas), in that they utilise various 

pattern structures and contrasting colour schemes (Stevens et al, 2014b). In this study, the effect of 

background brightness on luminance in furrowed crabs and their ability to background match was 

investigated through an avian visual system over a medium-to-long-term period of 4 weeks. By using a model 

of avian vision, this study aimed to give an ecologically valid insight into the luminance change abilities of 

furrowed crabs - as many different mechanisms of camouflage for predator defence exploit animal visual 

processing systems (Stevens, 2007). 

Methods 

Data Collection & Study set up 

Furrowed crabs (Xantho incisus) were collected from the intertidal zone on Gyllyngvase Beach in Falmouth 

(5°4’5”W-50°8”41”N). Only crabs under 2cm carapace width were used, as furrowed crabs with a larger 

carapace width are less likely to change colour due to increased carapace thickness (Powell, 1962; Crothers, 

1968). 48 crabs were placed into two tanks that had been divided into 24 sections by thick plastic sheets, with 

half having a black background and half having a white background. Primary photographs were taken of the 

crabs at 6 hours after acclimatization to the tanks. Further photographs were taken at 24 and 48 hours after 

this. Following these short-term photographs, photographs were taken once a week for 4 weeks.  

 

Photographic Quantification of Luminance Change 

Each experiment was completed under an ultraviolet (UV), and human visible, arc lamp. Crabs were 

photographed on spectrally flat materials, ensuring equal light reflectance. A standard was also included in 

each photograph. Photographs were taken with a Nikon D7000 DSLR camera that had undergone a quartz 

conversion to enable UV sensitivity. A UV blocking filter was used for human visible photograph, and a UV 

pass filter was used for UV photographs. 

Multispectral images were then created using a specialised toolbox on ImageJ. As the study only focused on 

the carapace of the crabs, this area was selected for measurement (Figure 1). Images were analysed under 

simulated vision of one of many crabs’ most common natural predators - birds. We used a pre-installed 

model for peafowl (Pavo cristatus) visual system and sensitivity. This is the most commonly used system for 

measuring VS avian visual systems, and most shore birds such as gulls are likely to fall into this category 

(Ödeen & Håstad, 2003; Hart & Hunt, 2007). Analysis was performed under natural light (RGB) and UV light 

as birds can see UV and there are noticeable differences in crab carapace under UV and natural light (Figure 

1), which may affect their camouflage under avian vision. The data was then analysed through the statistical 

software R 3.2.2 using general linear models (GLMs) to test the effect of the variables ‘time’ and ‘treatment’ on 

luminance. The data was log transformed due to being non-normal (right skewed) using a square root 

transformation. 
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Figure 1: Crab carapace pattern variation between natural light (A, B) and ultraviolet (UV) light (C, D). Upper 

photographs are analysed under natural RGB light, and lower photographs are analysed under UV light. The 

yellow highlighted area demonstrates how the carapace was selected for measurement. 

Results 

There was a significant effect of background colour on crab luminance (F1, 322 = 5.78, P = 0.017;Figure 1). This 

difference in luminance depending on background colour persisted throughout the study period. Crabs on 

black backgrounds were on average brighter in luminance than crabs on white backgrounds, contradicting 

the prediction that crabs on white backgrounds would be brighter.  

 

A GLM was also conducted to test for the effect of time as a factor. There was relationship between the 

luminance of the carapace and the time of measurements during the study for both crabs on black (F6, 161 = 

0.35, P = 0.909; Figure 2 Panel A) and white (F6, 161 = 0.21, P = 0.971; Figure 2 Panel B) backgrounds. 
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Figure 2. Luminance values for Xantho incisus on black backgrounds (b) compared to white backgrounds (w).  

Main boxes shown the median plus interquartile range, whiskers are lowest and highest values. Luminance 

(cone catch values) is measured between 0 and 1. The plots show an average luminance over the course of the 

study (6 hours-4 weeks). 

 

Figure 3. Change in luminance over time for crabs on black backgrounds (panel A) and crabs on white 

backgrounds (panel B). Crab luminance slightly varied over time in both treatment groups, but showed no 

perceptible trend or pattern 
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Discussion 

The results obtained show that furrowed crabs are unlikely to adapt their luminance (via avian visual systems) 

depending on background colour. Whilst there was a significant difference in luminance between the 

backgrounds, due to random chance, it appears that more luminant crabs were in general placed on black 

backgrounds; therefore crabs on black backgrounds were on average brighter than crabs on white 

backgrounds at the beginning of the study (Figure 2). Over time, there was little change in luminance, with 

crabs on each background maintaining a similar level of luminance, showing that did not adapt their 

luminance over time. Furrowed crabs did not adapt rapidly to their background, and after the acclimatisation 

period, on a homogenous background with no variation, furrowed crabs’ colouration appears to remain stable.  

Whilst gravel was used to simulate natural environmental conditions, there is a discrepancy between this 

background and that of the natural background found in furrowed crabs’ habitat, which would be 

heterogeneous (from variation in rocks and substrate) rather than flat colour, meaning that very close 

camouflage is not expected due to this factor (Stevens et al, 2014a). The natural habitat and substrate of 

furrowed crabs is not homogenous and contains much variation in brightness and colour. Furrowed crabs 

may therefore adapt their colouration more than their luminance. Studies on shore crabs have provided 

inconclusive evidence as to their abilities to change colour (Stevens et al, 2014a) but performing similar hue 

experiments on furrowed crabs could potentially reveal more about their colour change abilities. Performing 

this study under more natural conditions would likely give a more representative view of natural furrowed 

crab behaviour and colour change.  

Another reason for these results may be the use of a simulated predator visual system. For this study, the 

simulation was that of peafowl vision, which was selected to represent the group of predatory birds that prey 

on furrowed crabs and other intertidal species. However, luminance perception between species varies 

(Osorio & Vorobyev, 2005). In UK intertidal ecosystems, crabs face many predators, such as other crab 

species, various fish species and marine organisms such as cephalopods, and potentially even seals (Crothers, 

1968). Chameleons have been shown to demonstrate significant camouflage abilities to both bird and snake 

visual systems (Stuart-Fox et al., 2008). Whilst shorebirds such as gulls are a predominant predator in 

intertidal ecosystems, furrowed crabs may suffer a higher predation rate from species with different visual 

systems, such as fish. Therefore, under avian visual systems they may not appear greatly camouflaged, but 

may appear well hidden to other species. A lack of published information about furrowed crab ecology and 

their predators hinders this theory, but further research into this area could provide new insight.   

 

Colour change strategies for camouflage - especially background matching - are an efficient predator 

protection strategy. The ability to change colour to better match backgrounds in heterogeneous 

environments for camouflage is expected to provide an advantage above and beyond basic camouflage 

strategies (Stevens et al., 2014a). The ability to adaptively exploit this camouflage to better match natural 

predator vision fine-tunes this predator avoidance ability even further. However, adaptive colouration is not 

always necessary for camouflage alone, and is influenced by a variety of factors, which is likely for furrowed 

crabs. To replicate this study in natural conditions would be beneficial to uncover more about this 

understudied species’ ecology, but this study does provide a new insight into the unknown sensory world of 

the furrowed crab.  
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Exploring the Effect of Coronal Mass Ejection Torque on 

Solar Rotational Evolution 
Author: Matthew Gent  Supervisor: Sean Matt, Victor See 

Abstract 

This study models observed stellar rotation period data from clusters within the age range of 125 Myr to the 

age of the Sun (≈ 4650 Myr). The intention of the model is to reproduce the observed distributions by 

considering mass loss mechanisms beyond those associated with background stellar winds. Coronal mass 

ejections (CMEs) may be a significant source of mass loss as well as angular momentum loss over a star’s 

lifetime. The models demonstrate that CMEs can have a large impact at early ages (≤ 400 Myrs) and little 

impact upon the torque at later ages (≥ 400 Myrs) for sun-like stars on their main sequence (MS). As the 

star’s age progresses towards solar age the total torque becomes dominated by the stellar wind torque with 

solar parameters, therefore at later ages CMEs do not show a significant impact on rotation evolution. 

Introduction 

It is known that stars rotate with angular velocity (rotation rate) Ω∗. From observational studies (See et al. 

(2017b) references therein), cool stars with masses ≤ 1.3 solar masses on the MS are observed to exhibit a 

reduction of angular momentum (thus rotation rate). This is due to a spin-down torque exerted by outflow 

processes e.g. stellar winds; see review by Bouvier et al. (2014). A broad range of angular velocities are 

represented within a cluster during its early ages. At later ages the angular momentum distributions for 

different rotators converge onto a singular function of age known as the Skumanich law (Skumanich (1972)). 

The corona is the outermost region of a star’s atmosphere above the solar surface and has a temperature up 

to a few million kelvins, which is much hotter than the stellar surface (∼ 5700 K for a solar mass star). High 

temperatures and magnetic activity give rise to different plasma mass-outflow phenomena such as stellar 

winds and CMEs. Complex magnetohydrodynamic (MHD) simulations have been used to investigate the 

dependence of the spin-down torque on stellar parameters such as magnetic field strength and mass-loss rate 

(Matt et al. (2012)). 

Background stellar winds have been the prime candidate for solving the angular momentum loss problem (i.e. 

the cause of a star spinning down throughout its lifetime). Stellar winds are a continuous (steady-state) flow 

of charged particles from a star. It is the interaction of this hot escaping gas with the magnetic field, which 

causes a star to lose angular momentum. However, the impact of other processes should also be considered 

e.g. CMEs. CMEs are a non steady-state release of charged particles from the corona. They are a cause of 

episodic mass-loss events and like stellar winds, reduce the angular momentum of a star and thus contribute 

to spin-rate evolution. 

It is greatly important to determine the mechanisms behind the rotation evolution of sun-like stars on the 

MS as it aids in understanding of the history of the Sun and gauge the impact its evolutions has had on the 

environment of Earth. There still is more to understand about what processes cause the angular momentum 

of a star to decrease. Therefore, it is our aim to investigate the significance that mass-loss mechanisms have 

on the total torque exerted on a solar mass star in its MS phase; specifically, CMEs. These have not been 

examined in as much detail as stellar winds have, especially their impact on evolution of rotation. 
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1 Background 

1.1 Rotational Distribution 

To compare and reproduce angular velocity distributions we use observed rotation rates from 10 clusters 

containing solar-mass stars spanning an age range from 125 Myrs to the approximate age of the Sun ≈ 4650 

Myrs (See et al. (2017b)). Each cluster represents a different age and so represents a specific time during a 

sun-like star’s lifetime on the MS. Stars within each cluster display evidence of magnetic activity, which 

causes the stellar brightness to vary due to surface features such as star spots. Hence monitoring these 

variations allows one to calculate the rotational period of each star and so derive all angular velocities present 

here. Figure 1 shows the 25th (slow), 50th (median) and 90th (fast) percentiles of each cluster as a function of 

time, with angular velocities scaled to the Sun’s angular velocity of Ω⊙.  

Stars can undergo differential rotation as they exhibit convection, where the rotation rate varies with 

latitude. It is well known that the Sun’s angular velocity is characteristic of this and therefore 

approximately ranges from 3 × 10−6 rad s−1 to 2 × 10−6 rad s−1. Thus, the author chose a value of 

Ω⊙≈ 2.7 × 10−6 rad s−1.  

 

 

 
  

 

 

 

 

 

 

 

Figure 1: Within every cluster, three angular velocities are calculated at three percentiles, evolving through time. 

N.B. 𝛺25 ≡25th (circles) Slow, 𝛺50 ≡50th (triangles) Median, and 𝛺90 ≡90th (squares) Fast rotators. The green 

dashed line represents the Skumanich law, 𝛺∗ ∝  𝑡−
1

2, for which stars eventually converge to. The Sun is the 

green circular marker at age t = 4650 Myrs. 

Current models that consider only stellar winds as a viable outflow process conclude that stars do not spin 

down enough to reproduce the Sun’s rotation period. In Figure 1, two evolution tracks are computed with 

different initial rotation rates of r = 40 and r = 5 respective to colours blue and red, where r = Ω𝑜/Ω⊙. For the 

rest of this study, only 𝑟 = 40 will be graphed. Blue and red solid lines are angular velocity evolution tracks 

solely due to stellar winds. Blue and red dashed lines are evolution tracks whereby the torque exerted by the 

stellar wind is multiplied by a dimensionless scale factor, c (common technique in literature e.g. Bouvier et al. 

(2014); See et al. (2017a); See et al. (2017b) etc).  
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From numerical calculations, c informs us how much stronger the total torque needs to be for the stars to 

spin down to the Sun’s rotation period. One can see that prior models that only account for stellar winds, 

require the torque to be approximately seven times stronger throughout. The two calculated constants differ 

by 0.3 because the final angular velocity values of the solid tracks differ. This is expected due to lack of data of 

Sun-like stars at solar age, therefore an uncertainty exists. CMEs might be the key to solving the spin-down 

problem as their contribution to mass-loss may reduce the angular momentum significantly.  

1.2 Model for Torque for Evolution of Rotation Rate 

 
The rotation evolution of a star is governed by the angular momentum equation 

𝑑Ω∗

𝑑𝑡
=  

𝑇𝑡𝑜𝑡

𝐼
 - 

Ω∗

𝐼

𝑑𝐼

𝑑𝑡
,    (1) 

Where 𝑇𝑡𝑜𝑡 =
𝑑𝐿

𝑑𝑡
 is the total external torque acting on the object, otherwise known as the rate of change of 

angular momentum, L, and 𝐼 is the moment of inertia.  
For any solid spherical object, the moment of inertia takes the form of 

𝐼 =  𝑘2𝑀∗𝑅∗
2,    (2) 

Where k is a dimensionless constant, known as the gyration radii. This accounts for the fact that stars are not 

constant density spheres. 

Assuming the stellar structure for a sun-like star does not evolve on the MS (which is reasonable for the given 

age range), the structure term 
𝑑𝐼⊙

𝑑𝑡
→ 0. Therefore equation (1) becomes 

𝑑Ω∗

𝑑𝑡
=  

𝑇𝑡𝑜𝑡

𝐼⊙
,     (3) 

Solar parameters at solar age are used as inputs to model the torques. From stellar models (Baraffe et al. (2015) 
and references therein) the values we adopt are; stellar radius 𝑅∗ = 1 𝑅⊙= 6.96 × 1010 cm, stellar mass 𝑀∗ = 1 

𝑀⊙ = 2×1033 g, stellar luminosity 𝐿∗ = 1 𝐿⊙ = 3.826 × 1033 erg 𝑠−1, stellar metallicity 𝑍∗ = 1 𝑍⊙ = 0, gyration 

radii 𝑘2 = 𝑘⊙
2 ≈ 0.07 , and moment of inertia 𝐼∗  = 𝐼⊙  = 6.8× 1053 g 𝑐𝑚2 . 

 
2 Method 

2.1 More Physically Realistic Torque Law 

 

The torque for coronal outflows can take the form of Weber and Davis (1967) 

𝑇𝑡𝑜𝑡 =  �̇�Ω∗𝑟𝐴
2,     (5) 

Where 𝑟𝐴 is the length of the magnetic lever arm applied onto the star, �̇� is the mass-loss rate which 

contributes to reducing the angular momentum through the process of magnetic braking. �̇� and 𝑟𝐴 are both 
functions of Ω∗ and magnetic field strength 𝐵∗. The total torque is described by the summation of the stellar 
wind torque presented by Matt et al. (2012) and the CME torque presented by Aarnio et al. (2012), equations 
(6) and (7) respectively. 

    𝑇𝑤 = −𝐾𝑉𝑒𝑠𝑐
−2𝑚𝑅⊙

4𝑚+2𝐵∗
4𝑚�̇�𝑤

1−2𝑚Ω∗,   (6)   
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Where 𝐾 ≈ 6.2(1 +  𝑓⊙
2 /(0.0716)2)−𝑚 & m ≈ 0.2177 are fitting parameters, and 𝑓⊙ = (

Ω∗
2𝑅⊙

3

𝐺𝑀⊙
)

1

2

 is the stars’ 

breakup speed. 

𝑇𝑐𝑚𝑒 ≈ −4.41𝜂2𝑚𝑉𝑒𝑠𝑐
−2𝑚𝑅⊙

4𝑚+2𝐵∗
4𝑚�̇�𝑐𝑚𝑒

1−2𝑚Ω∗, (7)  

Equation (7) derives from (6) via the same stellar wind physics, hence the similarity. However, for an eruptive 

outflow (CMEs), mass-loss happens in discrete bursts contrast to continuous stellar wind. Such behaviour 

changes the effective size of 𝑟𝐴 and so the strength of 𝑇𝑐𝑚𝑒. The precise nature is not as well understood, the 

CME torque could be larger or smaller in comparison. Thus, a large range of 10−3 ≤  𝜂 ≤  103 is warranted to 

illustrate the behaviour of the torque as a function of 𝜂. Should another study derive a self-contained CME 

torque law (which eq. 7 is not), they can refer to this research and constrain the value of 𝜂. 

Therefore, the total torque is given by, 

𝑇𝑡𝑜𝑡 =  𝑇𝑤 + 𝑇𝑐𝑚𝑒 =  𝜇𝑇𝑤,   (8) 

where 𝜇 = 1 +  
4.41𝜂2𝑚

𝐾
(�̇�𝑐𝑚𝑒/�̇�𝑤)1−2𝑚 is the CME significance factor. This quantity is dimensionless and 

represents how much CMEs scale the stellar wind torque. Thus 𝜇 could be what defines the scale factor c in 

section 1.1. To use torque equations (6) and (7), 𝐵∗ , �̇�𝑐𝑚𝑒 , and �̇�𝑤  need to be specified. 

 

2.2 Magnetic field strength 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Blue line is our fit for the magnetic field strength averaged over the stellar surface plotted against 

rotation period. Green dashed line is the suggested maximum for the saturation period range. Black dashed line 

is our calculated saturation period, 𝑃𝑠𝑎𝑡/𝑃⊙ has the value of  ~ 0.059. 
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Figure 2 shows a fit of 29 observations of the dipole component of a set of stars’ magnetic field strength (See  
et al. (2017a)). Other studies (Wright et al. (2011)) infer a saturation (maximum value) for coronal x-ray 
luminosities as a function of rotation period. This has a strong link to magnetic activity, hence the rotation 

period at which this saturates is the constant,  
P𝑠𝑎𝑡

P⊙
 = 

Ω⊙

Ω𝑠𝑎𝑡
. What this saturation refers to is evidence that the 

stellar magnetic field strength and the mass-loss rate approaches a constant when the star’s rotation period is 

below a specific value i.e. 𝐵∗ = 𝐵𝑠𝑎𝑡  and  �̇� =  �̇�𝑠𝑎𝑡 for P < P𝑠𝑎𝑡 . 

The saturation period is unconstrained and so ranges in value between 0.1 – 0.05 given by several papers 
published in this field (Bouvier et al. (2014); Matt et al. (2012); See et al. (2017); Wright et al. (2011) etc). We 

calculated the value solely from the magnetic field strength data and henceforth 
P𝑠𝑎𝑡

P⊙
∼ 0.059 is being used for 

the purposes of this study. 

2.3 Mass-Loss due to Stellar Winds & CMEs 

Cranmer and Saar (2011) presented a model that uses a 𝐵∗(𝑃) fit and an input of stellar parameters (see 
section 1.2) to estimate the mass-loss rates due to stellar wind. Cranmer (2017) presented a semi-analytic 
function based on knowledge of stellar wind physics to estimate mass-loss rates for CMEs. Figure 3 shows the 
resulting estimates of mass-loss rates. The red solid line is the mass-loss rate as a function of rotation period 
due to stellar winds, the red dashed line is the mass-loss rate due to CMEs. The CME mass-loss rate is always 
lower than mass-loss rate for stellar wind.  

 

 

  

  

  

 

 

 

 

 

 

 

 

Figure 3: Comparison of mass-loss rates calculated from the fit for 𝐵∗ in units of solar mass per year. Red solid 

line represents the mass-loss rates obtained from Cranmer and Saar (2011) model. Red dashed line represents the 

mass-loss rates obtained from Cranmer (2017) model. 
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Results and Discussion 

Figure 1 illustrated that the torque due to stellar winds is not enough for a solar mass star on the MS does not 
spin down enough to reach solar rotation value. The torque needs to be increased by an approximate factor of 
seven in order to reduce the angular momentum enough. In Figure 4, as η increases from 0.001 to 1000 the 
rotation evolution is affected for early ages and approaches the shape of the scaled wind (cyan curve). 
However, for loss rates (Figure 3), 𝜇→1 and is effectively independent of η. This reduces the total torque and 
so the blue dashed curves converges to the stellar wind only curve (solid blue). 

Fundamentally as Ω∗  ≪  Ω𝑠𝑎𝑡 CMEs become practically negligible in increasing the total torque on the star 
and do not show significant impact on rotation evolution. Therefore the angular momentum problem still 
persists. Further research is thus required to solve this, constraints for η will reduce its range and so can be 
done with MHD simulations deriving a self-contained torque law and possibly observations of stellar CME. 

 

 

 

 

  

  

 

 

 

 

 

 

 

 

Figure 4: Angular velocity versus age evolution tracks calculated for our magnetic field strength fit and 

corresponding mass-loss rates due to stellar wind and CMEs. Blue solid line track is calculated evolving only 

stellar wind torque (eq. 6). Blue dashed line track is calculated evolving the combination of stellar wind and 

CME torques (eq. 8). The green dashed line represents the Skumanich law, 𝛺∗ ∝  𝑡−
1

2. Yellow dotted line is the 

angular velocity saturation value 
𝛺𝑠𝑎𝑡

𝛺⊙
 ~ 16.8. 
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Effect of 9 months plyometric training on the bone mineral 

content of adolescent male cyclists. 

Author: Bethany Joslin 

Abstract:  
 
In this study we examined the effect of a 9 month plyometric jump training (PJT) intervention, in addition to 
cycling-specific training, on the bone mineral content (BMC) of adolescent male cyclists. Males aged 12-14 
years participating in cycling for >3 hours/week in the last 3 years were randomised into groups; control and 
intervention. BMC was measured in the laboratory on 2 separate occasions; baseline, and post 9 months of 
cycling-specific training (CYC) or cycling-specific training + PJT (CYC INT). To this end we report an increase 
in BMC both groups.  CYC INT attained greater Δ%BMC at hip (M±SE; 15.77±1.10), total body less head 
(TBLH) (15.68±1.89), femoral neck (FN) (11.66±1.35) and lumbar spine (15.49±1.77) when compared to Δ%BMC 
at hip (6.78±0.93), TBLH (10.30±1.19), FN (1.88±0.64) and lumbar spine (9.92±0.76) in CYC.  Between group 
effect was significant at all sites (P<0.05). 

Introduction 

Throughout a lifetime, osteogenic cells continuously differentiate and proliferate into single-nuclei cells 
known as osteoblasts.  Around 70% of bone mineral density (BMD) is determined by genetics, with other 
mediators including nutrition, hormones, physical activity and environmental factors explaining the 
remaining 30% (Vicente-Rodríguez et al., 2008).  BMD is determined by the availability of calcium and 
phosphorus, the primary components of the organic bone matrix, which represents 80-90% of bone mineral 
content (BMC) (Boskey, 1999).  Thus, BMC is “the mass of mineral contained in an entire bone (g) or the 
mass of mineral per unit bone length (g/cm)” (Schoenau, 2005, p.232) and is the best densitometric bone 
measure (Schoenau, 2005).   High BMC is imperative in ensuring osteogenic health, whilst reducing fracture 
risk and lowering the likelihood of developing low BMC in later life. 

Approximately 90% of peak bone mass (PBM) is formed during maturation (Slemenda et al., 1994), with 
mechanical loading having a predominant effect (Rizzoli and Bonjour, 1999).  Empirical evidence suggests 
that the pre-pubertal skeleton is particularly responsive, generating a ‘window of opportunity’ for bone 
development (Bass et al., 2002).  This is likely due to the upsurge in anabolic hormones, including androgens 
and growth hormone, during puberty (Mauras et al., 1996).  Furthermore, Bailey et al., (1999) reported that 
BMC was 9% greater in active compared to inactive boys, hence the ground reaction forces (GRF) generated 
during weight-bearing exercise is a predominant facilitator in enhancing BMC (Bourrin et al., 1995). 

However, the hypogravity environment fostered during non weight-bearing sports, such as cycling, fails to 
facilitate an osteogenic effect (Creighton et al., 2001).  Stewart and Hannon (2000) attributed the low BMD in 
cyclists to the horizontal weight distribution producing forces that are inefficient at facilitating remodeling.  
Thus, cycling is affiliated with low bone mass (Nagle and Brooks, 2011), with ~66% of elite road cyclists 
categorized as osteopenic (Medelli et al., 2009). 

Interventions involving weight-bearing exercises, including plyometric jump training (PJT) which is  
composed of jumps, bounds and leaps, have been implemented to examine their effect on BMC.  Guadalupe-
Grau et al., (2009) reported an increase in lumbar spine BMC after a 9 week strength and jump training 
program, in participants aged ~23 years.  Authors suggested that increased basal serum osteocalcin 
concentration was responsible for the anabolic response.  Additionally, McKay et al., (2005) implemented the 
“Bounce at the Bell” program, in 51 children aged 10 years.  Ten counter-movement jumps (CMJ) of 3 minutes, 
3x per day, across 8 months, resulted in significant increases in BMC at the intertrochanteric region (27%) 
and proximal femur (2%).  
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C)              D) A)              B) 

 
Fuchs et al., (2001) highlighted that the majority of bone health research examines females, hence further 
investigation in males is warranted.  Furthermore, Olmedillas et al., (2012) highlighted the need for 
longitudinal studies that examine bone accrual in cyclists.  

The current study examined the effect of a 9 month PJT intervention on the BMC of adolescent male cyclists. 
BMC at multiple skeletal sites were measured pre and post intervention. It was hypothesized that a 9 month 
PJT intervention would increase BMC in cyclists. 

Methods 

The study procedures were approved by the Sport Sciences Ethics Committee.  Males aged 12-14 years, 
participating in cycling for >3 hours/week in the last 3 years were included.  Any injury, illness or medication 
which influences bone metabolism, resulted in exclusion.  Twenty-nine volunteered to participate, however 4 
were excluded, due to drop out/ injury.  

This study was a randomised controlled trial with 2 groups; cycling-specific training only (CYC) and cycling-
specific training + PJT intervention (CYC INT).  Participants were tested on 2 separate occasions: baseline and 
following the 9 month intervention. 

The dual-energy x-ray absorptiometry scanner (Lunar Healthcare Corp., Madison, USA) was calibrated and 
participants lay supine before BMC at the hip, total body less head (TBLH), femoral neck (FN) and lumbar 
spine was recorded.  

The intervention consisted of CMJ and squat jumps (SJ) being performed ~10 min/ day, 3-4 times/week.  A 60 
second rest took place between exercises and 30s rest between each set.  The PJT spanned 36 weeks, 
increasing in intensity by 1 Level every 12 weeks; 

● Level 1; 10x3 (reps x sets) CMJ and10x3 SJ - 3 times/week. 
● Level 2; 10x4 CMJ and 10x4 SJ - 3 times/ week, with 1kg ankle weight. 
● Level 3; 10x4 CMJ and 10x4 SJ - 4 times/ week, with 2.5kg ankle weight.  

Statistical analyses were performed using SPSS Statistics 23 and statistical significance level was set at P<0.05. 
All samples were independent and Shapiro-Wilk’s test of normality and Levene’s test of homogeneity were 
significant (P<0.05).  A one-way ANOVA was conducted, with Bonferroni tests used to determine any 
significant differences. 

 

 

 

 

 

 

 

 
Figure 1:  Data displayed as Δ%BMC at the: A; total hip, B; TBLH, C; femoral neck, D; lumbar spine, in CYC 

(unfilled bars) and CYC INT (hatched bars). Mean ± standard error. TBLH; total body less head. 

*Statistical significance when compared to CYC, set at the P<0.05 level. 
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Results 

A one-way ANOVA was conducted with groups (CYC, CYC INT) as the independent variable and percentage 
change (Δ%)BMC as the dependent variable.  BMC increased in both groups, with CYC INT achieving greater 
Δ%BMC at hip (M±SE; 15.77±1.10), TBLH (15.68±1.89), FN (11.66±1.35) and lumbar spine (15.49±1.77) when 
compared to Δ%BMC at hip (6.78±0.93), TBLH (10.30±1.19), FN (1.88±0.64) and lumbar spine (9.92±0.76) in 
CYC. 

Bonferroni tests revealed a significant between group effect for; hip (P<0.001), TBLH (P=0.025), FN (P<0.001) 
and lumbar spine BMC (P=0.011), these effect sizes were classified as ‘large’ (Cohen’s d>0.8). 

Discussion 

Our findings suggest that participants who completed PJT improved BMC to a greater extent than controls 
(see Fig.1.).  Additionally, site specific differences were reported, with hip and FN being more responsive to 
PJT compared to other sites. Our findings suggest that PJT increased the BMC in cyclists, a population with 
reportedly low BMC. CYC INT experienced ~10% greater increase in FN BMC and ~9% greater increase in hip 
BMC, compared to CYC.  It is likely the PJT program facilitated osteogenic adaptation through high GRF, 
with CMJ and SJ producing forces ~5x body weight (Vlachopoulos et  al., 2015) and ~3x body weight (Jensen 
and Ebben, 2007), respectively.   
Evidence suggests that damage at the extracellular matrix and fluid leakage at the canaliculi (Turner et al., 
1994) is detected by osteocytes, which relay signals to the osteoblastic lineage cells (Aarden et al., 1994), 
facilitating an anabolic response.  This process of mechanotransduction likely describes the association 
between loading rate and quanta of cell activation (Forwood and Turner, 1995), in a process known as the 
“quantum concept” (Frost, 1964).  

Additionally, Frost (1986) identified a ‘minimum effective strain stimulus’ (MESS), representing the 
biomechanical strain required to augment bone.  During weight-bearing activities, loading exceeds the MESS 
and facilitates osteogenic adaptation, whereas non weight-bearing activities provide an inadequate stimulus 
to augment bone (Stewart and Hannan, 2000).  Frost (1999) later developed ‘The Bone Mechanostat Theory’, 
where ‘remodeling’ describes the osteogenic adaptation which is attributable to biomechanical loading.  
Weight-bearing sports can generate GRF of 3-5x body weight (Burdett, 1982) whereas forces generated during 
cycling fail to exceed the MESS (Creighton et al., 2001).  Hence, these mechanisms likely explain the 
differences in reported BMC between the two groups. 

Our findings suggested that hip and FN were particularly responsive to PJT.  Similarly, MacKelvie et al., 
(2001) reported that PJT resulted in significantly greater ΔFN BMC but failed to enhance mass at the 
trochanter or proximal femur.  This response is likely due to the nature of CMJ and SJ, where the magnitude 
of force is transferred through the Achilles tendon and pelvic region.  During landing, force is applied 
through the femur. However, during take-off muscles at the trochanter generate dynamic force (Witzke and 
Snow, 2000), hence significant stimuli emanate at these sites.  Additionally, cancellous bone,(which is more 
malleable than compact bone) forms a larger proportion of the greater trochanter than other skeletal regions 
(Lotz et al., 1995).  

Fuchs et al., (2001) concluded a box-jumping intervention facilitated a 4.5Δ% in FN BMC in pre-pubertal 
children.  This anabolic response at the FN was amplified in the current study, likely attributable to the 
intervention being 2 months longer and participants significantly older, aged ~14 years when compared to 6-
10 years.  Thus, a greater stimuli and higher anabolic hormone concentration likely facilitated maximization 
of the growth response.  

Similarly, the osteogenic response at the FN was greater in the current study, when compared to the 2-3% 
increase in FN mass reported by MacKelvie et al., (2003).  This heightened response may be due to a potential 
difference in the total number of executed jumps.  Additionally, the participants sampled by MacKelvie were 
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female and younger (aged ~10 years).  It is likely that differences in anabolic (sex-specific) hormone 
concentrations exist between these two cohorts, influencing skeletal growth independently of the 
intervention, however this cannot be confirmed without direct measurement.  

Therefore, further research is warranted to examine the relationship between anabolic hormone 
concentration and ΔBMC.  Additionally, due to the time-efficiency and ease of PJT, its application to inactive 
adolescents would provide clarification in the volume of PJT required to augment a maximal ΔBMC. 
 
This research examined adolescent male cyclists, a population which has been under represented in 
osteology.  Hence, this study provides more specific data from which to build assumptions and guidance on 
the expected outcomes of bone-strengthening exercise programs in this population.  In conclusion, the 
implementation of an accessible PJT program can augment BMC in adolescent male cyclists and may reduce 
BMC degradation in adulthood. 
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A crèche for fish? The use of nursery habitats by coral reef 

fish in the Bahamas 
Author: Luke Romaine  

Abstract 

Mangroves and seagrass beds are both critically endangered habitats. These biotopes are essential in 

providing the valuable nursery habitat for a number of coral reef fish, before they disperse to outer patches 

and fringing reefs. Use of these habitats can vary. Using a visual censusing technique, size class and life-stage 

of reef fish (Thalassoma bifasciatum, Haemulon sciurus, Chromis cyanea) were assessed across mangroves, 

seagrass beds, and coral reefs. Here the author shows nursery habitat preference for mangroves in H. sciurus. 

T. bifasciatum showed no preference, whilst C. chromis were solely situated on coral reefs. Data is needed to 

inform the design of marine protected areas and to secure valued ecosystem services. This study hopes to 

form the basis of future research to elucidate further ecological factors potentially implicated in nursery 

habitat preference, and to improve the accuracy of cost-benefit analysis and optimality models. 

Introduction 

Mangroves and seagrass beds are critical in supporting marine food webs (Nagelkerken et al., 2000). In the 
Caribbean, these habitats serve as the ideal setting for the early life-stages of many coral reef fish; providing a 
structurally complex and productive biotope capable of supplying adequate food and shelter from predators, 
as they metamorphose to adult stages (Laegdsgaard and Johnson, 2001). 

However, these coastal areas are under significant threat as a direct result of growing anthropogenic 
pressures, in addition to climate change. 40% of the mangroves on the Central American Atlantic coast are 
threatened with extinction (Polidoro et al., 2010) and seagrasses have been disappearing globally at a rate of 
110 km2 yr−1 since 1980 (Waycott et al., 2009).  

This is a serious issue in the Caribbean, as ecosystem services generated by reefs (dive tourism, fishing and 
coastal protection, among others) are worth more than US$3 billion a year and are valuable to the lives of 
indigenous communities (Mumby et al., 2014). The Caribbean region is a global hotspot for marine 
biodiversity – home to 1336 fish species, of which 45% are endemic (Miloslavich et al., 2010).      

Understanding the role of these habitats is evidently important. Little data is available for several coral reef 
system inhabitants. Here evidence of differential habitat preference is shown between three ecologically-
important Caribbean reef species, transitioning through early developmental stages to adulthood. The blue-
striped grunt (Haemulon sciurus), blue chromis (Chromis cyanea) and blue-headed wrasse (Thalassoma 
bifasciatum) are three species of Caribbean fish that occupy the reefs around the islands of the Bahamas. All 
occupy different ecological niches: H. sciurus feeds on crustaceans (Froese, 2017a), T. bifasciatum cleans 
ectoparasites off other fish (Froese, 2017b), and C. chromis are group-feeding zooplankton specialists (de Boer, 
1978). How such requirements for foraging and reproduction manifest themselves into spatial differences in 
habitat use is not fully understood, and has broad implications for the design of marine protected areas.  
The primary objectives of the study were to elucidate the habitats used and preferred by each species, and to 
quantify any developmental shift in size class between nursery habitat and coral reef. 

Methods 

Data were collected in June 2016, on San Salvador Island, The Bahamas (24°3'N 74°30'W, 640 km ESE of 
Miami, Florida). It is an ideal experimental setting as it possesses both seagrass (Graham’s Harbour and 
Dump Reef) and mangrove nursery habitats (Pigeon Creek), is rich in macroalgal flora, and is within fairly 
close proximity to fringing and patch reefs on the insular shelf (Fig. 1.). 
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Figure 5: Location of key study sites and habitats on the island of San Salvador, the Bahamas (24°3'N 74°30'W). 
Spatial data obtained from: UNEP-WCMC and Short, 2005; Spalding, Kainuma, and Collins, 2010; UNEP-
WCMC, 2010. 

 

Data collection periods were split into three-hour slots, and replicated each morning and afternoon for five 

days. A visual censusing technique was applied to study sites. Qualitative surveys of juvenile or adult 

presence and absence are not sufficient in detecting quantitative shifts in fish size during development. 

Therefore, fork lengths (the distance from snout tip to tail fork) of fish were used as a quantitative proxy for 

life stage (Fig. 2.), and were estimated within 1 metre either side of the transect. Fish were identified based on 

size classes of 5 cm. Smaller size classes were likely to limit the degree of accuracy in visual estimations 

between recorders. 

Estimation tests of wooden fish models of known sizes were carried out prior to data recording to improve 

estimation accuracy. 30 metre transects were laid out in a flexuous manner to fairly represent the habitat. 

Visual censusing along transects is preferable as it is inexpensive and easily replicated between study sites 

and in further studies. Three Caribbean fish species were selected in this study: H. sciurus, C. cyanea, and T. 

bifasciatum. These particular species were favourable as they are abundant on Caribbean reefs, diurnal, easy 

to identify, and are not too fearful of divers (Humann and Deloach, 2002). 

 

 

 

 

 

Figure 2: Fork length (the distance from snout tip to tail fork) is indicated by the red line. Across all habitats, 

fork length (in centimetres) was taken as a proxy for life stage during transect surveys. 

                   

Snout tip Tail 
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Results 

Of the 3640 fish recorded between the 3 species, differences in mean fork length over the three habitats 
(Table 1. Fig. 3.) were only significant for H. sciurus (One-way ANOVA: F448,1=4.15, p<0.05; Table 2). 

 

Species Habitat Sample size (n) Mean fork length 
(cm) 

Confidence (±SE) 

Haemulon sciurus Mangroves 379 9 0.227 
Sea-grass 0 n/a 0.000 
Coral Reef 71 10 0.549 

Thalassoma bifasciatum Mangroves 478 5 0.082 
Sea-grass 30 4 0.252 
Coral Reef 2562 5 0.051 

Chromis cyanea Mangroves 0 n/a 0.000 
Sea-grass 0 n/a 0.000 
Coral Reef 120 3 0.081 

 

Table 1: Sample size (n) and mean fork length (cm) of the study species – blue-striped grunt (Haemulon 
sciurus), blue-headed wrasse (Thalassoma bifasciatum), blue chromis (Chromis cyanea) – within each habitat. 
Mean fork length (the distance from snout tip to tail fork) is reported to the nearest centimetre. Confidence 
intervals indicate ± SE. 

 

 

Figure 3: Mean fork length (cm) of the three study species – blue-striped grunt (Haemulon sciurus), blue-
headed wrasse (Thalassoma bifasciatum), blue chromis (Chromis cyanea) - within each habitat. Error bars 
indicate ± SE. 
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Table 2: Results of a one-way ANOVA test for blue-headed wrasse (T. bifasciatum) and blue striped grunt (H. 
sciurus) of mean fork lengths between mangroves, sea-grass beds, and coral reef. Significance is indicated by an 
F-value higher than F crit, and P-value lower than 0.05. 

Size variation in T. bifasciatum was not significant between the three habitats (One-way ANOVA: F3067,2=1.13, 
p>0.05). C. cyanea was only recorded on the fringes of the reef, and so further statistical analysis was 
unnecessary. 

Discussion 

Dispersal into new habitats is thought to be a direct behavioural response to changing ecological processes, 
such as foraging requirements, predation, and reproducing, during development. In accordance, growth rate 
(g) and mortality risk (µ) will adjust. Indeed, as a juvenile fish develops, growth rates may increase alongside 
predation risk. Larger individuals are more vulnerable to predation but are still required to forage and 
reproduce (Dahlgren and Eggleston, 2000). In such a scenario, the “minimise µ/g” hypothesis (Salvanes et al., 
1994) predicts that developing juveniles will shift habitat in order to minimise this ratio – maximising growth 
rate (g) whilst attempting to minimise mortality risk (µ). 

H. sciurus was the only species for which a significant developmental shift in fork length can be quantified 
(One-way ANOVA: F448,1=4.15, p=0.04). Studies of grunts (Haemulidae) have documented a developmental 
shift in habitat preferences, showing recruitment onto reefs was significantly dependent on mangrove or 
seagrass habitats present nearby (Nagelkerken et al., 2000, 2002).  
 
Interestingly, mangroves were an important biotope for large juveniles, whilst seagrass habitats were utilised 
by smaller juveniles. Juvenile grunts may require a combination of both habitats. The structural complexity 
and shelter provided by the mangroves, in association with ample foraging space in seagrass beds, provides a 
suitable habitat where juveniles are not growth-limited and face a decreased risk of predation (Cocheret De 
La Morinière et al., 2004). In our study, no grunts were recorded on seagrass. Survey effort here, in terms of 
total area of habitat surveyed and repetition, paled in comparison to that of reefs, which may have led to less 
accurate means of fork lengths.  

Available data on nursery habitat use is species-dependent (e.g. Jaxion-Harm et al., 2012; Shibuno et al., 
2008). For T. bifasciatum and C. cyanea, data is limited to presence (Gratwicke et al., 2006). Absence data 
too is needed to indicate preference. In this study, T. bifasciatum showed no preferential habitat selection. 

All life stages were found equally in all 3 biotopes, whilst C. cyanea were only recorded on exposed zones of 
patch reefs. Under the “minimise µ/g” hypothesis (Salvanes et al., 1994), it is possible to speculate for T. 
bifasciatum that equally mangroves, seagrass and coral reefs provide the structurally complex microhabitats 
necessary to evade predators, and enough zooplankton (Froese, 2017b) within the water column to sustain 
survival through early development. 

Furthermore, the large foraging opportunity presented by the high density of reef fish harbouring 
ectoparasites (Froese, 2017b) may be enough to overcome the effect of predation. C. cyanea are known to 
school together and feed on plankton, 2-3 m above the substrate. Juveniles and adults alike use coral 
microhabitats as refuge from predators (de Boer, 1978). Use of mangroves or seagrass (typically found at 1-3 m 
depth at high tide) may therefore be suboptimal, with depths too shallow to meet planktonic food 
requirements, and less shelter (de Boer, 1978; Hemminga and Duarte, 2000; Wolanski et al., 1980). 

Adaptive cost–benefit analysis and optimality models, integrated with our empirical data on fish ecology, and 
connectivity between habitats (Mumby, 2006), may provide a valuable tool in designing marine reserves and 

Species F 
 

P-value F crit 

T. bifasciatum 1.129 0.324 2.999 

H. sciurus 4.149 0.042 3.862 
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coral reef management (e.g. Mumby, 2006; Walters, 2000; Weeks et al., 2017). A future dynamic approach to 
reserve design will ensure maximum protection in light of constant ecosystem change. 

This research has highlighted the potential nursery habitat use of three reef species, important to the 
biodiversity of the Bahamas. It is our intention that this data will form the basis of future research to 
elucidate further ecological factors potentially implicated in nursery habitat preference, such as habitat 
fragmentation and noise pollution (Layman et al., 2004; Simpson et al., 2016), and improve accuracy of cost-
benefit analysis and optimality models. 
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Blind in the Mind’s Eye – investigating aphantasia using fMRI 
Author: Holly Wilson 

Abstract 

Can you imagine a world where you cannot imagine? – This is the world for those with aphantasia. Imagine a 

lion. See its muscly bulk rise and fall as it sleeps on a plush red rug before you. It stretches lazily. Its eyes snap 

open and look directly at you. Your heart rate quickens. It opens its mouth to reveal sharp jagged teeth. It 

leaps to its feet and begins to sing.  

How vivid was the imagery you formed? Perhaps it was ‘perfectly clear and as vivid as normal vision’, or 

‘moderately clear and vivid’ (Marks, 1973). If you formed no image at all and only knew that you were 

thinking of the object (the lion), you may be one of the estimated 2% of population with the syndrome 

‘aphantasia’ (Faw, 2009). Aphantasia, coined in 2015 by Professor Zeman at Exeter, is characterised by an 

inability to form pictures in the mind’s eye (Zeman, Dewar & Della Sala, 2015). 

 

Introduction 

 

Many consider visual imagery to be critical for daily-tasks such as navigating around a new city, recalling the 

faces of distant loved ones or imagining future scenarios. Whilst those with aphantasia experience impaired 

ability in these areas (Sheldon, Amaral, Levine, 2017), they also report normal day to day functioning (Zeman 

et al., 2010). This raises interesting questions about the function of visual imagery. Investigating the neural 

profile of aphantasia can provide insight into the syndrome and aid us in discerning the role of imagery in 

cognition.  

Aphantasia is vastly understudied, as the syndrome only recently came into the scientific and public eye. This 

was following the publication in a popular journal of the case of patient ‘MX’. MX abruptly lost his ability to 

visualise at the age of 65 following surgery (Zeman, 2010). Whilst MX’s deficit was acquired, thousands have 

since reported their lifelong aphantasia alongside a desire to better understand their syndrome. 

Neuroimaging revealed MX’s brain activity differed to that of healthy control participants when imagining 

famous faces, but not when viewing those same faces (Zeman et al., 2010). Whilst these findings suggest 

differing neural profiles, the findings are not representative of the aphantasic population who experience a 

lifelong deficit. This fueled a need for further investigation.  
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Method 

Figure 1: Sequence of events for the main task. Participants completed 240 tasks in total. These consisted of 120 

for famous faces and 120 for famous places stimuli. Faces and places were counterbalanced for which occurred 

first 

 

We investigated the neural correlates of aphantasia using functional Magnetic Resonance Imaging(fMRI). 

This brain imaging technique measures blood flow throughout different areas of the brain as a proxy to 

detect areas of activity. We hypothesised that aphantasics would have abnormal activity location, strength, 

and atypical connectivity (communication) between regions. Participants were selected based on their scores 

on a questionnaire of Vividness of Visual Imagery scored out of 80 (aphantasics scored under 18, whilst 

controls scored between 50-60). Eleven aphantasics and eight controls underwent scanning in a 1.5 Tesla MRI 

scanner, whilst they looked at famous faces and places they saw on a screen (see Figure 1). They were 

subsequently scanned when asked to visually imagine those same stimuli, and again when identifying 

whether a digit shown on the screen was odd or even. The digit task serves as a baseline scan by which to 

compare other conditions against. Structural scans were run to get a detailed depiction of participant’s brain 

anatomy.  

 

Data was first processed to adjust for factors which can create noise in the data, such as subject movement 

during scanning. Functional images were superimposed onto the individuals’ structural anatomical 

counterpart to facilitate clearer visualization. Next, participants’ brain images were spatially normalised to a 

standard brain, the Montreal Neurological Institute (MNI) template. This means brain activation could be 

compared between groups and individuals. 
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We conducted statistical analyses of the data. Group level analyses included comparisons of activation 

between aphantasics and controls whilst imagining and when perceiving. Additionally, we generated 

activation in each group independently whilst imagining. Conjunction analyses included investigating shared 

regions of activation between aphantasics and controls whilst imagining.  

Dynamic causal modelling was used to investigate intrinsic connections between the middle frontal gyrus 

and left occipital temporal lobe. Evidence suggests frontal regions (control regions) communicate with 

occipital-temporal regions (visual areas) when perceiving and imagining (Mechelli, Price, Friston & Ishai, 

2004). When generating visual imagery, frontal activation is thought to elicit occipital-temporal activation 

(top-down processing) (Lee, Kravitz & Baker, 2012). 

 

 

 

 

 

 

 

 

Figure 2: Subtraction analyses for imagination (controls – aphantasics). Regions significantly activated less in 

aphantasics than in controls included; the Supramarginal Gyrus, Angular Gyrus, Inferior Parietal Lobe and 

Middle Frontal Gyrus. 

Findings 

We hypothesised that aphantasics would show reduced visual cortex activation whilst imagining, but not 

whilst perceiving. As expected, while aphantasics were imagining, their brains showed reduced activation. 

Unexpectedly, reduced activation was located in a left frontal area and left parietal regions (i.e. inferior 

parietal lobe, supramarginal gyrus and angular gyrus) (see Figure 2). Past evidence shows these left lateralized 

areas to be involved in language comprehension (Binkofski, Klann, Caspers, 2015). They are theorized to 

converge multisensory information into overarching concepts (Binder & Desai, 2011), i.e supramodal 

representation.  

Surprisingly, reduced activity in the same areas as for imagination occurred when aphantasics merely looked 

at the stimuli. This was unexpected as aphantasics have no deficit in visual perception. Yet, evidence suggests 

visual imagery utilizes the same brain network as visual perception (Pearson, Naselaris, Holmes & Kosslyn, 

2015). This suggests the visual perceptual and imagery networks in the brain still overlap in aphantasics, but 

are wired differently to controls. 
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We also investigated connectivity differences between regions. We hypothesised that the imagery deficit may 

be linked to reduced connectivity between frontal and occipital-temporal regions. We applied the statistical 

analysis ‘dynamic causal modelling’ to our data, to investigate this. However, the only significant finding was 

that aphantasics showed increased positive connectivity from occipital-temporal regions to frontal regions 

(see Figure 3). 

 

  

 

 

 

 

 

 

 

 

Figure 3: Aphantasics showed significantly increased intrinsic connectivity from occipital-temporal (OT) 

regions to the middle frontal gyrus (MFG), when imagining faces. This connectivity is indicated by the red arrow. 

Discussion 

This research establishes for the first time that the brain activity of aphantasics differs significantly to that of 

the general population both when imagining and when perceiving. These differences consist of reduced 

activation in the frontal and parietal regions and some difference in connectivity between regions. Due to the 

novelty of this research there are many areas for expansion in future research. Directions for such research 

are proposed below. 

Interestingly, 70% of aphantasics report visual content to their dreams and involuntarily flashes of images 

(Zeman, Dewar & Della Sala, 2016).  Perhaps some aphantasics can visually imagine, however, ability 

fluctuates with different states of consciousness. The brain activation differences in our study reflect 

voluntary/conscious imagination. Scanning aphantasics and controls during sleep, whilst they dream and 

generate involuntary unconscious imagery may provide insight into this possibility. That some people with 

aphantasia have visual dreams strikingly, shows they have a capacity for visual imagination.  

The brain stimulation technique, transcranial Direct Current Stimulation (tDCS) could elicit visual imagery 

in those with aphantasia. Previous research shows that ‘anodal’ stimulation of the frontal and occipital 

regions can moderate visual imagery strength in those with normal imagery ability (Keogh et al., 2016). 

Anodal stimulation works by increasing oscillation strength (synchronization of neuronal firing) (Antal et al., 

2004) thus driving binding of visual information to form visual representations. Applying anodal stimulation 

to aphantasics could elicit visual imagery.  
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Conversely, too much random neural noise in the visual cortex could be causal of aphantasia (i.e. disrupting 

images from forming) (Keogh, Bergmann & Pearson, 2016). Therefore, applying cathodal stimulation to 

frontal and occipital regions could elicit imagery by reducing oscillations and consequently unwanted neural 

noise. Performing both types of stimulation could inform us on the mechanics behind aphantasia. Excitingly,  

if either enables voluntary generation in those with aphantasia, it could offer the option of experiencing 

visual imagery for those with aphantasia (if they would so desire it). 

This current study is the first to investigate the neural profile of those with lifelong aphantasia. Crucially, we 

establish those with aphantasia show a differing neural profile to the general population: atypical brain 

connectivity and reduced activation of frontal and parietal regions. Future research should transition from 

asking whether there is a neural basis, to refining our understanding of that neural basis by complementing 

fMRI research with alternative techniques such as tDCS. It would be fascinating to additionally investigate 

the alternative cognitive strategies that those with aphantasics use to complete tasks which most use visual 

imagery to complete. This can inform us on core potentially amodal processes required for carrying out 

complex cognitive tasks.  
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