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ON THE COVER
Protected from harmful human activities, nature reserves remain critical for 
research opportunities and conservation e!orts. On page 12, Burnett et al. 
examine the determinants of plant abundance and diversity in the Gault Nature 
Reserve.

The cover illustrates the white-tailed deer (Odocoileus virginianus), a keystone 
species whose population surge in recent years has greatly impacted plant 
biodiversity.
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FOREWORD

Dear Reader,Dear Reader,

Throughout our existence, the McGill Science Undergraduate Research Journal has operated with the central Throughout our existence, the McGill Science Undergraduate Research Journal has operated with the central 
purpose of encouraging and showcasing scienti$c research at the undergraduate level. Now in our $fteenth purpose of encouraging and showcasing scienti$c research at the undergraduate level. Now in our $fteenth 
year, we would like to celebrate not only our continued pursuit of that purpose but also the continued year, we would like to celebrate not only our continued pursuit of that purpose but also the continued 
excellence in the work that we receive.excellence in the work that we receive.

Each year, when we are on the cusp of bringing a new issue to publication, we are reminded of the progress Each year, when we are on the cusp of bringing a new issue to publication, we are reminded of the progress 
that undergraduate researchers have made from the past to the present. This year, we were also inspired to that undergraduate researchers have made from the past to the present. This year, we were also inspired to 
look to the future. With the continued improvement in the quality of work that we receive each year, we are look to the future. With the continued improvement in the quality of work that we receive each year, we are 
excited for what our authors will achieve as they continue in their careers into graduate studies or industry. excited for what our authors will achieve as they continue in their careers into graduate studies or industry. 
We are equally excited to see the undergraduate work that we will receive for the next year and onwards.We are equally excited to see the undergraduate work that we will receive for the next year and onwards.

We would like to present the 2019-2020 issue of the McGill Science Undergraduate Research Journal. This We would like to present the 2019-2020 issue of the McGill Science Undergraduate Research Journal. This 
issue contains eleven research and review articles written by undergraduate students working in diverse issue contains eleven research and review articles written by undergraduate students working in diverse 
scienti$c $elds. The passion and e!ort that our authors put into their work is evident to us from the beginning. scienti$c $elds. The passion and e!ort that our authors put into their work is evident to us from the beginning. 
We hope that we were able to preserve that passion in the pages of our journal for all to experience.We hope that we were able to preserve that passion in the pages of our journal for all to experience.

On behalf of our entire editorial board, thank you. On behalf of our entire editorial board, thank you. 

Howard Li & Jacqueline YaoHoward Li & Jacqueline Yao
Editors-in-ChiefEditors-in-Chief
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Seeing the Forest for the Deer: Plant 
Abundance and Diversity at the Gault Nature 
Reserve During a Spike in White-Tailed Deer

Mackenzie Burnett1, Imogen Hobbs1, Alexa Ripple2

Abstract

Background: Deer populations have been rising across North America for decades. At the Gault Nature Re-
serve in Quebec, half of which is open to the public, the population of white-tailed deer (Odocoileus virgin-
ianus) has exceeded the region’s carrying capacity, estimated to be 5 deer/km2, since 1996. Given that heavy 
grazing profoundly impacts forests, the purpose of this paper was to investigate the potential in%uence of 
white-tailed deer on plant abundance and diversity at the Gault Nature Reserve. We hypothesized that the 
abundance of deer, and by extension the e!ect of deer on vegetation, was negatively correlated with the 
proximity and frequency of human visitors on pedestrian trails. Our alternative hypothesis was that the ef-
fect of deer on vegetation was positively correlated with human disturbance, which is greater on the public 
side of the reserve.

Methods:  We recorded the abundance and diversity of vascular plants along 14 transects of increasing dis-
tance from pedestrian trails on the public and private sides of the reserve. 

Results: Contrary to our hypothesis, generalized linear models indicated that overall, plant abundance and 
diversity declined signi$cantly as the distance from trails increased and that the e!ect of distance was sig-
ni$cantly di!erent on the two sides of the reserve. Pearson correlation tests revealed that there was not a 
signi$cant correlation between distance and plant abundance and diversity on the public side, although 
there was a signi$cantly negative correlation between these variables on the private side. 

Limitations: White-tailed deer were not directly studied, which limited the inferences that could be made 
about their in%uence on plant abundance and diversity. 

Conclusion: The distance from trails was a strong determinant of plant abundance and diversity on the pri-
vate of the reserve, but not on the public side, possibly because trail edges generally receive more sunlight 
and because the increased number of trails on the public side may have confounded our results. Although 
we did not $nd support for our hypothesis, the in%uence of trail edges on plant communities was reinforced. 
Researchers should continue to monitor the in%uence of white-tailed deer and forest managers should be 
mindful of edge e!ects when making decisions.

Introduction

In North America, white-tailed deer (!"#$#%&'()*+%,-%.%/.()) were extir-
pated from numerous areas and later reintroduced in the middle of the 
20th century. (1-3) !eir predators were also extirpated, but were not rein-
troduced. (1-2) In combination with restricted hunting seasons and laws, 
forest fragmentation, agricultural expansion, and the spread of exurban 
areas, deer populations have since reached an unprecedented density in 
many areas. Mont St. Hilaire in Quebec is one example of a region that 
has a high-density population of white-tailed deer.  From 1996 onwards, 
the deer population in the area has exceeded the carrying capacity, i.e. the 
number of deer that a given amount of land can sustainably support (4), 
estimated to be 5 deer/km2. (5) Although extensive surveys of the "ora at 
Mont St. Hilaire have been completed (6), some questions remain about 
how the population of white-tailed deer impacts the Gault Nature Reserve.

!e Gault Nature Reserve is located on Mont St. Hilaire, which is roughly 
32 km east of Montreal and at the northern limit of the temperate decidu-
ous forests of eastern North America. (7) !e reserve is approximately 10 
km2 in size and consists of seven low peaks that form a ring around Lac 
Hertel. !e western half of the reserve is designated for public use, while 
the eastern half is o# limits to public visitors. Unlike the surrounding area, 
the forest on the mountain has experienced little human disturbance, such 
as tree removal for roads or properties (8). Numerous trees are more than 
120 years old and sugar maples have been found that are over 400 years 
old. (8) Despite the reserve being well-managed and respected by local cit-
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izens, striking changes in species richness and evolutionary relationships 
have occurred over the past few decades. (6) 

High densities of white-tailed deer dramatically a#ect woody and herba-
ceous vegetation (1, 3, 4, 9) along with insects, birds, and other mammals. 
(2, 3) At high densities, deer browsing can decrease vegetation density (1, 
2) and lead to the extirpation of herbaceous species. (3, 4, 10, 11) Heavy 
deer browsing can also increase the spread of invasive species (12), alter 
forest succession (2), change forest regeneration (3), and modify micro-
environments. (1, 9) Additionally, Takada et al. (2002) found that the 
presence of deer herbivory induced thicker spines in a spiny shrub, 0/12
./$/.34()*%."%$(). (13) Since white-tailed deer negatively a#ect the distri-
bution and abundance of numerous species and can in"uence community 
structure by impacting multiple trophic levels, white-tailed deer have been 
described as a keystone species. (3, 9) As a result, this paper aims to study 
how the high-density population of white-tailed deer could be impacting 
plant abundance and diversity at the Gault Nature Reserve. !e experi-
ment consisted of tallying the number of individual vascular plants and 
plant species found in circular plots (radius = 1 m) along 100 m transects 
at 5, 20, 40, 60, 80, and 100 m from the edges of pedestrian trails. 

Fig. 1 illustrates our two hypotheses, which are based on the tendency of 
dense white-tailed deer populations to shrink plant abundance (1) and 
herbaceous species richness in the areas in which they preside. (1, 2) In 
our $rst hypothesis, depicted in Fig. 1a-b, we posited that deer were more 
concentrated on the private side of the reserve, possibly because they were 

Keywords.
Plants, biodiversity, ecology, 
white-tailed deer, Gault Nature 
Reserve. 

Email Correspondence
mackenzie.burnett@mail.mcgill.ca

Submitted: 01/15/20



Page 13Volume 15 | Issue 1 | April 2020 

avoiding the abundance of visitors on the public side. If this hypothesis 
was correct, we expected the plant abundance and diversity to be lower on 
the private side of the reserve. Moreover, we expected the plant abundance 
and diversity on the public side to become approximately equal to the 
plant abundance and diversity on the private side when enough distance 
had passed to render the visitors’ impact on the deer negligible. It was 
assumed that white-tailed deer would do the most grazing and thus have 
the greatest impact wherever they were concentrated most.  Plant abun-
dance was de$ned as the total number of plants observed in each plot and 
plant diversity was encapsulated by the Shannon diversity index, which 
takes both species richness and evenness into account. (14) Our second 
hypothesis, illustrated in Fig. 1c-d, was based on $ndings that herbivory 
had stronger e#ects in areas with high disturbance versus low disturbance. 
(15) Since the public side has more disturbance, like pedestrian trails and 
visitors who could be straying from the trails and trampling vegetation, in 
our second hypothesis we theorized that the impact of the deer popula-
tion would be greater on the public side of the reserve. If this hypothesis 
was correct, we expected the plant abundance and diversity on the public 
side to be lower and to become approximately equal to the plant abun-
dance and diversity on the private side a%er su&cient distance has passed 
to render the impact of people on deer negligible. Furthermore, in both 
hypotheses we proposed that plant abundance and diversity would remain 
the same along the transects on the private side because the private side 
had much less disturbance.

 
Methods

!is study was conducted at the Gault Nature Reserve, located on Mont St. 
Hilaire, Quebec, Canada, in August 2019. !e reserve is comprised of 10 
km2 of mature temperate forest divided into a public portion that features 
25 km of pedestrian trails and a private portion that receives markedly less 
human tra&c. (16) In between these two sides is Lac Hertel, a glacially 
formed depression that has a maximum depth of 9 m. (17) !e climate 
of the region is humid continental with a mean annual temperature of 6 
°C and a mean annual precipitation of 1000 mm. (4) !ere have been 600 
species of plants and 800 species of butter"ies identi$ed at the reserve. 
(16) Additionally, 353 known types of minerals can be found at Mont St. 
Hilaire, which is considered one of the top mineralogical sites in the world. 
In 1978, the Gault Nature Reserve became the centre of the $rst Canadian 
reserve in the UNESCO Biosphere network. (16)

Before we started collecting data, we strati$ed the study area in order to 
reduce the types of forest and thus the number of variables being evalu-

ated. !e United States’ Forest Service employs a similar phase in their 
sampling procedure because the species composition in plots that straddle 
multiple forest types may be highly variable from plot to plot. (18) Since 
slope can impact the distribution of plants and communities (7, 19), topo-
graphical maps of the Gault Nature Reserve were used to identify areas on 
the public and private side that had contour lines approximately the same 
distance apart. Moreover, because proximity to bodies of water can also 
impact plant communities (7, 20), maps were used to $nd areas on the 
public versus the private side of the reserve that were similar distances to 
Lac Hertel. Accordingly, seven transects were conducted on each side of 
the reserve, three of which started 10-50 m from the lake and four of which 
started more than 100 m from the lake, as shown in Fig. 2. All the transects 
near the lake had a similar slope and all those that were far from the lake 
had a similar slope as well. In the end, transects were set up in areas where 
American beech (5/-()*-,/."%6#&%/) and red maple (7$',*,(8,(1) were 
consistently the dominant plants.

A detailed transect procedure was used to increase repeatability. !e num-
ber of individual vascular plants and plant species in circular plots (radius 
= 1 m) were identi$ed and recorded at 5, 20, 40, 60, 80, and 100 m from 
pedestrian trail edges. Circular plots were used because they have a small-
er border per area than a square plot. As a result, circular plots have a 
smaller number of plants that could be along the border, which reduced 
the amount of variability introduced by making decisions about wheth-
er a plant was inside or outside the plot. (22) Furthermore, circular plots 
are utilized in the United States’ Forest Service sampling procedure (22) 
and are one of the methods discussed in Western Australia’s Department 
of Environment and Conservation standard operating procedure. (23) 
In addition, all the surveying was done between August 27th-29th, 2019 
since plant diversity and abundance can vary over time. Lastly, roughly 
30 minutes was spent on each transect to help standardize the surveying 
e#ort, similar to the sampling procedure used by the United States’ Forest 
Service. (18)

!e transect length was intended to capture potential edge e#ects in order 
to explore how plant composition might change with an increasing distance 
from pedestrian trail edges. Edge e#ects refer to changes in population or 
community structure that occur at the boundary of two or more habitats 
(24); however, edge e#ects can vary in distance and impact depending on 
a variety of factors. (25) Elevated forest disturbance has been evident in 
some cases up to 400 meters inside fragment margins (26), though the 
most striking changes frequently occur within 200 meters of edges. (25, 
27) Other studies have stated that edge e#ects may only reach 50 meters 
into boreal and temperate forests (28), or 15 meters into managed hard-
wood forests. (29) Ultimately, 100 meter transects were used because 100 
meters appeared to be an intermediate distance among past assessments of 
edge e#ects and because it enabled more transects to be completed. 

Figure 2. The locations of our surveyed transects in the mature 
temperature forest of the Gault Nature Reserve, Quebec, Canada. 
R1-R7 refer to the seven transects on the private side of the re-
serve. P1-P7 refer to the seven transects on the public side of the 
reserve. The labels have been placed on the sides that the tran-
sects started on. The transects were 100 m long and had circular 
plots (radius = 1 m) at 5, 20, 40, 60, 80, and 100 m from the edges 

of pedestrian trails. Image obtained from Google Earth. (21) 

Figure 1. Hypotheses regarding the potential change in plant abundance 
and Shannon diversity index along transects at the Gault Nature Reserve, 
Quebec, Canada. (a) and (b) make up the $rst hypothesis, while (c) and (d) 
make up the second hypothesis. Public refers to the side of the Gault Nature 
Reserve where public visitors are allowed and Private refers to the side where 
public visitors are not allowed. Lastly, Shannon Diversity refers to an index 
used to assess diversity that takes both species richness and evenness into 

account. (14)
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Care was also taken to establish transects at distances from each other that 
would suggest independence. !e most common species that was identi-
$ed was American beech, which is known to have limited seed dispersal. 
(30) Although some small mammals may distribute seeds over short dis-
tances, and birds can potentially transport seeds several kilometers, most 
American beech seeds drop to the ground immediately around the tree. 
(30) Consequently, transects were established 50 m from each other, like 
in the procedure developed by Koivula et al. (28), and were assumed to be 
independent. !e goal was to realize a “many and small” sampling scheme. 
(31) Having many, small surveyed areas yields accurate abundance esti-
mates for the most common species, although species lists may be incom-
plete. Conversely, having fewer, large surveyed areas may result in a more 
complete species list, but the abundance of rare species could be overes-
timated. (31) As a result, the “many and small” scheme was implemented 
with transects being 50 m apart to avoid overestimating the abundance of 
rare species. 

Plant surveying consisted of counting and identifying vascular stems that 
were under 1 meter in height. Although percent cover is a method of 
surveying plants that is quick and widely used by organizations like the 
United States’ Forest Service, estimates can di#er among observers. (22)  
Individual counts were used because they can be well-suited to monitor-
ing treatment e#ects. (22)  Despite white-tailed deer being able to remove 
twigs and foliage up to a height of 6 feet (32), plants under 1 meter were the 
focus of our survey because white-tailed deer commonly eat large amounts 
of vegetation that are closer to the ground. (33) When the species of a plant 
was not readily identi$able, it was assigned a genus or unknown code and 
was collected for later identi$cation, similar to the sampling procedure 
utilized by the United States’ Forest Service. (22) Next, when another plant 
was found that was not readily identi$able, it was compared to previous 
unidenti$ed specimens to determine whether it constituted a new species 
or not. Lastly, surveying was done as a group to minimize the variation 
that can occur between observers. !ese steps facilitated the analysis of 
the potential e#ect imparted by the distance from trails and the side of 
the reserve. 

A%er the plant survey was complete, the data was analyzed via generalized 
linear models (GLMs). GLMs are based on an assumed relationship be-
tween the mean of the response variable and the explanatory variable(s). 
(34) In addition, GLMs attempt to establish how the explanatory vari-
able(s) cause the response variable to change. !e interaction between ex-
planatory variables can also be investigated via GLMs to explore whether 
they in"uence each other.  In GLMs, data can be assumed to have a variety 
of probability distributions, like normal or Poisson. As a result, GLMs are 
considered more "exible and better suited for analyzing ecological rela-
tionships, which do not always $t a normal distribution. (34) !e response 
variable in the $rst GLM was plant abundance, meaning the total num-
ber of plants. !e explanatory variables were the distance from pedestrian 
trails and the side of the reserve, i.e. public versus private side. A Poisson 
distribution was used in this instance because plant abundance is an exam-
ple of count data, which frequently follows a Poisson distribution. (34) !e 
response variable of the second GLM was the Shannon diversity index, 
while the distance from pedestrian trails and the side of the reserve were 
once again the explanatory variables. !e Shannon diversity index was 
calculated using the +'-/. package (35) in R (36), based on the following 
equation (Eq. 1). !e Shannon diversity index was selected because it is a 
widely used diversity index in ecology that takes both species richness and 
evenness into account. (17) !e second GLM used a normal distribution 
because the Shannon diversity index does not consist of count data. 

Finally, we used Pearson correlation tests to gain further insight into the 
relationships at play. Correlation tests quantify the direction and strength 

of the linear relationship between a pair of variables. (37) While GLMs 
could indicate whether the side of the reserve was a signi$cant explanatory 
variable of plant abundance and diversity, they could not indicate whether 
the relationships between the distance from trails and plant abundance 
and diversity were stronger on the private or public side. In order to as-
certain this, Pearson correlation tests were employed. Moreover, a Pear-
son correlation test was used to evaluate whether there was a signi$cant 
relationship between plant abundance and diversity on the two sides of 
the reserves. 

Results

A total of 623 plants and 22 plant species were observed on 14 transects 
in the Gault Nature Reserve between August 27th - 29th, 2019. !e three 
most abundant species were American beech, red maple, and beech drops 
(9:%6/-()*+%,-%.%/./), which respectively accounted for 23%, 12%, and 9% 
of all the surveyed plants, as shown in Fig. 3. 

!e plant abundance data, depicted in Fig. 4, was used to perform a GLM 
in R (36) to gain insight into the relationships between plant abundance, 
distance from pedestrian trails, and sides of the reserve. Plant abundance 
decreased as the distance from trails increased on both the public and 
private side of the reserve, though plant abundance dropped o# to a no-
ticeably greater degree on the private side. When the GLM analyzed the 
overall change in plant abundance in the plots on both sides of the reserve 
as the distance from trails increased, distance was found to have a signi$-
cantly negative e#ect on plant abundance, as is summarized in Table 1. 

Equation 1. The formula for the Shannon diversity index (H). In 
this equation, n is the number of plants of a particular species 
that were observed in a plot, N is the total amount of plants ob-
served in a plot, and S is the total number of plant species that 

were observed in a plot. (17)

Figure 3. The abundance of the species observed on 14 transects 
at the Gault Nature Reserve, Quebec, Canada, expressed as a pro-

portion of the total number of surveyed plants. 

Figure 4. The relationship between the distance from pe-
destrian trails and the number of plants under 1 meter in six 
circular plots (radius = 1 m) along fourteen 100 m transects 
at the Gault Nature Reserve, Quebec, Canada. The $gure was 
$tted using a Poisson distribution, and the shaded areas rep-
resent the standard error of the mean. Private refers to the 
side of the reserve where public visitors are not allowed, and 
public refers to the side of the reserve where public visitors 

are allowed. 
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However, the side of the Gault Nature Reserve did not have a signi$cant 
impact on plant abundance. Lastly, the side of the reserve and the distance 
from trails had a signi$cant interaction, which means that the e#ect of the 
distance from trails was signi$cantly di#erent on the public versus pri-
vate side of the reserve. In short, the $rst GLM revealed that an increasing 
distance from trails had a signi$cantly negative impact on the combined 
number of plants that were observed and that the e#ect of distance was 
signi$cantly di#erent on the two sides of the reserve. 

!e Shannon diversity index data, illustrated in Fig. 5, was used to per-
form a second GLM in R (36) to explore the relationships between plant 
diversity, distance from pedestrian trails, and sides of the reserve. On the 
public side of the reserve, the Shannon diversity index seemed to increase 
somewhat as the distance from trail edges increased. Conversely, on the 
private side of the reserve, the Shannon diversity index clearly decreased as 
the distance from trails increased. When the second GLM, summarized in 
Table 1, analyzed the overall change in the Shannon diversity index in the 
plots on both sides of the reserve as the distance from trails increased, dis-
tance was found to have a signi$cantly negative e#ect. Once again though, 
the side of the reserve did not have a signi$cant e#ect itself. Finally, the 

side of the reserve and the distance from the trails had a signi$cant inter-
action. In other words, an increasing distance from the trails had an over-
all negative impact on the Shannon diversity indices that were observed 
and the e#ect of distance changed from one side of the reserve to the other. 

To summarize, the relationship between each of the response variables, 
plant abundance and diversity, and the explanatory variable, distance from 
trails, was di#erent on the public side of the reserve versus the private side. 
!e two GLMs supported this observation because they both indicated 
that the e#ect of distance was signi$cantly di#erent on the two sides of 
the reserve. To evaluate the strength and direction of correlations between 
the explanatory and response variables on the private side and public side, 
Pearson correlation tests were used. !e results of these tests are sum-
marized in Table 2. !e tests revealed that the correlation between plant 
abundance and distance from trails was signi$cantly negative on the pri-
vate side and insigni$cant on the public side. Likewise, the tests revealed 
that the correlation between the Shannon diversity index and distance 
from trails was signi$cantly negative on the private side and insigni$cant 
on the public side. Lastly, Pearson correlation tests indicated that there was 
a signi$cantly positive relationship between plant abundance and diversity 
on both sides of the reserve.

Discussion

Initially, we hypothesized that plant abundance and diversity would be 
lower on the private side of the reserve because white-tailed deer may be 
frightened by visitors and thus concentrated on the private side. Our alter-
native hypothesis was that plant abundance and diversity would be lower 
on the public side of the reserve because herbivory has a stronger impact 
in areas with high disturbance. (17) In both hypotheses, we speculated that 
the plant abundance and diversity on the public side would be roughly 
equal to that of the private side a%er approximately 100 meters. At about 
100 meters, we theorized that the in"uence of people on white-tailed deer 
and the forest would be nearly equal on both sides; yet, the results of our 
survey do not align with either of these hypotheses. !e GLMs showed 
that as the distance from pedestrian trails increased, the change in plant 
abundance and Shannon diversity index was signi$cantly negative overall 
and signi$cantly di#erent on the public versus the private side of the re-

Table 1. Results of the generalized linear models, GLMs, in 
which the in%uence of the explanatory variables on the re-
sponse variable was evaluated. In the $rst GLM, the explana-
tory variables were the distance from pedestrian trails and the 
side of the Gault Nature Reserve, while the response variable 
was plant abundance.  In the second GLM, the explanatory 
variables were the distance from pedestrian trails and the side 
of the Gault Nature Reserve, and the response variable was 
the Shannon diversity index.  The interactions between the 
explanatory variables were also evaluated in these two GLMs. 

Figure 5. The relationship between the distance from pedes-
trian trails and the Shannon diversity index of six circular plots 
(radius = 1 m) along fourteen 100 m transects at the Gault 
Nature Reserve, Quebec, Canada. The $gure was $tted using 
a Gaussian distribution and the shaded areas represents the 
standard error of the mean. Private refers to the side of the re-
serve where public visitors are not allowed, and public refers 

to the side of the reserve where public visitors are allowed.

Table 2. Pearson correlation test results. Test #1 and #2 evalu-
ated the relationship between plant abundance and the dis-
tance from pedestrian trail edges along fourteen 100 m tran-
sects split between the public and private side of the Gault 
Nature Reserve, Quebec, Canada. Test #3 and #4 assessed the 
relationship between the Shannon diversity index and the 
distance from trail edges along the same transects.  Lastly, 
test #5 and #6 analyzed the relationship between the Shan-

non diversity index and plant abundance.
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serve. On the private side, Pearson correlation tests indicated that the plant 
abundance and Shannon diversity index were signi$cantly greater close to 
the trail. Conversely, on the public side, Pearson correlation tests revealed 
that the plant abundance and diversity were not signi$cantly correlated 
with the distance to trails. 

A variety of factors might account for why our results di#er from our hy-
potheses. !e white-tailed deer in the Gault Nature Reserve may be more 
desensitized to the presence of people than anticipated, which could help 
explain why the side of the reserve was not a signi$cant explanatory vari-
able in the GLMs.  Additionally, it is possible that people visiting the re-
serve could be acting as vectors for seed dispersal through seeds attaching 
to their clothes or equipment. !is could be one of the reasons that plant 
abundance and diversity is generally greater near trails, where there is the 
highest human tra&c. Elliott and Davies (2019) found that species rich-
ness on Mont St. Hilaire increased between surveys completed in 1958-
1960 and 2012-2015. (6) Moreover, they found that the increased species 
richness could be attributed to people and other animals acting as vectors 
for seed dispersal and climate change impacting species distribution.    

Di#erences in sunlight might have also contributed to our results. Re-
searchers who investigated the environmental basis for canopy composi-
tion at Mont St. Hilaire found that slope and the amount of solar radiation, 
both of which in"uence soil moisture, were the main determinants of plot-
to-plot variation. (7) Similarly, another study found that the di#erence in 
plant composition near trails is due to trail edges having lower canopy 
cover and therefore more sunlight reaching the understory. (29) !us, the 
greater drop o# in plant abundance and diversity on the private side of the 
reserve might be explained by the decreased disturbance it experiences, 
which may have caused less sunlight to reach the ground further from the 
trail. Correspondingly, it is possible that the increased presence of visitors 
could have contributed to the plant abundance and diversity not being 
signi$cantly correlated with the distance from trails on the public side. If 
visitors were straying from paths and trampling vegetation, it could have 
caused more sunlight to $lter through to the ground o# the public paths 
over time. !is increased amount of sunlight could have led to greater 
plant abundance and diversity. 

Furthermore, our results could have been impacted by the numerous in-
terconnecting pedestrian trails on the public side of the reserve, which 
leave smaller pockets of forest between them. At times, it was di&cult to 
$nd areas on the public side where the end of the transect would be at 
least 100 m from every other trail while also having a similar slope and 
distance to Lac Hertel as the other transects. As a result, some of the public 
transects may have been conducted in areas where the end of the transect 
was too close to the edge of another pedestrian trail to re"ect the actual 
conditions of the forest ecosystem 100 meters from a trail. Nevertheless, 
these three studies (29, 38, 39) and our results on the private side show that 
the distance to trails strongly in"uences plant abundance and diversity, 
while other research shows that the di#erence in sunlight may be one of 
the reasons why. (8, 29) Although the results on the public side may have 
been confounded by the increased number of pedestrian trails, the results 
on both sides of the reserve reinforce that edges have a powerful in"uence 
on ecosystems.

A few factors limit or impact the results of our plant survey. Species could 
have been overlooked because of low abundance at the time of the survey. 
!ere may have also been species that could not be identi$ed due to their 
stage of development. !e damaged condition of some plants rendered 
their identi$cation more di&cult as well. Factors such as these are inherent 
in essentially all plant surveys and contribute to a degree of uncertainty 
regarding species composition and diversity estimates. (22) Furthermore, 
the activity of white-tailed deer was not observed directly during this ex-
periment, which made forming inferences about their impact more dif-
$cult. In the future, observing deer directly with camera traps might en-
able more causal conclusions to be drawn about their impact. Employing 
deer exclosures could also be informative. Finally, using percent cover as a 
means of surveying the Gault Nature Reserve might enable more transects 
to be evaluated and more plant species to be recorded. Future research 
could reduce the limitations that were encountered in this experiment by 
executing these changes. 

Conclusion

Although we did not $nd support for our hypotheses regarding the impact 
of white-tailed deer on plant abundance and diversity at the Gault Nature 
Reserve, other sources clearly indicate that white-tailed deer can act as 
a keystone species. (1-3, 9-13, 17, 38) Future researchers should monitor 
how the overabundance of white-tailed deer impacts the ecosystem at the 
Gault Nature Reserve and elsewhere. If we disregard the keystone e#ects of 
deer on temperate and boreal forests, we risk losing the suite of species and 
processes needed to maintain ecosystem function. (9) Ultimately, our re-
search underlined the in"uence that edges can have on plant communities. 
Individuals who manage ecosystems like the Gault Nature Reserve should 
be mindful of edge e#ects when making decisions. 
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Gestational and Early Postnatal Exposure to a 
Mixture of Organophosphate Ester Flame 
Retardants Found in Canadian House Dust on 
Hindlimb Skeletal Development in Postnatal 
Day 4 Rats

Charlise Xinyi Chen1, Han Yan1, Barbara Hales1

Abstract

Background: Ever since organophosphate esters (OPEs) became the mainstream replacement for organo-
bromine compounds in $re retardants (FRs), numerous studies have explored their potential as endocrine 
disruptors and developmental toxicants. The purpose of this study is to investigate the impact of gestational 
and early postnatal exposure of OPE mixtures on the ossi$cation of hindlimb phalangeal in postnatal day 
4 (PND4) rat pups, as the amount of OPEs within the diet mixture is relative to its composition in Canadian 
household dust. 

Methods: Male and female adult Charles River Sprague-Dawley rats were exposed to OPE mixtures for 70 
and 21 days, respectively. The OPE doses were determined to be 10x, 1,000x, and 30,000x the relative human 
exposure. The progenies were exposed to OPEs both gestationally (~21 days) and lactationally (4 days). At 
least 2 of each sex from each litter were sacri$ced and processed at PND4 for skeletal staining using Alizarin 
red and Alcian blue. The samples were analyzed and compared against a reference sample to examine any 
abnormalities in ossi$cation.

Results: At PND4, there is no signi$cant e!ect of OPEs on the number of pups with abnormal ossi$cation 
between the control and treatment groups. High doses of OPEs, at concentrations 30,000x of relative hu-
man exposures, showed a signi$cant increase in the severity of delay of ossi$cation at the middle phalanx 
of PND4 pups. 

Limitations: Due to the limitation of small sample sizes (litter n=6-7) and a wide variance in data, there is no 
clear evidence on whether OPE exposure induces greater incidences of abnormal ossi$cation in the digits 
of PND4 pups. 

Conclusion: There is a delay in ossi$cation from OPE exposure at the high dose (30,000x). 

Introduction

Flame retardants (FRs) are ubiquitous within the environment; they are 
present in electronics, various textiles, and surface coatings of "amma-
ble household items, such as synthetic Christmas trees. A common type 
of organobromine compound is polybrominated diphenyl ether (PBDE) 
and these so-called brominated $re retardants (BFRs) dominated the 
market in the 1990s. However, BFRs were banned in both the Europe-
an Union and United States in the early 2000s due to its proven threat to 
public health. Researchers have shown that BFRs induce liver toxicity and 
thyroid hormone dysfunction in rat models. (1) Furthermore, gestational 
studies have also found that exposure to BFRs in doses that approximate 
high human exposures (0.06 mg/kg/day) cause $rst-generation o#spring 
(F1) phenotypes of fused digits and delayed ossi$cation in the sternebrae 
in rats. (2) A%er BFRs were removed from the market, organophosphate 
esters (OPEs) have become the mainstream replacement chemical in $re 
retardants. OPEs are a class of organophosphorus chemicals that are added 
to "ame retardants, which work by creating a charred phosphoric acid sur-
face when encountered with a "ame. !e charred surface will then act like 
a solid shield between the $re and material, which protects the unburned 
portion form the $re.  Since OPE "ame retardants are additive "ame re-
tardants, the molecule is not chemically bonded to the polymer, which is 
why OPEs can be discharge to the environment, such as in house dust. (3)

However, are OPEs a responsible replacement for BFRs? Since then, many 
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studies have investigated the e#ect of these chemicals on developmental 
toxicology in rat models. OPEs are reported to induce oxidative stress 
on mouse Leydig tumor cells in vitro, where all 7 OPEs tested (10 μM) 
signi$cantly increased superoxide production. !e same e#ect was not 
observed with BDEs, which is present in a majority of BFRs. (4) Previ-
ous studies used a murine limb culture model to investigate the e#ects 
on key transcription factors (TFs) in endochondral ossi$cation, such as 
Sox9, Runx2, and Sp7. (5) !ese results concluded that when compared 
to the legacy chemical 2,2’,4,4’-tetrabromodiphenyl ether (BDE-47), expo-
sure to triphenyl phosphate (TPhP), a common OPE, caused a signi$cant 
decrease of TF mRNA expression, which can alter the formation of digits. 
Markers for endochondral ossi$cation were investigated using "uorescent 
photography in murine limb bud culture, including COL10A1-mCherry 
and COL1A1-YFP, which are hypertrophic chondrocyte and osteoblast 
markers, respectively. When the limb buds were exposed to 3 μM of TPhP, 
expression of both markers were greatly suppressed and the limb buds 
showed abnormal ossi$cation. (5) !ese data suggest that OPEs cause a 
delay during the transition from cartilage to bone in endochondral ossi$-
cation during fetal development.

!is study focuses on the gestational and early lactational e#ect of OPEs 
on ossi$cation of the hindlimbs of F1 pups. It is predicted that, as the 
concentration of OPEs exposure increases, there will be a greater delay in 
bone formation in endochondral ossi$cation in the digits. !e amount of 
OPEs of each treatment diet is designed to be relative to the concentration 
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and chemical composition humans are expected to be exposed to in Ca-
nadian house dust in mg/kg/day (Table 3). !e three treatment groups are 
30x, 1,000x, and 30,000x of the relative human exposure concentration. 
Pups are sacri$ced at postnatal day 4 (PND4) for skeletal staining, as delay 
of ossi$cation is evident at the middle phalanx in the hind paw during this 
stage. !e $rst sign of ossi$cation at the middle phalanx occurs at gesta-
tional day (GD) 19+, where birth of a rat fetus normally occurs on GD 
20/21. Between PND0 and PND7, the middle phalanx presents a clear-
ly de$ned wide band of ossi$cation. (6) !us, by PND4, any e#ect from 
OPEs on bone development will be evident with abnormal ossi$cation of 
the middle phalanx. During endochondral ossi$cation, mesenchymal cells 
are $rst committed to becoming cartilage cells and then condensed into 
compact nodules before di#erentiating into chondrocytes. !ese chon-
drocytes then rapidly proliferate and become hypertrophic chondrocytes, 
which concludes the $nal stages of chondrocyte di#erentiation before car-
tilage is replaced by bone. Endocardial ossi$cation occurs in the vertebral 
column, the pelvis, and the limbs. (7) !e combination of Alcian blue and 
Alizarin red dyes are optimal for staining endochondral ossi$cations, as 
they stain for cartilage and bone, respectively. Alcian blue is a cationic dye 
that binds to the high concentration of glycosaminoglycans (GAGs) and 
glycoproteins within the cartilage, while Alizarin red acts as an anionic dye 
that binds calcium in bones. (8) With the use of these two dyes, the stages 
of endochondral ossi$cation can be clearly distinguished. 

!e principle results show a signi$cant increase in the incidences of de-
layed digit formation in pups from the highest dose treatment group 
(30,000x). !is abnormality in digits is more severe as the dose increases 
across the treatment groups. In addition, the delay of skeletal ossi$cation 
is rather global. !ese results imply that OPEs might not be a responsible 
replacement for PBDE and the search for $nding a better market replace-
ment continues. 

Materials and Methods

Animals and treatment

Adult Charles River Sprague-Dawley rats (St. Constant, Quebec, Canada) 
were separated into four groups and each animal was acclimated to either 
a control, low, medium, or high-dose OPE mixture treatment diet (0x, 30x, 
1,000x, and 30,000x the approximate daily exposure to OPEs in Canadian 
house dust in mg/kg/day). !e dose was approximated relative to body 
mass and food consumption (Table 1). Since the chemical mixture has 
never been tested on animals before, a broad range of doses were chosen, 
with the lowest dose being relative to human exposure and the highest 
dose being that where toxicity is expected. 30x the human exposure level 
is still relevant, as it is calculated relative to human exposure via dust and 
there are many other avenues through which humans can be exposed to 
OPEs.

Female rats were treated with the diet mixture for 30 days, which covers 
four days of the menstrual cycle, and 21 days of gestation and lactation-
al exposure. Male rats were treated for 70 days to cover an entire cycle 
of spermatogenesis and epididymal transit. A male and female rat of the 
same treatment group were then mated when the female was in proestrus. 
If the female rats were con$rmed to be pregnant by the presence of a vag-
inal plug the next day, this would be considered as gestation day 0 (GD0) 
and the birth of F1 pups was marked as postnatal day 0 (PD0). Two pups 
of each sex were sacri$ced at PND4 and $xed in 95% ethanol (EtOH) until 
further processing.

Skeletal processing and staining

!e following protocol was adapted from previous guidelines used in the 
Barbara Hales lab (unpublished) and the methods have been described by 
Rigueur and Lyons. (8) !e hindlimb sections were submerged in 70°C 
water using forceps for $ve minutes to so%en the tissue. !e skin was in-
cised vertically, proximally to distally, using micro-scissors along the lum-
bar vertebrae $rst (Fig. 2A) and was peeled towards the tail. Two cuts were 
then made from the tarsus to the phalanges on both sides of the feet (Fig. 
2B, 2C). !is skin was also peeled o#, but the skin casing on the tip of the 
digits was spared. Another two additional incisions were made on the cau-
dal and ventral side of the tail, and approximately 0.25 mm of skin casing 
was le% at the distal end to prevent damage. Any residual organs, fat, skin, 
and muscle were carefully removed. !e muscles were perforated using a 
30 1/2 gauge needle to create channels and the skin casing on the digits was 
loosened with the needle tip. !en the skeleton was $xed in 95% EtOH for 
at least 12-24 hours before staining.

!e staining solution contained 1.5 mL of Alcian blue, 1 mL of Alizarin 
red, 1 mL of glacial acetic acid, and 16.5 mL of 70% EtOH for a 20 mL 
vial. !e skeletons were incubated at 37°C for 32 hours and washed with 
distilled water three times to remove the le%over dye. !e stained skeletons 
were then le% in 0.5% potassium hydroxide (KOH) for approximately $ve 
days at room temperature or until the so% tissues were mostly clear.

A%er the so% tissues were cleared, the skeletons were then washed three 
times with distilled water and placed in 2:1:1 solution (Table 2) overnight 
for the $nal stage of the clearing. For long-term storage, the skeletons were 
store in 1:1 storage solution (Table 2) until analysis. 

Table 2. Ratio of components in 1:1 and 2:1:1 solution. 

Skeletal examination

Each pup was examined by comparing the ossi$cation levels of all parts of 
the hindlimbs against reference samples (Fig. 2). !e di#erent ossi$cation 
levels were categorized as normal, faint, or no ossi$cation (Fig. 3A, 3B, and 
3C respectively). All examinations of the pups were done by observation 
in the vial. In some cases, if the skeleton disintegrated during the washing 
or processing steps, it was poured out onto an agarose gel to be sorted and 
examined instead. 

Data analysis

Proportions calculated relative to treatment groups (n=fetus) were ana-
lyzed using a 1-tail Fisher’s exact test. Proportions calculated relative to lit-
ter size (n=litter) or paw number (n=paws) were assessed using a 1-tailed 
Mann-Whitney U test in GraphPad Prism 8.

Table 1. Dose approximation relative to body mass and food con-
sumption.

Figure 1. Sites of skin incision for skeletal preparation on the hind-
legs of PND4 pup. (A) Dorsal view. (B) Ventral view. (C) Posterior 

view.
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Results

Middle phalanx ossi$cation morphology

Representative samples on the degree of ossi$cation at the middle phalanx 
were photographed as references. Alizarin red and Alcian blue stains for 
bone and cartilage, respectively. Blue-tinted areas on the paw represent 
cartilage and dark purple areas represent stained bones, which are consid-
ered to be positive stains by Alizarin red. An adequately developed middle 
phalanx at PND4 presented a thick band of ossi$ed center that was stained 
positive by Alizarin red (Fig. 2A). In contrast, the ossi$cation center at 
the middle phalanx can also be entirely absent (Fig. 2B), or faintly ossi$ed 
(Fig. 2C).

Exposure to OPE mixtures on hind paw phalangeal ossi$cation and 
formation

To determine the e#ect of gestational and early postnatal exposure to OPE 
mixtures on hind paw ossi$cation, the proportion of a#ected pups with 
delayed ossi$cation was calculated relative to the litter size (n=litter) or to 
the treatment group (n=pups). A#ected pups included both individuals 
with either faint or no ossi$cation of the middle phalanx in any digit. It is 
important to normalize proportions of abnormalities within litters, as the 
dams rather than the pups were acclimated to di#erent concentrations of 
OPE diet mixtures. 

Once the proportions were calculated relative to litter size (Fig. 3A), all 
treatment groups showed a large variance in the data, including the con-
trols. All groups, except the low-dose group, had at least one litter with 
an abnormal ossi$cation proportion of one, and all groups had at least 
one litter with an abnormal ossi$cation proportion of zero. !e data did 
not indicate any signi$cant di#erences between the three treatment groups 
and the controls. Similarly, with the proportion calculated relative to the 
pups (Fig. 3B), the bars represent the proportion of pups that have delayed 
ossi$cation of the middle phalanx in each group, and again, the data did 
not support a signi$cant di#erence between the three treatment groups 
and the controls. 

E!ect of exposure to OPE mixtures on the ossi$cation of the second 
and $fth digits in the hind-paws

In rats, the pattern of ossi$cation of the phalanx follows the pattern of 
development in the metacarpals, which is in the order of 3,4,2,5. (6) !us, 
reduced ossi$cation at the middle phalanx of the second and $%h digits is 
a strong indication of delayed bone development. 
!e proportion of a#ected pups with delayed ossi$cation was calculated 
as the number of individuals with no ossi$cation in digits 2 and 5 relative 
to litter or pups. When the proportion was calculated relative to litter, the 
controls lost most of its variance in data compared to Fig. 3A. Only the 
medium and high-dose groups had litters with a proportion above 0.4, 
whereas in Fig. 3A, three out of four groups had a data range from 0 to 1. 
When the proportion was calculated relative to the number of pups (Fig. 
3D), there was no signi$cant di#erence between the low, medium, and 
high-dose groups when compared to the controls. 

Figure 2. E!ects of gestational and early postnatal exposure to 
OPE mixtures on the hind paw phalangeal ossi$cation and forma-
tion. (A) Sample of normal ossi$cation of the PND4 pup hind paw. 
(B) No ossi$cation of the middle phalanx at digits 2,3,4, and 5. (C) 
A case of faint ossi$cation of the middle phalanx at digits 2,3, and 

4, as indicated by the *, with no ossi$cation at digit 5. 

Figure 3. Proportions of pups with abnormal ossi$cation per litter 
or per treatment group. (A) Proportion of pups showing abnor-
mal ossi$cation at the middle phalanx relative to the total num-
ber of pups in a litter (n=7,6,6, and 7 for control, low, medium, 
and high-doses, respectively). The bars represent the mean value. 
(B) Proportion of pups showing abnormal ossi$cation at the mid-
dle phalanx relative to the total number of pups examined per 
treatment group (n=23,18,23, and 27 for control, low, medium, 
and high-doses, respectively). (C) Proportion of pups showing 
no ossi$cation at the middle phalanx in both the second and 
$fth digit relative to the total number of pups examined in its 
litter (n=7,6,6, and 7 for control, low, medium, and high-doses, 
respectively). Bars represent the mean value of proportions. (D) 
Proportion of pups with no ossi$cation of the middle phalanx in 
both the second and $fth digit is calculated relative to the total 
number of pups examined per treatment group (n=23,18,23, and 

27 for control, low, medium, and high-doses, respectively). 

Figure 4. Number of abnormal digits per a!ected individual and 
proportion of a!ected paws with abnormal ossi$cation on digits 
2 and 5 in di!erent treatment groups. (A) Average number of dig-
its with abnormal ossi$cation in the middle phalanx in a!ected 
PND4 pups. The error bars represent standard deviation (n=6,3,7, 
and 9 for control, low, medium, and high-doses, respectively). The 
* indicates p<0.05 when compared to the controls. (B) Proportion 
of paws showing no ossi$cation at the middle phalanx in both 
the second and $fth digits. The bars represent the proportion 
of paws a!ected relative to the total number of paws examined 
(n=46,36,46, and 54 for controls, low, medium, and high-doses 
respectively). No error bars are present, as there is only one data 
point for proportion per group. The * indicates p=0.009, p<0.05 

when compared with the controls.
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High-dose treatment group causes severer delay in endochondral 
ossi$cation

Within the a#ected individuals, the number of digits with no ossi$cation 
at the middle phalanx was varied. !e average number of digits a#ect-
ed per pup in the subgroup of a#ected pups was calculated to determine 
the dose-dependent e#ect of OPEs on the middle phalanx (Fig. 4A). !e 
average number of a#ected digits increased as the dose of OPE mixture 
increased. Despite the large error bars, a signi$cant increase was observed 
in the high-dose group when compared against the controls (p=0.0114, 
p<0.05, Mann-Whitney test). Although there is an upward trend of sever-
ity as the dose increases, the dose-dependent relationship was not signi$-
cant in a 1-way ANOVA test (Fig. 4).

!e proportion of pups with no ossi$cation at the middle phalanx of digits 
2 and 5 was calculated again, this time relative to the number of paws (Fig. 
4B). !ere was a signi$cant increase in the high-dose treatment group 
when compared against the controls (p=0.009). Although both the low 
and medium-dose groups had a higher proportion of a#ected pups than 
the controls, the di#erences were not signi$cant. !e proportions were 
also calculated within both sexes, however, no statistical signi$cance was 
found.

Abnormal ossi$cation at the middle phalanx correlates with lower 
caudal vertebrate length

Other than quantifying the delay in ossi$cation at the middle phalanx 
in the digits, the number of ossi$ed centers in the caudal vertebrae was 
also measured to examine the over-all extent of ossi$cation in the PND4 
pups. A sample of long caudal vertebrate has around 21 ossi$cation centers 
(Fig. 5A); in contrast, an abnormally short caudal vertebrae has only 14 
ossi$cation centers at PND4 (Fig. 5B). A normal tail length at PND4 has 
around 20 ossi$cation centers according to past experimental results (un-
published). A single case of abnormal caudal vertebrate ossi$cation was 
also observed from the high-dose group (Fig. 5C). 

To investigate the relationship between caudal vertebrae length and the 
e#ect of exposure to OPE mixtures, the length was compared across the 
treatment groups and also between individuals with either normal or ab-
normally ossi$ed digits. !ere was no signi$cant di#erence in the average 
length of the caudal vertebrae between the three treatment groups and 
control (Fig. 6A). However, the average caudal vertebrae length in the 
two subgroups of individuals with a#ected digits was signi$cantly lower 
when compared against those with normal digit ossi$cation (*p<0.0001, 
**p<0.0001, Fig. 8B).  No other abnormalities were observed other than in 
the digits and caudal vertebrae.
 

Log transformation of data and Pearson’s correlation coe#cient 
analysis

Log10 transformation was applied to the x-axis of Fig. 3B, 3C, and 4B to ex-
tract a linear correlation between the two variables: proportion and dose. 
Although the Pearson’s R for Fig. 3D and 4B were above 0.83, the p-values 
were both >0.1, which is not statistically signi$cant as p must be <0.05. 
Low statistical signi$cance might be due to small sample size. Other

Discussion

In normal hind paw ossi$cation of rats, the middle phalanx’s primary os-
si$cation center appears by GD19+ in all digits except the thumb (digit 
1), which lacks a middle phalanx. (6) Any middle phalanx that has less 
ossi$cation than the reference sample (Fig. 2A) is considered to have de-
lays in bone development. With these criteria, the proportion calculated in 
Fig. 3A and Fig. 3B for individuals with delayed ossi$cation included pups 
with either faint or no ossi$cation of the middle phalanx.

However, the data showed a large variance in all groups (Fig. 3A). !is 
could be caused by the broad de$nition of “delayed ossi$cation” that was 
used when calculating the proportion. Pups with faint ossi$cation could 
be categorized as displaying “normal ossi$cation” since there are natural 
di#erences in the speed of normal digit development. Large variances in 
data could mask out potential statistical signi$cances. With the vast range 
of proportions in the controls, there was no consistent baseline data that 
can be used to compare with other treatment groups. To reduce the vari-
ance in data, the criteria for “delayed ossi$cation” was re$ned to include 
only the individuals with no ossi$cation at the middle phalanx in any digit. 
However, similarly to Fig. 3A and Fig. 3B, there are variances in the data 
with no signi$cant di#erence between the groups (graph and calculation 
not shown). !e criteria was further re$ned to include only the individuals 
with no ossi$cation of digits 2 and 5. Since the order of rat digit develop-
ment is 3,4,2, and 5, any lack of ossi$cation at the last two digits by PND4 
is a strong indication of a severe delay in the development of bones. 

When the proportions of individuals with no ossi$cation at digits 2 and 
5 were calculated relative to the litter (Fig. 3C), the data was less “noisy” 
than Fig. 3A. All treatment groups had reduced variance, especially in the 
controls. A clear distinction was observed between the data points of the 
control and high-dose group, despite the di#erence not being statistical-
ly signi$cant. When calculating the proportions relative to the pups (Fig. 
3D), there was no statistical signi$cance between the treatment groups 
and the controls. 

Figure 5. Images of stained caudal vertebrates comparing length 
and the only case of kinked tail. (A) Normal length tail with 
around 20 caudal vertebrae. (B) An unusually short tail of around 
14 vertebrae; part of the caudal vertebrae above the pubic bone 
is not shown. (C) Kinked tail and abnormal ossi$cation of the cau-

dal vertebrae.

Figure 6. Correlation between middle phalanx ossi$cation and 
caudal vertebrate length (* p<0.0001. ** p<0.0001). (A) Box and 
whisker graph of caudal vertebrae length in the control and the 
three treatment groups. The error bars are maximum to minimum 
(n=23,18,23, and 27, respectively). (B) Box and whisker graph of 
three di!erent subgroups: normal digit ossi$cation, faint or no 
ossi$cation, and no ossi$cation at digits 2 and 5. Medians are 19, 
16, and 15, respectively. The error bars are maximum to minimum 

(n=42, 44, 15, respectively).
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!e number of pups examined per treatment group were 23, 18, 23, and 
27 for the control, low, medium, and high-dose groups respectively. Due to 
the small litter size of F0 dams and the limited time for this project, only 6 
litters per treatment group were examined. To increase the sample size for 
data analysis, the proportion of digits 2 and 5 was calculated per paw (Fig. 
4B), which increased the sample size to 46, 36, 46, and 54, respectively. By 
normalizing the proportion relative to the number of paws, it accounted 
for the severity of the e#ect of OPEs, which was proven to be signi$cant in 
Fig. 4A. In conclusion, the number of pups that have delayed ossi$cation 
in each treatment group is similar, yet abnormal ossi$cation was present 
in the high-dose group. 

!e caudal vertebrae length is correlated with the extent of abnormal os-
si$cation at the digits (Fig. 6B). Pups with abnormal digit ossi$cation in 
the middle phalanx were more likely to have a shorter tail than pups with 
normal ossi$cation. !is data suggests that the delay in ossi$cation of the 
pups is a global e#ect rather than location speci$c. A single case of kinked 
tail with abnormal caudal vertebrate ossi$cation was observed in the high-
dose group (Fig. 5C). At the distal end of the caudal vertebrae, the third 
last caudal vertebra has an abnormal pattern of ossi$cation: it lacks a single 
thick band of primary ossi$cation center. !e staining pattern is either due 
to the dispersion of Alizarin red or a dark stain of Alcian blue. !e kink in 
the tail could also be an indication of neural tubal defects during fetal de-
velopment, but further analysis is required to determine the exact cause of 
this special case of malformation. Previous studies found that OPEs such 
as TPhP, t-butylphenyl diphenyl phosphate (BPDP), isopropylated triph-
enyl phosphate (IPPP), and tricresyl phosphate (TCrP) showed adverse 
e#ects, especially on bone ossi$cation. (5, 9) !ese chemicals constitute 
approximately 20% of the OPE mixture. Many OPEs found in house dust 
have not been tested regarding its e#ect on endochondral ossi$cation and 
their e#ects on bone formation are still unknown.

In conclusion, there is no clear e#ect of exposure to OPE mixtures on hind 
paw development due to limitations, such as a small sample size. However, 
a high-dose exposure to OPEs induces a signi$cant delay in the ossi$ca-
tion of the middle phalanx in the hind paw. !e fact that only the high-
dose treatment group was statically signi$cant could either be due to the 
nature of OPEs, whereby a very high dose is required to a#ect skeletal 
development, or variations in the data that masked other statistical sig-
ni$cances. Further experiments with a larger sample size could minimize 
the variances in data to con$rm why only the high-dose treatment groups 
were signi$cant when compared to the control. Since only the hindlimb 
section was analyzed due to time constraints in this study, fore-limb sec-
tions could also be examined for a more extensive and complete analysis. 

!e ultimate goal of $nding a responsible replacement is to replace the 
toxic legacy chemical with one that is harmless or at least, less toxic. How-
ever, the OPEs used in $re retardants that $lled the market gap a%er BFRs 
were banned are not entirely safe in terms of their e#ects on endocrine sys-
tems. (5) Experimentally, the no-observed-adverse-e#ect-level (NOAEL) 
for variations in cervical vertebrae and phalanges of PBDEs is 0.75 mg/kg, 
and the NOAEL for phalangeal abnormal ossi$cation of OPEs was 1602 
mg/kg in this experiment. (1) Since this experiment has a lot of short-
comings regarding small sample size and large variance, it is di&cult to 
fairly compare to BFR’s NOAEL, which has been studied more extensively. 
Based on this study, there is no concrete evidence on whether OPEs are a 
responsible replacement for PBDEs in $re-retardants, as the data only sug-
gests that OPEs signi$cantly induce abnormal ossi$cation at an extremely 
high concentration, which may not be particularly relevant to human ex-
posures.  
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Implications of Reciprocity in the Evolution 
of Ethnocentrism and Cooperation

Ruo Ying Feng1

Abstract

Background: Ethnocentrism is de$ned as an individual’s tendency to favor in-group members at the ex-
pense of out-group members. Recent computer simulations have studied its evolution by modelling coop-
erative and defective behaviours in a Prisoner’s Dilemma framework. 

Methods: This paper introduces reciprocity to the study of ethnocentrism and extends Hammond and Axel-
rod’s agent-based model by simulating the e!ects of $ve new genotypic strategies. (1) 

Results: In stable-state outcomes, although ethnocentrism still dominates, moderate ethnocentrism (in-
group cooperation and out-group reciprocity) is more frequent than humanitarianism and is by far the most 
adaptive out of all reciprocal strategies. Because it is the only reciprocal strategy that cooperates with in-
group members, we conclude that it is thanks to in-group cooperation that moderate ethnocentrism is 
successful, which con$rms previous research $ndings. Additionally, throughout early and late evolutionary 
patterns, we see that moderate ethnocentrism bene$ts and su!ers from the characteristics of both eth-
nocentrism and humanitarianism, which may explain why ethnocentrism still emerges as the dominant 
strategy overall. 

Conclusion: The strengths of the present model lie in its ability to abstractly model reciprocal behaviours in 
the study of ethnocentrism and may be more externally valid than Hammond and Axelrod’s original agent-
based model. (1) However, this model does not take in account other factors that play a role in human 
decision-making, such as social context, learning, or development, which could be topics of future compu-
tational simulations on ethnocentrism.

Introduction

Although biological evolution is based on the competition for resources 
between individuals, cooperative behaviours are prevalent in human so-
cieties. From hunter-gatherer societies to modern civilizations, cooper-
ation is the decisive organizing principle for our survival. (2) However, 
this cooperation is not universal. Ethnocentrism, which is de$ned by the 
tendency to favor in-group members at the expense of out-group mem-
bers, is an illustration of this selective cooperation. (3) Several studies 
have shown that humans have a strong predisposition towards ethnocen-
tric behaviours. For instance, individuals favor in-group members even 
when group de$nitions are trivial and arbitrary (e.g. color preference, shirt 
type), as shown by research done with the minimal group paradigm. (4, 5, 
6) Moreover, this in-group bias has been largely identi$ed as a universal 
and implicit phenomenon, as e#ects have been found cross-culturally (7) 
and preconsciously. (8, 9, 10)  

In research $elds such as evolutionary biology (11) and experimental so-
cial psychology, (12) many issues may be di&cult or even impossible (e.g. 
evolutionary patterns of di#erent species) to investigate experimentally. 
As such, computer simulations have been used to understand their theo-
retical underpinnings and to predict the outcomes of complex processes, 
while abstracting away irrelevant details and focusing on essential prin-
ciples. Similarly, recent studies have applied this methodology to model 
the evolution of ethnocentrism. (1, 3, 13) In these simulations, the Pris-
oner’s Dilemma game is o%en used to embody cooperative and defective 
behaviours between individuals abstractly. Before presenting our simula-
tion and that of Hammond and Axelrod, (1) in addition to Schultz et al.’s 
simulations (13) upon which we will be extending, we will brie"y review 
the Prisoner’s Dilemma framework. 

The Prisoner’s Dilemma framework

Widely considered as a classic framework to study mutual cooperation, 
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(13) !e Prisoner’s Dilemma was originally designed in the 1950s by nu-
clear strategists. In that context, researchers were interested in how humans 
make decisions of cooperation, which involved not sending a missile, or 
defection (i.e., not cooperating), which involved launching a missile, when 
they did not know how the opposing party would respond. When experi-
mental psychologists became interested in this paradigm, it was reframed 
to be about two prisoners who have been arrested for a crime. Defection 
involves confessing and cooperation involves keeping silent. If they con-
fess while their partner does not, they are freed from all charges. However, 
the dilemma that the prisoners face is that while each of them is better o# 
if they confess, the outcome of both confessing is worse than if they both 
kept silent. (14)

In the classic version of the game, two autonomous agents A and B each 
make a decision to cooperate or defect against one another. !e cost to 
cooperate is c=0.01 while the bene$t of receiving cooperation is b=0.03. 
As such, the outcome of an interaction for an agent is de$ned as O=b-c. 
If both agents cooperate, they will each receive an outcome of O=0.02. If 
only agent A cooperates but agent B defects, agent A will receive a negative 
outcome of O=-0.01, while agent B will receive a large positive outcome 
of O=0.03.  If both agents defect, there is neither cost nor bene$t and the 
outcome will be null. A summary of the basic outcomes for agent A can 
be found in Table 1.
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Table 1. Basic outcomes of the Prisoner’s Dilemma Game for 
agent A.
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Simulating ethnocentrism

As we observe from Table 1, the mean outcome of defecting, O=0.015, is 
higher than the mean outcome of cooperating, O=0.005. !erefore, the 
most adaptive behavior for rational agents should be to always defect and 
the outcome of two defecting agents will be null. !is mutual defection is 
called the Nash equilibrium. When running the Prisoner’s Dilemma game 
with species ranging from bacteria to humans, however, participants large-
ly choose to cooperate. (15) From this intriguing observation, Hammond 
and Axelrod ran their $rst agent-based computer simulation. (1)

Although the Nash equilibrium predicts that rational agents should always 
choose defection, the original simulation found cooperation to dominate 
defection in 74% of interactions. !e prevalence of ethnocentric strategies 
explains this $nding, meaning in-group cooperation and out-group defec-
tion, which appears in 76% of agents. (1) Additionally, in Schultz et al.’s 
study, we see an early stage of humanitarianism dominance, in which an 
agent always cooperates. (13) Recent studies have also simulated reciproc-
ity in an iterated Prisoner’s Dilemma Game with tit-for-tat agents, who 
replicate the previous response of an opposing agent. (16, 17) In Baek et 
al.’s study, proportions of cooperation and defection were found to remain 
invariant despite changing proportions of agents in the population. (16) 
!at said, reciprocity has not yet been studied in the context of in-group 
and out-group cooperation and defection.

Accordingly, I will be modelling reciprocity in simple abstract agents with 
a Prisoner’s Dilemma game. Following Hammond and Axelrod’s agent-
based model, group membership is de$ned by a single arbitrary color and 
agents will have one of nine types of strategies. !ese strategies include the 
four original ones from Hammond and Axelrod’s study, (1) as well as $ve 
new ones that will simulate reciprocal behaviours towards in-group and/or 
out-group members. I will be observing the impact of these new reciprocal 
strategies on stable-state evolutionary outcomes of cooperative and defec-
tive behaviours. Additionally, similar to Schultz et al., I will be examining 
the e#ects of reciprocal behaviour in earlier stages of ethnocentrism. (13)

Materials and Methods

The Hammond and Axelrod Model

!e model used for this paper largely follows Hammond and Axelrod’s 
original simulation. (1) In their simulation, each agent possesses four 
traits: a tag representing one of four abstract groups, a strategy towards 
agents with the same group tag (in-group members), a strategy towards 
agents with a di#erent group tag (out-group members), and a reproductive 
rate of 0.12. !ese agents live in a world represented by a two-dimensional 
50 by 50 lattice, in which every position in the lattice can be occupied by 
one agent. When an agent encounters other agents directly adjacent to it 
in any of four cardinal positions (i.e., north, south, east or west), an inter-
action occurs in the form of a Prisoner’s Dilemma game. !e outcome O 
of these interactions (up to four, one with each potential neighbor) has a 
direct e#ect on the agent’s reproductive potential. For example, if agent A 
decides to cooperate with its neighbor agent B while agent B defects, agent 
A’s reproductive potential will be reduced by 0.01, leaving agent A with a 
reproductive potential of 0.12-0.01=0.11. Moreover, the 50 by 50 world is 
folded from north to south and from east to west to ensure that all agents 
have an equal number of potential neighbors.

As mentioned earlier, each agent possesses a strategy (cooperate or de-
fect) toward other agents with the same group tag (in-group members) 
and another strategy toward agents with a di#erent group tag (out-group 
members). As such, four genotypic strategies emerge: sel$sh, traitorous, 
ethnocentric and humanitarian. A summary of these four strategies can 
be found in Table 2.

To assess which strategy dominated at stable-state outcomes, Hammond 
and Axelrod simulated 2000 evolutionary cycles. At each cycle, four stages 
occur: 

1. Immigration: new agents are created according to the immigration rate 
of 1 (one new agent per cycle). All agent characteristics are randomized, 
including group tag, genotypic strategy and lattice placement. Reproduc-
tive rate is set to 0.12.

2. Interaction: each agent has a chance to play a game of Prisoner’s Dilem-
ma with its four possible neighbors, and the outcome a#ects its reproduc-
tive potential. As noted previously, cooperating with an agent will reduce 
reproductive potential by 0.01, while receiving cooperation increases re-
productive potential by 0.03. If all agents decide to defect, reproductive 
potential will remain unchanged.

3. Reproduction: a%er being placed in a random order, each agent has a 
chance to reproduce according to its reproductive potential. !is entails 
creating an o#spring in an adjacent empty position in the lattice who will 
inherit all traits of the parent, with a mutation rate of 0.005 for each trait 
(i.e. group tag, in-group strategy and out-group strategy). 

4. Death: each agent has a death rate of 0.1, which would lead to its remov-
al from the lattice.

The Reciprocal Model

For the purposes of the present study, all parameters (lattice size, number 
of group tags, cost and bene$t of cooperation, reproduction rate, mutation 
rate and death rate) are kept the same except for the addition of reciprocal 
behavior, which increases the total number of genotypic strategies (code 
is available in Appendix B). In the context of the model, reciprocity is de-
$ned as an agent replicating the opposing agent’s behaviour. Speci$cally, 
if the opposing agent cooperates, the reciprocal agent will also cooperate. 
Similarly, if the opposing agent defects, the reciprocal agent will also de-
fect. If two reciprocal agents interact, the interaction ends early and re-
sults in no outcome. As such, agents will have one of three behaviours 
against in-group or out-group members: defect, cooperate or reciprocate. 
!us, nine genotypic strategies are formed. !e $rst four are repeated from 
Hammond and Axelrod’s simulation: sel$sh (always defect), traitorous 
(in-group defection and out-group cooperation), ethnocentric (in-group 
cooperation and out-group defection) and humanitarian (always coop-
erate). (1) With the addition of reciprocity, $ve new strategies emerge: 
moderate sel$sh I (in-group defection and out-group reciprocity), mod-
erate sel$sh II (in-group reciprocity and out-group defection), moderate 
traitorous (in-group reciprocity and out-group cooperation), moderate 
ethnocentric (in-group cooperation and out-group reciprocity), and uni-
versal reciprocal (reciprocating regardless of group). !e term “moderate” 
for these new strategies re"ects that reciprocity can be seen as a milder way 
to defect opposing agents. !e behavioral outcomes of all nine strategies 
are detailed in Table 3.

To study the e#ects of reciprocity on both stable-state outcomes and earlier 
stages of evolution, we ran 23 simulations of di#erent worlds with 2000 
evolutionary cycles each. We $rst analyzed the stable-state results of mean 
strategy frequencies averaged across the 23 worlds a%er the 2000th cycle. 
!en, similar to Shultz et al.’s method, (13) which also extends Hammond 

Table 2. Four genotypic strategies in Hammond and Axelrod’s 
simulation.
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and Axelrod’s original study, the number of agents in each of the nine 
strategies were tabulated a%er each cycle, and two separate chi-square tests 
were performed with critical values at the p=0.01 level. !e $rst chi-square 
test assessed whether one strategy dominated over the others overall. If the 
result was signi$cant, a second chi-square test was performed on the two 
most frequent strategies to assess which one of them was dominant.

Table 3. Nine genotypic strategies in the Reciprocal Model.

Results

Stable-state outcomes

Mean genotype strategy frequencies across the 23 simulated worlds a%er 
the 2000th evolutionary cycle are presented in Figure 1, with error bars 
indicating plus or minus 1 standard deviation of the mean. Table 4 re-
ports these means and standard deviations in more detail, as well as the 
results of a simple linear regression summarized with an ANOVA. A large 
main e#ect of strategy was revealed, F(8)=347, p<0.001. !en, to distin-
guish which genotypic strategies were signi$cantly more frequent than 
others at stable-state outcomes, Tukey Honest Signi$cant Di#erences were 

computed between each pair-wise comparison of strategy. !e results of 
these tests can be seen in Appendix A. Similar to Hammond and Axel-
rod’s $ndings, (1) ethnocentrism (in-group cooperation and out-group 
defection) emerged as the dominant strategy and was signi$cantly more 
frequent than all other strategies (Mean=781.35, SD=139.48). !e second 
signi$cantly most frequent strategy was moderate reciprocity (in-group 
cooperation and out-group reciprocity) with a mean of 402.26 and stan-
dard deviation of 122.33. No other reciprocal strategies were signi$cant. 
Lastly, humanitarian strategy was the third signi$cantly more frequent 
strategy (Mean=261.61, SD=79.29), while sel$sh and traitorous strategies 
were both not signi$cant. 

Table 4. Mean genotypic strategy frequencies and standard devi-
ation after 2000th cycle.

Figure 1. Mean genotypic strategy frequencies after 2000th cycle.
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Stages of evolution

In Figure 2, mean strategy frequencies across the 23 simulated worlds 
are plotted for each evolutionary cycle, with error bars indicating plus or 
minus 1 standard deviation of the mean. As mentioned earlier, strategy 
frequencies were tabulated a%er each cycle and two separate chi-square 
tests were performed with critical values at the p=0.01 level. !e critical 
values for overall strategy dominance and dominance between the top two 
strategies were χ2

crit(8)=20.09 and χ2
crit(1)=6.64 respectively. Many strat-

egies’ evolutionary patterns resemble the $ndings of Schultz et al. (13) 
However, the inclusion of reciprocal behaviors adds interesting $ndings 
to these patterns. Indeed, there is early competition between ethnocen-
tric, humanitarian and moderate ethnocentric (in-group cooperation 
with out-group reciprocity) strategies. Although overall chi-square tests 
reach signi$cance from cycle 85 (χ2(8)=20.25, p<0.01) until the end of 
the simulations, ethnocentric strategy only statistically dominates over 
the second most frequent strategy (moderate ethnocentrism) from cycle 
573 (χ2(1)=7.11, p<0.01). Moderate ethnocentrism and humanitarianism 
continue to compete until the latter half of the simulations, when moder-
ate ethnocentrism eventually signi$cantly dominates over the latter from 
cycle 865, (χ2(1)=6.64, p<0.01). Moreover, moderate ethnocentrism even 
statistically dominated ethnocentrism over multiple cycles in 13 out of the 
23 simulated worlds. Lastly, similar to the previous results of stable-state 
outcomes, no other reciprocal strategies were notable.

Discussion

The dominance of in-group cooperation

!ese simulations con$rm many $ndings from previous ethnocentrism 
studies and strengthen Hammond and Axelrod’s original $nding that 
evolution favors in-group cooperation due to its positive e#ect on repro-
ductive potential. (1) As seen in stable-state mean strategy frequencies in 
Fig. 1 and Table 4, the three most frequent genotypic strategies are eth-
nocentrism, moderate ethnocentrism and humanitarianism. Interesting-
ly, they are the only three strategies that involve in-group cooperation, as 
seen in Table 3. Similarly, moderate ethnocentrism (in-group cooperation 
and out-group reciprocity) is the only strategy that achieves notable evo-
lutionary outcomes, while also being the only reciprocal strategy that in-
volves cooperation with in-group members. As such, this indicates that 
the reason for its dominance over other reciprocal strategies is not due 
to its reciprocal behaviour towards out-group members, but its coopera-

tive behaviour towards in-group members, which has positive e#ects on 
reproductive potential. Much like ethnocentrism, this strategy allows for 
selective cooperation, which increases in-group members’ $tness without 
extending it to free riders who only defect. As such, with mechanisms such 
as in-group favoritism, keeping o#spring close, and environmental viscos-
ity, strategies that involve in-group cooperation dominate. (13)

!e poor outcomes of other reciprocal strategies further con$rm that in-
group cooperation is by far the most adaptive evolutionary behaviour. As 
explained by Schultz et al., sel$sh and traitorous strategies do poorly due 
to their inability to cooperate with each other, resulting in lower chances 
of reproduction. (13) Similarly, all other reciprocal strategies either defect 
in-group members or reciprocate, except for moderate ethnocentrism. We 
could also hypothesize that strategies involving in-group reciprocity do 
better than in-group defection, but there were no signi$cant results found. 
!erefore, this strengthens the $nding that agents need to always cooper-
ate with in-group members to thrive evolutionarily.  

Hammond and Axelrod have also argued that ethnocentric agents were 
vulnerable to in-group sel$sh agents, or “free riders”, who bene$t from 
in-group cooperation without contributing. (1) !ese free riders are con-
trolled by nearby ethnocentric agents from other groups. By introducing 
reciprocal behaviors, agents who reciprocate with in-group members like 
moderate sel$sh II (in-group reciprocity and out-group defection), mod-
erate traitorous (in-group reciprocity and out-group cooperation) and 
universal reciprocal agents might have an advantage over ethnocentric or 
moderate ethnocentrics, because they can suppress their own free riders 
without reliance on other group members. However, no advantages of in-
group reciprocity were found in stable-state outcomes, nor in earlier stages 
of evolution. !is is most likely due to the same reasons why sel$sh and 
traitorous strategies fail to dominate: the absence of in-group cooperation. 
Indeed, even if free riders are suppressed, the lack of cooperation between 
in-group members results in lower reproductive potential than ethnocen-
tric, moderate ethnocentric or humanitarian strategies. As such, we can 
infer that in-group cooperation is a more adaptive factor for evolutionary 
success. Another question we might ask, then, is what distinguishes eth-
nocentrism from moderate ethnocentrism and humanitarianism, and why 
does it dominate in stable-state outcomes?

The dominance of ethnocentrism

In Fig. 2, mean frequencies of genotypic strategies throughout all 2000 
cycles are represented. From these evolutionary outcomes, two patterns of 

Figure 2. Mean genotypic strategy frequencies throughout 2000 
cycles.
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competition for dominance emerge: ethnocentrism versus moderate eth-
nocentrism (with ethnocentrism achieving dominance at cycle 573) and 
moderate ethnocentrism versus humanitarianism (with moderate eth-
nocentrism achieving dominance at cycle 865). Starting with the second 
pattern of competition, the reason why moderate ethnocentrism is able 
to surpass humanitarianism in later stages may be due to its greater resis-
tance to ethnocentrism. As stated by the direct hypothesis, humanitarians 
lose to ethnocentrics in later stages of evolution because they cooperate, 
while ethnocentrics do not. (3) !us, since moderate ethnocentrics only 
cooperate with ethnocentrics when reciprocity is present, they are less af-
fected by ethnocentrics in the long run. 

As for the competition between ethnocentrism and moderate ethnocen-
trism, an interesting question is why the latter statistically dominated over 
ethnocentrism itself in certain cycles in half of the simulated worlds (13 out 
of 23). An explanation may be that like humanitarianism, moderate eth-
nocentrism bene$ts from cooperation early on and is not hurt by encoun-
ters with defectors. However, in the same realm of thought, this strategy 
doesn’t bene$t from cooperation as much as humanitarianism does due 
to its reciprocal nature towards out-group members, which might explain 
why ethnocentrism still dominates in stable-state outcomes. Moreover, the 
di#erence in interactions of ethnocentric versus moderate ethnocentric 
agents with humanitarian agents may also explain this dominance. Indeed, 
moderate ethnocentric agents always cooperate with both in-group and 
out-group humanitarians, because it replicates the humanitarians’ univer-
sally cooperative behavior. On the other hand, ethnocentric agents always 
defect with out-group members, thus taking advantage of these out-group 
humanitarians and increasing their reproductive potential at a faster rate 
than moderate ethnocentric agents. All in all, by analyzing evolutionary 
patterns, we see that moderate ethnocentrism bene$ts from the advan-
tages of both ethnocentrism and humanitarianism. Consequently, it also 
su#ers from the disadvantages of both strategies, which might explain why 
it is not the dominant strategy in stable-state simulations. As such, ethno-
centrism still prevails as the most adaptive evolutionary strategy, replicat-
ing the $ndings of Hammond and Axelrod, and Schultz et al. (1, 13)

Conclusion

By adding reciprocal behaviours to Hammond and Axelrod’s agent-based 
model of cooperation and defection, (1) we were able to study the im-
plications of reciprocity in evolutionary patterns of ethnocentrism and 
humanitarianism. By observing both stable-state outcomes and earlier 
evolutionary patterns, the $nding that in-group cooperation is the most 
adaptive strategy is strengthened by the prevalence of moderate ethnocen-
trism (in-group cooperation and out-group reciprocity) in overall strat-
egies. As such, the strengths of this model lie in its ability to abstractly 
model reciprocal behaviours in the study of ethnocentrism. While Ham-
mond and Axelrod’s original model did not include reciprocity in order 
to maximize abstraction, the present model may be more externally valid. 
In face of a decision of cooperation or defection, humans are not black 
or white; multiple factors including reciprocity, context, and learning all 
play in role in our behaviour. Similarly, this model does not consider oth-
er factors like context or development, which could be topics of future 
computational simulations. Future research could also simulate a world in 
which only reciprocal behaviours exist, which may resemble the world we 
live in today. Additionally, the implications of reciprocity could be studied 
in other decisional games such as the iterated Prisoner’s Dilemma game, 
the Closed-bag exchange, or the Friend or Foe game.
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The E!ects of Psychosocial Stress and Sex 
Di!erences on Cognitive E!ort Avoidance 

Noa Givon1

Abstract

Background: Recent research suggests stress may a!ect cognitive performance including memory, exec-
utive functioning, decision-making, and task-switching. However, it is unknown whether these e!ects are 
aversive or advantageous for e!ort exertion. This experiment aimed to evaluate the e!ects of acute psycho-
social stress on willingness to exert cognitive control processes in a cognitive-e!ort-based decision-making 
task.

Methods:  To test this, 40 participants (20 female) in a within-subject, fully crossed, randomized design, were 
exposed to both a psychosocial stress induction condition (the Trier Social Stress Test; TSST) and a control 
condition. Subsequently, they underwent the Demand Selection Task (DST) that tests for participants’ e!ort 
aversion by manipulating switch probabilities in a task-switching paradigm. 

Results and Conclusion:  The induction of stress did not lead to signi$cant error or accuracy rates, or signif-
icant di!erences in cognitive e!ort avoidance. Previous research indicated sex di!erences in response to 
stress. However, there is a lack of data on sex di!erences in the avoidance of demanding cognitive processes. 
Therefore, we assessed sex di!erences in the DST and found that women were more likely to avoid cognitive 
e!ort, choosing the less cognitively demanding cue more often than men.

Limitations: A limitation of this study is the small sample size. Future research should increase the sample 
size and take individual di!erences in stress responders, type of stressor, and biases on e!ort exertion into 
account.

Introduction

Generally, people prefer taking shortcuts, such as taking the escalator in-
stead of the stairs. Hull’s “Law of Less Work” explains this tendency for 
humans to select actions that minimize e#ort, stating that when organisms 
are presented with two or more behavioural options, there is a preference 
towards the less demanding course of action. (1) While the “Law of Less 
Work” was intended for physical e#ort, it was suggested that this could be 
applied to mental tasks. (2) Kool et al. posit that individuals typically avoid 
situations that carry a high cognitive load. (2) !ey developed an experi-
mental paradigm con$rming this preference for less cognitively strenuous 
tasks, called the Demand Selection Task (DST) to test their hypothesis. 
(2) !e DST requires participants to choose between two cues associat-
ed with higher or lower switch frequencies in a task-switching paradigm. 
Task-switching requires cognitive control, which is thought to be e#ortful. 
(3,4) In the DST, it is assumed that higher switch frequencies require more 
e#ort expenditure by the participant. Since the publication by Kool et al. 
(2), further studies have shown there is a general tendency for e#ort avoid-
ance and that people require large incentives to exert e#ort. (5-8)

While studies have shed light on cognitive e#ort avoidance, when and 
why people exert e#ort is rarely investigated. One potential mechanism 
that may in"uence motivation is stress. Evidence suggests that stress af-
fects cognitive performance, which impacts memory, decision-making, 
and cognitive control. (9-12) Stress elicits a physiological response that 
activates the autonomic nervous system (ANS) and the hypothalamic-pi-
tuitary-adrenal (HPA) axis. (13) !e ANS activity results in elevated blood 
pressure (BP) and heart rate (HR), whereas the HPA axis regulates the re-
lease of cortisol, a major stress mediator in the brain. (14) Kirschbaum and 
Hellhammer (14) demonstrated that stressful situations, such as public 
speaking, cause increases in salivary cortisol levels. Cortisol is important 
in the mediation of how stress a#ects higher cognitive control processes, 
presumably through its e#ects on the prefrontal cortex (PFC). !e PFC is 
responsible for mediating complex cognitive processes that are assumed to 
be e#ortful, however, it is highly vulnerable to stress. (15,16) While phys-
iological stressors directly a#ect the paraventricular nucleus (PVN) of the 
hypothalamus, psychological stressors pass through the limbic system 
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(PFC, hippocampus, amygdala) before activating the HPA axis, and there-
fore a#ect higher levels of processing. (17) Because the PFC possesses a 
high density of cells with receptors sensitive to neurotransmitters released 
in response to stress, it is reasonable to hypothesize that decision-making 
and task-switching processes that rely on the PFC can be directly a#ected 
by stress. Under stress, executive functions can impair cognitive perfor-
mance, altering decision-making and task-switching processes. (18,19) 
Despite the large body of literature demonstrating a link between cognitive 
functioning and acute stressors, to our knowledge the e#ects of stress on 
e#ort avoidance have not been examined to date. In this study, our main 
interest was to examine DST performance in response to stress from the 
TSST.

Beyond the overarching motivations of this study, we further examined 
sex di#erences in the DST in response to stress. Research has shown sex 
di#erences in cognitive processes such as spatial skills, verbal skills, and 
memory. (20-22) However, little is known about individual di#erences in 
motivational e#ort. Recent studies have examined individual di#erences 
in response to stress due to the high prevalence of somatic and patho-
logical disorders related to stress, such as anxiety, depression, and pain. 
(23-26) Since the HPA axis is implicated in many of these disorders that 
have sex di#erences, scholars have posited that stress responses may be 
di#erent in men and women. (27,28) Studies have found sex di#erences 
in cortisol levels, BP, and HR in response to stress, showing that men have 
greater overall physiological responses under acute stressors. (17,29,30-
33) !ese studies state that a potential factor causing these results may be 
due to hormonal "uctuations related to the menstrual cycle and/or the use 
of hormonal contraceptives. (31,34,35) Finally, evidence regarding sexual-
ly divergent reactions to psychological stressors reveals that women report 
higher levels of negative a#ect than men. (31,36-38) 

!is experiment sought to answer the following questions: First, how does 
acute psychosocial stress a#ect cognitive e#ort-based decision-making, 
and how do these changes relate to the participants’ cognitive performance 
on the DST? Second, do men and women di#er in their response to stress 
and does this divergence mediate behaviour in the DST? In order to test 
DST performance in response to stress, we conducted a within-subject, 
fully crossed, randomized study. We hypothesized that stress would de-
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crease participants’ willingness to exert e#ort and impair task-switching 
performance in the DST by disrupting executive functioning and working 
memory, causing more e#ort avoidance. With respect to sex, we specu-
lated that women would have lower accuracy rates and would be more 
e#ort averse than men, as psychological stressors are more o%en activat-
ed in women. To induce stress, we employed the TSST. (39) Over a two-
day testing period, 40 healthy participants (20 female) underwent both 
a stress-inducing condition (TSST) and a control condition before com-
pleting the DST. To ensure e#ective physiological and psychological stress 
induction, we collected subjective mood reports, salivary cortisol samples, 
BP, and HR. 

Methods

Participants

A total of 40 healthy participants, between the ages of 18 and 30, were 
recruited from a participant pool of students and the community (20 fe-
male; age, mean±SEM: 23.43±0.45 years; body mass index, 22.4±0.45 kg/
m2). Participants were free of neurological or psychiatric conditions and 
did not have any current or acute illnesses (GAD, mean±SEM: 1.7±0.36; 
PHQ, 2.1±0.37). Exclusion criteria included medication intake, smoking, 
substance abuse, pregnancy, and use of hormonal contraceptives in wom-
en. Women were not tested during their menses. In addition, participants 
were instructed to abstain from exercise, food, and ca#eine during the 2 h 
period before the testing session. Test protocols were approved by the Re-
search Ethics Board of the Psychology Department at McGill University. 
Participants provided informed consent and received a $nancial reward of 
$50 and a $3 bonus in return for their participation. 

Demand selection task

In the DST, we presented participants with two abstract patterned choice 
cues, with a small cue centered between them marking the midpoint. 
(2) In each run, participants selected one of the two patterns by rolling a 
mouse cursor over the desired pattern, which revealed a coloured number 
within a magnitude/parity task-switching protocol (Fig. 1). In this task, if 
participants saw a purple number, they were asked to judge the magnitude 
of the numbers by clicking the le% mouse button in response to numbers 
less than 5 and the right button for numbers above 5. If a yellow number 
was presented, the task switched to a parity protocol, where participants 
had to click the le% or right mouse button for even and odd numbers, 
respectively. A%er each run, participants were required to roll the mouse 
over the midpoint to reset the choice cues. Participants were unaware that 
the choice cues were associated with either “high demand” or “low de-
mand” trials. For low demand trials, the colour of the number matched 
that of the preceding trial on 90% of trials. On high demand trials, the 
colour from the preceding trial was only repeated 10% of the time. !e 
high-demand choice cue required more frequent task-switching and thus 

carried a greater cognitive load. !e DST had a total of 300 trials and was 
divided into four blocks, with 75 in each block. !e individual’s accuracy 
and low demand choice percentages were recorded. 

Experimental stress induction 

!e TSST is a standardized psychosocial laboratory stressor used to in-
duce stress in humans. (39) !e test involves an anticipation period, an 
oral presentation and a complicated mental arithmetic task in front of a 
panel of two “experts”. In this study, participants were told to think of their 
dream job and convince the panelists why he/she is the perfect candidate. 
!e panel was comprised of two unresponsive experimenters (one male, 
one female), who were introduced to participants as experts trained in an-
alyzing behaviour and took notes during the speech. Participants were giv-
en time to prepare before delivering their 5-minute uninterrupted speech 
to the experts and were told when to stop. If the speech was less than 5 
minutes, the panel responded with standardized comments reminding 
the subject there was time le%, and that they should continue. Following 
the speech, the judges asked the participant to perform a di&cult men-
tal arithmetic task in which they serially subtracted the number 17 from 
2043 as fast and as accurately as possible. If an incorrect number was stat-
ed, they were asked to restart from 2043, and when participants were too 
slow, they were asked to increase their speed. In the control condition, 
participants completed a neutral public speaking task in which the panel 
of judges was removed. With the room to themselves, participants were 
asked to speak for 5 minutes on a topic of their choice followed by a sim-
pler arithmetic task of counting upwards in increments of $ve. To assure 
participants complied with the instructions, the experimenter listened 
through the door.

Procedures

Shortly a%er the participants’ arrival, they were exposed to either a 
stress-inducing condition (TSST) or a control condition before complet-
ing the DST. Participants were tested on two days, separated by a one-week 
interval, lasting for 2.5 h each session. All testing occurred between 1:00 
P.M. and 6:00 P.M to control for circadian "uctuations in salivary cortisol 
levels. We obtained informed consent on the $rst day of experimentation. 
A%erwards, baseline measurements of subjective feelings were collected 
as measured by the Positive and Negative A#ect Schedule (PANAS; 40) 
Questionnaire as well as BP and HR measurements. Saliva samples were 
taken to control for cortisol level variation. !e BP and HR measurements 
were collected seven times throughout day one (baseline, during TSST, 
+15, +25, +45, + 60, and +75 a%er stressor onset). !e salivary cortisol 
and PANAS were collected six times (baseline, +15, +25, +45, + 60, and 
+75 a%er stressor onset). !e Demand Questionnaire was given to the 
participants following the TSST. Finally, participants completed the DST 
approximately 45 minutes a%er the stress onset, in addition to three other 
e#ort and decision-making tasks which will not be further discussed. On 
the second day, participants underwent the same procedures as day one, 

Figure 1. Example of cues in the DST. Participants used the mouse 
to reveal a coloured number then clicked the left or right mouse 
button to indicate magnitude (purple) or parity (yellow). One 
stimulus (high-demand) changed colours more often, demand-
ing frequent task-switching. The other stimulus (low-demand) 
repeated colours more often, demanding less e!ort. Cues reset 

by returning the mouse to midpoint. (2)

Figure 2. Timeline of the procedure for both days. Participants 
were exposed to the TSST on one day and the control manipu-
lation on the other day before completing the DST. Time points 
re%ect the number of minutes after stressor onset. PANAS is the 
Positive and Negative A!ect Schedule. Numbers in brackets re-
%ect the number of measurements for the respective stress vari-

ables. 
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but with the opposite TSST condition than they experienced on the day 
prior (Fig. 2). 

Psychological questionnaires

!roughout both days of the experiment, participants reported their sub-
jective a#ective states. !e Positive and Negative A#ect Schedule (PANAS; 
40) is a self-report questionnaire that consists of two 10-item scales that 
measure positive and negative a#ect. !e positive a#ect (PA) scale in-
cludes attentive, active, alert, excited, enthusiastic, determined, inspired, 
proud, interested, and strong. !e negative a#ect (NA) scale includes dis-
tressed, upset, guilty, scared, hostile, irritable, ashamed, nervous, jittery, 
and afraid. Participants rated the degree to which they felt these items on 
a 5-point scale of 1 (not at all) to 5 (very much). PANAS data were col-
lected six times simultaneously with the physiological measurements (Fig. 
2). Using the Demand Questionnaire, ratings of di&culty, unpleasantness, 
and stressfulness were collected following the TSST. !ese ratings range 
from 0 (not at all) to 100 (extremely) in intervals of 10, which resembles 
the widely validated Visual Analogue Scales (VAS). (41)

Physiological measures

To evaluate the e#ectiveness of the stress induction, in addition to sub-
jective reports, endocrine and autonomic responses were measured. Six 
saliva samples were collected per day using Salivette® collection devices 
(Sarstedt Inc., Rommelsdorf, Germany). (42) !e $rst sample was taken 
before the TSST, another following the stress or control exposure, and the 
rest were collected throughout the remainder of the study, a%er the cog-
nitive tasks. Saliva samples were stored at -18 °C and analyzed for cortisol 
concentrations using a chemiluminescence immunoassay (IBL Hamburg, 
Germany). BP and HR data were collected along with the self-report ques-
tionnaires and saliva samples, with one additional measurement taken 
during the TSST/control manipulation, for a total of seven measurements. 
A LotFancy BP-103H arm BP monitor assessed the participants’ diastolic 
and systolic BP as well as their HR. We recorded the mean of the two con-
secutive measurements.

Experimental design and statistical analyses

For both the stress condition and the DST condition, the study utilized a 
within-subject randomized design, in which the two factors, stress induc-
tion (stress vs control condition), and demand task (high vs low demand), 
were fully crossed. Subjective, physiological, and sex parameters were 
analyzed using a mixed model ANOVA, with the within-subjects factors 
“condition” (stress and control), “time” of sample collection (systolic and 
diastolic BP, and HR: seven samples; PANAS and salivary cortisol: six sam-
ples), and the between-subject factor “sex” (male and female). Signi$cant 
main and interaction e#ects were followed up by post hoc tests to analyze 
the di#erences in single time point evaluations. Paired samples t-test were 
applied to analyze responses in the Demand Questionnaire as well as ac-
curacy and low demand e#ort choices in the DST of the TSST and control 
conditions. Data were analyzed using SPSS, Version 24. All analyses were 
two-tailed, with the signi$cance level set at p<0.05, and adjusted by Bon-
ferroni correction for multiple comparisons. Greenhouse-Geisser degrees 
of freedom adjustment was applied to correct for violations of sphericity.

Results

Cortisol responses to stress

Consistent with previous research, salivary cortisol levels increased signi$-
cantly following the TSST (main e#ect of time, F(1.688,65.844)=12.161, 
p<0.001, ηp2=0.238; main e#ect of condition, F(1,39)=18.99, p<0.001, 
ηp2=0.328; time x condition interaction, F(2.32,90.489)=9.022, p<0.001, 
ηp2=0.199). Cortisol concentration from the samples taken at +15 min-
utes and +45 minutes of the study were signi$cantly higher than at +60 
and +75 time points (both p<0.001). Cortisol levels peaked +25 minutes 

a%er the stressor onset (third time point) and were signi$cantly higher 
than all time points a%er the TSST (all p<0.021) (Fig. 3a). Post hoc anal-
yses con$rmed that, overall, participants had signi$cantly higher con-
centrations of cortisol in the stress condition following stress onset (all 
p<0.001). !ese results indicate stress was successfully induced and was 
increased at the time participants performed the DST.

Heart rate and blood pressure responses to stress

!ere was a signi$cant increase in blood pressure (BP) and heart rate 
(HR) in response to the exposure of the experimental stress induc-
tion (main e#ect of time, systolic: F(3.799,132.965)=14.829, p<0.001, 
ηp2=0.298; diastolic: F(3.236,113.262)=9.426, p<0.001, ηp2=0.212; 
HR: F(3.236,113.262)=9.426, p<0.001, ηp2=0.212; main e#ect of 
condition, systolic: F(1,35)=22.409, p<0.001, ηp2=0.390; diastolic: 
F(1,35)=17.753, p<0.001, ηp2=0.337; time x condition interaction, systol-
ic: F(6,210)=10.954, p<0.001, ηp2=0.238; diastolic: F(3.83,134.050)=5.978, 
p<0.001, ηp2=0.146; HR: F(3.83,134.050)=5.978, p<0.001, ηp2=0.146). 
Di#erences in HR across the two conditions were not signi$cantly di#er-
ent (main e#ect of condition, F(1,35)=3.476, p=0.071, ηp2=0.090). Post 
hoc tests revealed that individuals in the stress condition had signi$cantly 
higher systolic and diastolic BP and HR during the TSST (all p<0.001) and 
at the +15 min time point for systolic BP only (p<0.001) (Fig. 3b). !ere 
was no signi$cant change in BP at other time points (systolic: all p>0.168, 
diastolic: all p>0.189, HR: all p>0.125). Overall, BP and HR peaked during 
the TSST manipulation, then returned to baseline for the remainder of the 
experiment.

Figure 3. Successful stress induction in response to the TSST. (a) 
Mean salivary cortisol levels during stress induction and control 
manipulation. (b) Mean systolic blood pressure for control vs 
stress condition. (c) Mean scores on ratings of di#culty, unpleas-
antness, and stressfulness immediately after the TSST vs control 
manipulation. Error bars represent the standard error of the mean 

(SEM).

(a)

(b)

(c)
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Subjective feeling responses to stress

Participants in the stress induction showed the expected increase in 
scores of psychological stress. A paired samples t-test evaluating re-
sponses from the Demand Questionnaire demonstrated that participants 
reported the stress induction as signi$cantly more di&cult, unpleasant, 
and stressful following the TSST compared to the control task (di&-
culty: t(38)=-7.857, p<0.001, d=1.258; unpleasantness: t(38)=-8.257, 
p<0.001, d=1.322; stressfulness: t(38)=-9.170, p<0.001, d=1.468) (Fig. 3c). 
PANAS results revealed greater NA directly a%er the TSST (main e#ect 
of time, F(3.274,121.145)=9.054, p<0.001, ηp2=0.196; time x condition 
interaction, F(2.963,109.615)=11.256, p<0.001, ηp2=0.233). However, 
reported feelings of NA did not di#er across conditions (main e#ect of 
condition, F(1,37)=9.844, p=0.576, ηp2=0.009). Feelings of PA decreased 
from baseline consistently throughout the study (main e#ect of time, 
F(3.568,132.027)=15.687, p<0.001, ηp2=0.298). Participants’ PA was not 
a#ected by the TSST (main e#ect of condition, F(1,37)=0.704, p=0.407, 
ηp2=0.19; time x condition interaction, F(3.235,120.362)=0.364, p=0.795, 
ηp2=0.1). Post hoc tests for PA and NA were performed to assess di#erenc-
es between the conditions at each time point. While no signi$cance was 
found for PA throughout the experiment (p>0.235), individuals reported 
feelings of greater NA at baseline when experiencing the stress condition 
(p<0.004) and at the time point following the TSST (p<0.001). 

DST results 

Mean accuracy rates on the DST in both stress and control conditions were 
88%, yielding insigni$cant results, F(1,39)=0.054, p=0.817, ηp2=0.001. 
Additionally, the rate in which participants chose the low versus the high 
demand choice did not signi$cantly di#er across the two conditions, 
F(1,39)=3.714, p=0.061, ηp2=0.087, in which the mean of choosing the 
low demand cue was 56% in the control condition and 61% in the stress 
condition (Fig. 4).

Sex di!erences in stress responses

To compare the sex di#erences in stress responses, we subtracted the base-
line from the peak level in each modality. In physiological measurements 
of salivary cortisol concentration (Fig. 5a) and BP (Fig. 5b), we found that 
men had signi$cantly greater increases than women, following the TSST 
(salivary cortisol: t(38)=2.791, p<0.008; systolic: t(38)=2.071, p<0.046; di-
astolic: t(38)=2.358, p<0.024). For self-reported measures, women report-
ed signi$cantly higher feelings of unpleasantness a%er the TSST compared 
to men (t(37)=-2.023, p<0.05) (Fig. 5c). !ere were no signi$cant sex 
di#erences in HR, or reports of NA, di&culty or stressfulness following 
the TSST (HR: t(38)=0.791, p=0.434; NA: t(38)=-0.057, p=0.955; di&cult: 
(37)=-0.604, p=0.550; stress: t(37)=-0.402, p=0.69).

Sex Di!erences in the DST 

For the DST, we investigated sex di#erences in high versus low demand 
choices under TSST and control conditions. A repeated-measures ANO-
VA assessing the between-subjects factor of sex revealed that in both 
conditions, women more o%en chose the low demand choice (Fig. 6), 
with a mean rate of 60% in the control condition and 66% in the stress 
condition, while men chose the low demand choice 52% of the time in 
the control condition and 56% in the stress condition (main e#ect of sex, 
F(1,38)=4.83, p<0.034, ηp2=0.113). !ere were no signi$cant di#erenc-
es between conditions nor a sex x condition interaction (main e#ect of 
condition, F(1,38)=3.626, p=0.064, ηp2=0.087; sex x condition interac-
tion, F(1,38)=0.077, p=0.783, ηp2=0.002). A post hoc test con$rmed that 
across both conditions, women chose the low demand choice more o%en, 
63% of the time, compared to men who chose the low demand choice 54% 
(p<0.034).

Figure 4. Percentage of participants’ choice of the low demand 
option on the DST in both conditions. Results did not signi$cantly 
di!er by the TSST. Error bars represent the standard error of the 

mean (SEM).

Figure 5. Sex di!erences in response to the TSST. (a) Mean cortisol 
concentration for male and female participants across the control 
and stress conditions. (b) Mean systolic blood pressure between 
males and females on both conditions. (c) Mean di#culty, un-
pleasantness, and stressfulness scores in males and females on 
both conditions. Error bars represent the standard error of the 

mean (SEM).

(a)

(b)

(c)
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Discussion

Stress is o%en present during cognitively e#ortful tasks in our everyday 
lives. However, stress has been shown to jeopardize executive functions 
and working memory. (18,19) !e purpose of this study was to assess 
whether the induction of acute psychosocial stress promotes or hinders 
motivation to exert e#ort. Participants’ e#orts were assessed using the 
DST a%er experiencing a standardized laboratory psychosocial stress-
or (TSST) or a control condition. We hypothesized that motivation to 
exert e#ort and task-switching performance during the DST would be 
impaired by stress. Speci$cally, we predicted that the activation of the 
HPA axis would a#ect the PFC, diminishing cognitive performance such 
that it causes individuals to make errors and avoid using e#ort. Further, 
we predicted that stress from the TSST would have greater e#ects on 
women, causing more errors and e#ort avoidance on the DST than in 
men. !e present experiment demonstrated women were more likely to 
avoid cognitive e#ort, but stress induced by the TSST did not signi$cant-
ly in"uence cognitive performance.

Our study con$rmed that the TSST elicited signi$cant physiological 
changes. !is was in line with previous research that demonstrated that 
public speaking tasks enhance stress and NA. (31,36-38) Our results up-
hold that feelings of NA were signi$cantly greater following the TSST 
manipulation than at other time points of the experiment and compared 
to the control condition. Participants regarded the stress induction as 
more di&cult, unpleasant, and stressful. Salivary cortisol levels reached 
its highest point approximately 25 minutes a%er participants were ex-
posed to the TSST, which is consistent with previous research stating 
that cortisol in saliva peaks 20-30 minutes a%er stressor onset. (43) 
!ese physiological and psychological stress responses re"ect prolonged 
HPA-axis activity, indicating successful stress induction.

!e results of this study reveal sexually divergent responses to stress, 
as male participants exhibited greater increases in both cortisol levels 
and BP following the TSST. !ese $ndings are in line with previous re-
search that suggests men exhibit higher cortisol outputs under acute 
stress. (17,31-33) Additionally, women reported higher feelings of un-
pleasantness a%er the TSST compared to men, consistent with previous 
$ndings that women subjectively report more NA. (31,36-38) However, 
the results of this study do not con$rm previous research demonstrating 
impaired task switching performance (44) and decision-making (19,45) 
while under stress. Nonetheless, we showed that women chose the low 
demand choice more o%en than men. Because we controlled for poten-
tial hormonal confounds such as pregnancy, hormonal contraceptive use 
and menses, this $nding cannot be attributed to these factors. Biases for 
e#ort demand were examined, revealing that there are individual dif-
ferences in cognitive e#ort. (46) People may be Demand Avoiders, who 
avoid more frequent task-switching tasks, or Demand Seekers, who rou-
tinely choose them. (46) Future research should look more carefully at 
these e#ort biases to allow for a better understanding of why these pref-
erences develop and how these biases a#ect stress responses. 

Our experiment revealed that performance on the DST (accuracy rates 

and low versus high demand choices) did not vary signi$cantly whether 
participants were exposed to stress or not. A possible explanation could 
be due to the di#erences in the way people respond to the TSST. Stud-
ies have shown there are habitually high and low responders to stress, 
as well as sex di#erences in responders. A study by Preston et al. (19) 
investigated how stress from the anticipation of public speaking a#ects 
performance on the Iowa Gambling Task (IGT), a paradigm to assess 
risky decision-making. (47) Women showed a higher stress response yet 
performed better under anticipatory stress, while men performed worse. 
Similarly, Van den Bos et al. (45) examined the e#ects of the TSST on 
decision-making performance on the IGT. !ey concluded that there are 
sex di#erences in response to the TSST and that cortisol reactivity is a 
decisive factor in behavioural performance. In women, low responders 
had slightly elevated cortisol levels a%er the TSST, which improved their 
IGT performance, whereas high responders had highly elevated cortisol 
levels, which hindered performance. In men, overall increases in cortisol 
levels impaired their IGT performance. It is reasonable to consider these 
responder di#erences may have di#erently a#ected our participants’ cog-
nitive performance. Moreover, our sample size was divided in half in 
order to observe sex di#erences, which presented as a limitation. Fur-
ther studies should increase sample size to aid in better controlling for 
individual di#erences when assessing the e#ects of stress on cognitive 
performance tasks.

As previously mentioned, di#erences in cognitive performance as a 
result of di#erences in stress response may be due to the nature of a 
stressor. Preston et al. (19), Plessow et al. (44) and Van den Bos et al. 
(45) used public speaking stressors, which may produce a phenomenon 
called social-evaluative threat. (13) !is occurs when important aspects 
of one’s identity have the potential to be negatively judged by others. Be-
cause participants in our study were required to speak on a topic of their 
choice, this implies a social-evaluative threat and may be stress eliciting. 
It has been shown that women are more sensitive to social rejection, as 
they tend to respond to stress in more socially oriented ways (38,48), 
so it could be expected that women may be more susceptible to the so-
cial-evaluative components of the TSST. However, women seem to be 
less sensitive to the TSST than men. (17,35) Previous $ndings suggest 
that men are more sensitive to the achievement components of the TSST 
(48) and exert more e#ort in response to the challenges. (39) According-
ly, men may interpret stressors di#erently than women and depending 
on the type of stressor used, men or women may be more sensitive to 
its e#ects. Future research should take the type of stressor into account.

Our results showed high e#ort avoidance in women but not in men. !is 
study did not reveal results consistent with our hypothesis which pre-
dicted that stress induction would impair cognitive performance such 
that participants would make more errors and avoid e#ort. Potential fac-
tors that led to these results include individual biases in e#ort exertion 
(Demand Avoiders versus Seekers), di#erences in stress response, and 
type of stressor. It may be bene$cial for future studies to investigate these 
confounding factors and control for their e#ects. Nevertheless, given the 
increasing evidence of prefrontal cortex involvement in the regulation 
of the HPA axis, it is important to $nd reliable methods to reduce or 
prevent stress-induced cognitive impairments.
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Abstract

Background: Microplastics, de$ned as plastic smaller than 5 mm, are pervasive in both marine and freshwa-
ter ecosystems. Humans, zooplankton, and $sh have been shown to ingest microplastics, which could have 
detrimental health impacts. Consequently, this project investigated the question: are there microplastics in 
the sediment of Lac Hertel, located in the Mont Saint Hilaire Biosphere Reserve in Quebec, and if so, how has 
the amount of microplastics changed over time? 

Methods: One sediment core was obtained from the centre of the lake and one was obtained from the edge 
near the mesocosm dock. Next, one section from the top, middle, and bottom of each core was collected. 
Afterwards, the microplastics were extracted from the sediments, counted with a dissecting microscope un-
der regular light, and a subset of fragments were tested with a hot needle to con$rm that they were plastic. 

Results: A generalized linear model indicated that the number of microplastics in our samples increased 
signi$cantly over time and that the sediment samples from the mesocosm dock had signi$cantly fewer mi-
croplastics than the lake’s centre. Similarly, a Pearson correlation test revealed that an increasing sediment 
depth had a signi$cantly negative relationship with the number of microplastics at the lake’s centre. How-
ever, another Pearson correlation test determined that this trend was not re%ected at the mesocosm dock, 
potentially because of sediment focusing. 

Limitations: Due to resource and time constraints, we had a small sample size, only analyzed microplastics 
larger than 250 µm, and counted microplastics instead of weighing them. 

Conclusion: Our results suggest that there has been a signi$cant increase in microplastics in Lac Hertel sed-
iment over time. Ultimately, our results emphasize the need to mitigate plastic pollution.

Introduction

Plastic is ubiquitous in modern society. !e cheap cost, light weight, and 
durable structure of plastic are just some of the factors that created a global 
annual demand of about 245 million tonnes in 2011. (1) Aquatic biolo-
gists have only recently discovered that tiny particles of plastic are also 
consumed by organisms of a much wider size range than initially thought, 
allowing high concentrations of plastics to circulate food webs much more 
easily. (1) Studies have now shown that microplastics, de$ned as plastic 
particles smaller than 5 mm, can be ingested by and pose risks to the 
health of organisms such as zooplankton, $sh, and potentially humans via 
the consumption of seafood. (2–4) Yet there is little evidence that the prob-
lem is slowing; since the 1960s, demand for plastics has been increasing 
exponentially, likely leading to an increased accumulation of microplastics 
in aquatic ecosystems. (2)

!e Gault Nature Reserve is located on Mont Saint Hilaire and has been 
designated as an International Biosphere Reserve by the United Nations. 
(5) Situated roughly 32 km east of Montreal, the reserve consists of seven 
low peaks that form a ring around Lac Hertel (5), a glacially formed de-
pression that has a maximum depth of 9 m. (6) !e lake is fed by three 
streams and a fourth "ows toward the Richelieu River. Swimming, $shing, 
and boating are not permitted because Lac Hertel is a secondary reservoir 
of drinking water in the region. (6) Although the reserve has experienced 
little known human disturbance relative to the surrounding area (7), it is 
vital that the lake is monitored for pollution that could negatively a#ect the 
community of species within it and its use as a research site. As a result, 
our research question was the following: are there microplastics in Lac 
Hertel’s sediment and if so, how has the amount of microplastics changed 
over time?

Despite the regulations in place at the Gault Nature Reserve to preserve 
the ecosystem, like prohibiting $shing, swimming, and boating at Lac 
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Hertel, the accumulation of plastic pollution remains a potential threat. 
One possible source of plastic pollution could be atmospheric deposition 
of microplastics. (8–10) In a study quantifying atmospheric deposition in 
the remote French Pyrenees, Allen et al. found that microplastic $bers up 
to ~750 µm long and fragments smaller than 300 µm were being deposited 
over distances of up to 95 km. (8) Similarly, Dris et al. recorded a rate 
of atmospheric $ber fallout between 2 and 355 particles/m2/day, 29% of 
which was estimated to be synthetic. (9) Moreover, the UV photo-deg-
radation (11), wave deterioration (1,11), and weather degradation (1) of 
larger plastic items originating from litter in or around Lac Hertel could 
be another source. Research has been conducted at the reserve since the 
1950s, potentially also contributing to the accumulation of microplastics 
in the area. (12) Since the creation of the Gault Nature Reserve, the num-
ber of annual visitors to the lake and use of plastics by society has been 
increasing. (13) Speci$cally, the number of annual visitors surpassed 63 
000 in 2017 (14) and plastic production has exponentially increased over 
the last ~65 years, with 8,300 million metric tons having been produced 
by 2017. (15) Such an increase in visitation and plastic consumption has 
likely tested the e&cacy of the reserve’s visitor use regulations, potentially 
still allowing for plastic litter from visitors and researchers to be degraded 
into microplastics and contaminate the sediment of Lac Hertel.  
 
Understanding the scope of microplastic pollution in this protected area 
is crucial to recognizing the extent to which its protection has actually 
been e#ective. Past research has highlighted that many protected areas are 
protected in name only. For example, though the establishment of Marine 
Protected Areas (MPAs) theoretically aimed to limit anthropogenic pollu-
tion, pollution status is unknown “in most MPAs worldwide”. (16) !e lack 
of current pollution data is itself alarming, but without long term records 
it can be even more di&cult to ascertain the causes of pollution. Historical 
records may also assist in predicting future trends in pollution (17), which 
can inform what kind of restrictions are necessary for protected areas to 
limit future risks. Unfortunately, such long-term records are even more 
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scarce than current data on pollution, partially because certain incon-
spicuous pollutants like microplastics have only been recognized as prob-
lematic in recent years. (1,2) Consequently, paleoenvironmental methods 
provide an extremely valuable mechanism of tracking how changes to eco-
systems, such as pollution, have accrued over time. (17)
 
In this vein, this study aimed to discover: to what extent is Lac Hertel’s 
sediment polluted with microplastics and how has this pollution changed 
over the last several decades? We hypothesized that there has been a sig-
ni$cant increase in microplastics in Lac Hertel sediment over time. To test 
this hypothesis, we analyzed sediment cores from two areas of the lake 
for microplastic pollution. We then compared the microplastic abundance 
of the top, middle, and bottom of the cores, representing sediment from 
recent years and from the past several decades, in order to evaluate these 
historical trends.

Methods

!e $rst step of our methodology was completed in November 2019 and 
involved retrieving columns of sediment using a piston corer, a wide-
ly-used instrument that results in minimal sediment disturbance. (18) We 
took one sediment core at the mesocosm dock, depicted in Fig. 1, which 
was installed in 2011. We analyzed sediment from the mesocosm dock, the 
site of the reserve’s partially enclosed outdoor limnological experiments 
(19), because large plastic bags are used as part of the set-up.  Since larger 
pieces of plastic debris are known to fragment into microplastics over time 
(11,20), we wanted to test whether this was potentially contributing mi-
croplastics to the sediment underneath it. Next, we obtained another sed-
iment core from the centre, i.e. deepest part, of Lac Hertel. Sampling from 
the centre of a lake is standard practice in limnology (21), since it has the 
highest probability of representing the whole-lake assemblage. (22,23) !e 
centre of a lake is more representative due to sediment focusing, which 
refers to how sediments redistribute from shallow to deep areas of a lake 
because of waves and currents. (23–25)  

Figure 1. Lac Hertel, Quebec, Canada, surrounded by the mature 
temperate forest of the Gault Nature Reserve. We retrieved our 
sediment cores from the centre, i.e. deepest part, of the lake and 

the mesocosm dock. (26) 

A%er retrieving the cores, we used an extruding device and spatula to take 
incremental 3 cm samples of the sediment. In each sediment core, we ob-
tained the sediment that was 0-3 cm and 15-18 cm from the top. We also 
obtained the sediment that was 3-0 cm from the bottom of each core, al-
though the total depth of each core was di#erent. Accordingly, the bottom 
sediment obtained from the mesocosm dock was 30-33 cm from the top 
of the core, while the bottom sediment from the lake’s centre was 35-38 
cm from the top. Gélinas, Lucotte & Schmit (2000) concluded that the 
sediment accumulation rate in Lac Hertel is 0.55 cm/year. (27) Based on 
this rate, the top sections contained sediment that was ~0 to 5.5 years old 

(2019-2013) and the middle sections contained sediment that was ~27.3 
to 32.7 years old (1991-1986). Finally, the bottom section from the meso-
cosm dock contained sediment that was ~54.5 to 60 years old (1964-1959) 
and the bottom section from the centre of the lake contained sediment 
that was  63.6 to 69.1 years (1955-1950). As a result, we were able to deter-
mine whether microplastics in Lac Hertel’s sediment have increased over 
at least the past 60-69 years. However, the bottom sections are likely older 
than 60-69 years because sediment tends to compact as it accumulates. 
(16,17,28) 

We observed several of the precautions outlined in Crew et al. (2020) to 
minimize the potential contamination of the sediment samples. (29) To 
avoid contamination in the $eld, we rinsed all our tools with water be-
tween sample extrusions. In addition, the samples were stored in glass 
containers and covered with aluminum foil. Both in the $eld and in the 
lab, we avoided wearing clothes made out of synthetic material and wore 
cotton lab coats while handling the samples. Moreover, lab surfaces were 
regularly wiped down with 70% ethanol and glassware was washed be-
tween samples with 4% non-foaming detergent and distilled water. Next, 
petri dishes with wet borosilicate $lters were placed beside all our work-
stations to serve as procedural blanks. !e $lters were later analyzed un-
der a microscope to assess whether airborne particles had contaminated 
our samples. Lastly, we implemented a positive control by spiking an extra 
sediment sample with a known number of easily identi$able microplastics 
and subjecting it to the same lab procedure as the rest of our samples. We 
also analyzed this sample under a microscope to evaluate the proportion 
of microplastics that were recovered. !is provided us with a recovery rate 
that we used to account for the microplastics we lost throughout our lab 
procedure. 

Our lab procedure was adapted from Crew et al. (2020) and consisted of 
the following steps. (27) Firstly, the samples were transferred to 250 mL 
Erlenmeyer "asks and 10 mL of 10% KOH was added to each "ask. Next, 
the samples were de"occulated for 25 minutes in a hot water bath set to 
60 °C in order to digest the organic material in the samples. A%erwards, 
each sample was placed on a 250 µm sieve and rinsed with distilled water 
to remove the digested organic matter and KOH. What remained on the 
mesh sieve was then transferred to a petri dish lined with aluminum foil 
and dried in an oven set to 60 °C for 12 hours. Since the melting points of 
most plastics are above, or just below, 100 °C (30–32), the oven and water 
bath would not have melted any of the potential plastic in the samples.  
Once the samples were dried, they were placed in clean 250 mL Erlen-
meyer "asks and an oil extraction procedure adapted from Crichton et 
al. (2017) was performed to isolate the microplastics. (33) !is method 
was chosen because it is quick and cost-e#ective. !e extraction procedure 
involved adding 2.5 mL of canola oil and 50 mL of distilled water to each 
Erlenmeyer "ask, swirling the "asks for 30 seconds, and leaving the mix-
tures to settle for approximately two minutes. Since plastic is oleophilic, 
this traps microplastics in the oil layer. (33) Next, the contents of a "ask 
were poured into a 250 mL separatory funnel and several rinsing, swirling, 
and settling steps were carried out, with the water layers being discarded. 
Finally, the oil mixture was dispensed onto a funnel equipped with a poly-
carbonate membrane $lter and dried using vacuum $ltration. In between 
each sample, 13 mL of 4% non-foaming detergent was added to the sepa-
ratory funnel and swirled vigorously, then poured onto the polycarbonate 
$lter. Following this, the funnel was rinsed 3 times with distilled water. 

Our next step involved identifying and counting the microplastics under a 
dissecting microscope at 40X magni$cation. Microscopy is a widely used 
identi$cation method for microplastics in the hundreds of micrometer 
range, meaning 100-999 µm (29), like the particles we were investigating. 
Two individuals counted each sample and then the average of the two 
counts was rounded to the nearest whole number. We used the identi-
$cation trees that were created by Crew et al. (29) to di#erente between 
microplastics and other oleophilic particles under regular light and then 
applied the hot needle test to a subset of what we observed.  !e hot nee-
dle test has been used to verify particles as plastic in a number of studies 
(3,34–36) and consists of touching the suspected microplastic particles 
with a hot needle. !e hot needle test can help distinguish plastics due to 
their melting points; many plastics have relatively wide temperature ranges 
as melting points, creating a zone between the solid and liquid states where 
their physical properties shi%. (37) When heated to temperatures in this 
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intermediate zone, plastic is semi-solid and "exible. !us, if the particles 
are plastic, the hot needle will be able to make the particle sticky and leave 
a mark, or the particle will curl. If a particle is non-plastic, it will either 
fragment into smaller pieces or not react at all. 

We analyzed our data using a Generalized Linear Model (GLM) in RStu-
dio Cloud version 3.6.0. (38) GLMs are based on an assumed relationship 
between the mean of the response variable and the explanatory variables. 
In GLMs, data can be assumed to have a variety of probability distribu-
tions, like normal or Poisson. (39) As a result, GLMs are considered more 
"exible and better suited for analyzing ecological relationships, which do 
not always $t a normal distribution We employed a GLM to help us deter-
mine: 1- whether sediment from the centre of the lake or the mesocosm 
dock had more plastic, 2- whether the number of microplastics changed 
over time, i.e. sediment depth, and 3- whether the relationship between 
sediment depth and number of microplastics was di#erent at the centre of 
the lake versus the mesocosm dock. Accordingly, the response variable in 
the GLM was the average number of microplastics in each sample, adjust-
ed by our recovery rate, which we determined to be 65%, and rounded to 
the nearest whole number. !e explanatory variables were area, i.e. centre 
of the lake versus mesocosm dock, and sediment depth. Furthermore, the 
interaction between the explanatory variables was also evaluated in order 
to answer the third aforementioned question. Our GLM equation was thus 
“average number of microplastics ~ depth*area”. Microplastic abundance 
is an example of count data, which frequently follows a Poisson distribu-
tion. (39) To check if our data $t the Poisson distribution, we applied a chi-
square goodness-of-$t test. !e resulting p value was 0.4050313, which 
indicated that our data was not signi$cantly di#erent from the Poisson 
model. Consequently, the GLM was implemented with a Poisson distri-
bution. 

Although the GLM could help answer the above-mentioned questions 1, 
2, and 3, it could not answer our fourth question: was the relationship 
between sediment depth and number of microplastics stronger at the cen-
tre of the lake or the mesocosm dock?  As a result, we also analyzed our 
data using Pearson correlation tests in RStudio Cloud version 3.6.0. (38) 
!e response variable in the two correlation tests was the average number 
of microplastics found in the sediment at the centre of the lake and the 
mesocosm dock, respectively, rounded to the nearest whole number and 
adjusted to incorporate our recovery rate. !e explanatory variable of the 
two tests was the depth of the sediment. Although Pearson’s correlation 
coe&cient is not as robust in the presence of non-normality, it can still 
be used if data is approximately normal. (40) To determine if this was the 
case, we applied a Shapiro-Wilk test to the average number of microplas-
tics found at the centre of the lake and at the mesocosm. !e resulting p 
values were respectively 0.9449 and 1, suggesting that the distribution of 
our data was not signi$cantly di#erent from the normal distribution. !is 
seems contradictory to the results of the chi-square goodness-of-$t test 
but may be explained by our small sample size. Nevertheless, given that 
the variables in question are examples of ratio data, that the relationships 
appeared to be linear when graphed (see Fig. 2), and that the Shapiro-Wilk 
test implied that the normal distribution $t our data, the Pearson correla-
tion test was used. 

Results

We found between 23-82 microplastics in every sample we retrieved, as 
is depicted in Table 1. Examples of the microplastics we found include 
$bers, clear fragments, and microbeads. When we touched a hot needle 
to a subset of the pieces that we suspected to be plastic, the pieces curled 
or melted, con$rming that they were plastic. We also con$rmed that the 
debris we excluded from our counts were not plastic, as these items broke 
when they came into contact with the hot needle. Fig. 3 demonstrates 
some examples of microplastics and non-plastic debris that we tested with 
a hot needle. When we looked at our samples under a microscope, we 
noticed that there was an abundance of synthetic-looking $bers. In ad-
dition, we found an abundance of very similar $bers on the procedural 
blanks that we le% beside our workstations. Consequently, we suspected 
that these $bers may have largely been the result of contamination and 
we deducted all the $bers from the average number of microplastics to be 

conservative. A%er counting the number of microplastics we retrieved in 
the spiked sediment sample, we calculated that our recovery rate was 65%. 
In comparison, Crew et al. (2020) reported their recovery rate for $bers 
was 67% ± 2.3 (SE), 63% ± 3.5 (SE) for microbeads, and 61% ± 2.2 (SE) for 
fragments. Since our recovery rate was similar to those of Crew et al. (29), 
we adjusted our average number of microplastics to re"ect how 33% of the 
microplastics had been lost throughout the lab procedure.

Figure 2. The average number of microplastics that we found 
in our sediment samples from the centre of Lac Hertel and the 
mesocosm dock. The average number of microplastics was 
minus the $bers we observed, adjusted to account for our 
65% recovery rate, and rounded to the nearest whole num-
ber. The $gure was $tted using a Poisson distribution and the 

shaded areas represent the standard error of the mean. 

Table 1. Summary of the types of microplastics that were 
found in the sediment samples obtained from Lac Hertel. 
Each column re%ects the average of two counts, rounded to 
the nearest whole number but not adjusted by our 65% re-
covery rate. Centre denotes the samples from the centre of the 
lake and mesocosm denotes the samples from the mesocosm 
dock. Moreover, top, middle, and bottom refer to the section 
of the sediment core that the samples were from. Examples 
of microplastics that fell under other include microbeads and 

coloured fragments. 

Figure 3. Images of items recovered from the oil extraction 
procedure. (A)-(B) Microplastics, con$rmed as such since they 
did not break during the hot needle test. (C) Not a microplas-
tic, con$rmed as such since it broke during the hot needle 

test.

A                                 B                                  C
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Analyzing the data using a GLM revealed three things, summarized in Ta-
ble 2. Firstly, when the GLM analyzed the overall change in microplastics 
over sediment depth, i.e. time, meaning without distinguishing whether 
samples came from the centre or mesocosm, the GLM indicated that the 
abundance of microplastics increased signi$cantly over time. Secondly, 
when the GLM analyzed the number of microplastics at the centre of the 
lake versus the mesocosm dock, it determined that the mesocosm dock 
had signi$cantly fewer microplastics than the centre of the lake. !ird, 
the GLM showed there was not a signi$cant interaction between the two 
explanatory variables, depth and area, meaning that the e#ect of depth on 
the number of microplastics was not signi$cantly di#erent at the centre of 
the lake versus the mesocosm dock. Next, the Pearson correlation tests, 
summarized in Table 3, revealed one more thing: the $rst test indicated 
that at the centre of the lake, there was a signi$cantly negative relationship 
between the depth of sediment and the number of microplastics in our 
samples. Conversely, a second Pearson correlation test indicated that at 
the mesocosm dock, there was not a signi$cant relationship between the 
sediment depth and the number of microplastics in our samples. 
 

Discussion

!e results of the GLM and Pearson correlation tests revealed novel in-
formation about Lac Hertel. Based on the lake’s sedimentation rate (27), 
the oldest samples from the mesocosm dock and lake centre were at least 
54.4-60 years old  and 63.6-69.1, respectively. !e GLM demonstrated that 
overall, the number of microplastics increased signi$cantly with time. !is 
was supported by the $rst Pearson correlation test, which indicated that 
there was a signi$cantly negative correlation between sediment depth and 
abundance of microplastics in the samples from the centre of Lac Hertel.  
However, the second Pearson correlation test revealed that this trend was 
not present at the mesocosm dock. Since the mesocosm dock is located 
on a steep slope and sediment is particularly susceptible to redistribution 
along steep slopes (25), it is likely that the sediment and microplastics 
are being redistributed towards the centre of the lake. !is may partially 
account for the lack of a signi$cant correlation between sediment depth 
and number of microplastics at the mesocosm dock. !e GLM also deter-
mined that the samples from the mesocosm dock had signi$cantly fewer 
microplastics. To be clear, the area row in Table 2 depicts the e#ect of area 
on the number of microplastics. !e GLM output speci$ed that these val-

ues refer to the mesocosm dock, and since the p-value was signi$cant and 
the estimate was negative, we can conclude that the sediment taken from 
the mesocosm dock had signi$cantly fewer microplastics than the centre 
of the lake. In short, our results indicate that there are microplastics in Lac 
Hertel sediment and the amount of microplastic pollution has increased 
signi$cantly over at least the last 60-69 years. 

Our $ndings are notable because the literature documenting microplastic 
contamination in protected lakes is scarce; yet, our results are consistent 
with the limited literature concerning microplastic pollution in freshwater. 
For instance, microplastics have been found in Lake Tahoe, a freshwater 
lake that does not experience wastewater dumping and that is surrounded 
by National Forest, a classi$cation of protected lands in the United States. 
(41) However, Lac Hertel has the additional protection of being closed-o# 
to visitor usage, like boating and swimming, as well as having a catchment 
that is encapsulated by the biosphere reserve. Microplastics have also been 
found to be abundant in other freshwater environments (2,41–44), similar 
to how microplastics have been found in Lac Hertel. Furthermore, plastic 
debris has been found along the beach of the remote Biosphere Reserve 
of Lanzarote in the Canary Islands (45), near the Pelagos Sanctuary in the 
Mediterranean Sea (46), as well as in a Marine Protected Area in Croatia. 
(47) Microplastic pollution has even reached the Arctic. (48,49) Our re-
sults support the $ndings that microplastic contamination is an increasing 
environmental problem that has spread to even the most protected habi-
tats, and caution against viewing protected areas as pristine havens from 
anthropogenic pollution. 

Our results add to the growing collection of research documenting micro-
plastics’ presence and increase over time using sediment coring. Matsu-
guma et al. found that the abundance of microplastics in sediment cores 
from Japan, !ailand, Malaysia, and South Africa increased toward the 
top layer of sediment, demonstrating an increase of microplastic pollution 
over time on a global scale. (50) Speci$cally, the cores from Japan demon-
strated that microplastic pollution started in the 1950s and then increased 
considerably as the sediment depth decreased. !ese results are consistent 
with our data, as the bottom sections of our cores re"ect the presence of 
microplastics in Lac Hertel as early as 1950 and microplastics were far less 
abundant in this section. Research by Turner et al. that examined micro-
plastics in the sediment record of an urban lake in London similarly found 
an increase in microplastic accumulation over time, starting in the 1950s. 
(51) Furthermore, sediment cores taken from an estuary in Tasmania were 
found by Willis et al. to have microplastics present in every layer sampled, 
dating from 1744 to 2004, and increasing in abundance closer to the sur-
face. (52) !e authors found that deeper sediment layers pre-dating the 
proliferation of plastic in society mostly contained $bers, leading them to 
suspect that $bers were a major form of contamination, which is consis-
tent with what we discovered in our results. Still, there is a relative dearth 
of studies that utilize sediment coring in areas less obviously a#ected by 
anthropogenic in"uence, further underlying the relevance of our results 
to knowledge in the $eld.

Given that Lac Hertel has a small catchment and is not open to the public, 
our results lead us to ask: where are the microplastics coming from? One 
possible culprit could be atmospheric deposition, which is an important 
pathway for microplastic pollution. (8–10) Atmospheric deposition, how-
ever, is likely to deposit microplastics too small to identify under 40x mag-
ni$cation; one study found that the majority of deposited microplastics 
were ≤50 µm. (8) Typically, atmospheric deposition also mainly depos-
its microplastic $bers. (10,11) !us, atmospheric deposition may not be 
as substantial of a contributing source to the microplastics we observed, 
which were greater than 250 µm and mostly fragments a%er we accounted 
for the suspected $ber contamination. Instead, microplastics could stem 
from littering on Lac Hertel’s beach, which is open to the public, as well as 
the use of the lake for research purposes. 

Researchers have been doing limnological experiments at the mesocosm 
dock on Lac Hertel since it was built in 2011, which o%en uses large plastic 
bags that can become torn. We observed that this had occurred when we 
were carrying out our experiments. !ese activities could result in large 
plastic fragments polluting the environment that could then be further 
broken down (1,11), contributing to the microplastics found in our top 
sediment samples. !ough we controlled for plastic contamination in the 

Table 2. Results of the generalized linear model (GLM) in 
which the explanatory variables were the depth of the sedi-
ment samples in cm and the area that the samples came from, 
i.e. centre of Lac Hertel versus the mesocosm dock. The re-
sponse variable was the average number of microplastics that 
we identi$ed in the samples minus the $bers we observed, 
adjusted to account for our 65% recovery rate, and rounded 
to the nearest whole number. The interaction between the 

explanatory variables was also evaluated. 

Table 3. The results of two Pearson correlation tests. Test #1 
and #2 analyzed the relationship between sediment depth 
and the average number of microplastics in samples from the 
centre of Lac Hertel and the mesocosm dock, respectively. 
Fibers were removed from the average number of microplas-
tics, which was then adjusted by our 65% recovery rate and 

rounded to the nearest whole number. 
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petri dishes and glass jars that the sediment was stored and transported 
in, the one relatively unavoidable source of potential microplastic con-
tamination was the plastic coring tube itself. !ough concerns have been 
raised about the potential for coring tubes to be scratched by sediment 
particles and contaminate samples (53), there is limited research to show 
that such contamination is substantial in practice. However, the presence 
of plastic in sediment coring is not limited to this one study; sediment 
coring with plastic corers is employed regularly by researchers at Lac Her-
tel. In addition, there has been long-term use of other plastic equipment 
like sampling bottles, buoys, Secchi disks, life vests, and ropes. Even the 
simple presence of researchers on the lake could enable their clothing to 
pollute the lake with microplastics if it is made of synthetic $bers, which 
could eventually settle into the sediment. Little to no data exists to docu-
ment the microplastic footprint of limnological research, which should be 
a focus for future investigation. !e Gault Nature Reserve has been used 
for research, teaching, and public recreation dating back to the 1950s and 
1960s. (12) As such, it is probable that pollution sources like atmospheric 
deposition, littering, and research activities may have contributed to the 
microplastics that we detected in all of our samples.
 
A few factors limit the scope of our results. Due to time constraints, we 
were not able to weigh the amount of microplastics that we found in each 
sample. Resource constraints prevented us from using Nile Red dye and 
"uorescent microscopy, thus we could only evaluate microplastics larger 
than 250 µm. Since our cores were not radiometrically dated, the dates 
were approximated from the lake’s sedimentation rate, which does not ac-
count for compaction. Consequently, our bottom layers are likely older 
than our calculations, resulting in some ambiguity about exactly how far 
back microplastic pollution extends in Lac Hertel’s sediment. Another no-
table limitation was our small sample size, since we only had three data 
points per core. We did not $nely partition our core as this would have 
multiplied the number of oil extractions we had to perform, which was not 
feasible within our timeframe. Still, a more $nely partitioned core would 
allow for a better understanding of the relationship between microplas-
tic abundance and time. Additionally, we chose to leave the procedural 
blanks out for the entire time that we were conducting experiments to get 
a better idea of the kind of contamination that could be coming from our 
surroundings. However, this meant that the amount of contamination on 
the blanks was likely greater than what any single sample would have been 
exposed to, since they were only exposed for brief periods of time. As a 
result, we could not draw direct conclusions about the quantity of con-
tamination in the samples from the procedural blanks, but the blanks still 
enabled us to observe what kinds of microplastics may have been the result 
of contamination. 

Future research would bene$t from the following adaptations to our meth-
odology: weighing microplastics, using additional methods to analyze 
even smaller microplastics, obtaining more sections from each sediment 
core, dating the sediment cores, and only setting procedural blanks out 
when samples are exposed. !e primary focus of future research could 
be to determine the origins of the microplastics at Lac Hertel, speci$cally 
focusing on two potential sources: the beach, which is used by the pub-
lic, and the mesocosm dock, which is used by researchers. !e beach and 
dock areas should additionally be monitored for macroplastic pollution, 
e.g. torn mesocosm bags and incidents of littering, so that original sources 
can be tracked prior to degradation into microplastics. Further research 
could also explore whether these microplastics are present in tissues of 
biota of the lake, as well as the biological impacts of microplastics on these 
organisms. !is is especially important given the use of this lake as an 
experimental system for researchers, where unaccounted microplastic 
pollution may confound experiment results. For example, studies inter-
ested in the diets or life history of the lake’s biota may not account for the 
consumption of microplastic and its possible e#ects on development and 
reproduction. (54,55) More protected lakes could be studied to see if our 
hypothesis is supported in other protected areas as well. Most importantly, 
further regulations to limit non-essential plastic use by researchers at the 
Gault Nature Reserve should be considered where possible, at least until 
the source(s) of the plastic are identi$ed.

Conclusion

Microplastics have become a major pollutant that poses a risk to the health 
of numerous species. Today, microplastics can be found in even the most 
remote corners of the world. Despite an increasing amount of research 
on freshwater microplastic pollution, there is still very little research 
about how microplastics impact protected areas. As a result, we evaluated 
whether there are microplastics in the sediment at Lac Hertel, which is 
part of an UNESCO biosphere reserve, and if yes, whether microplastics 
have increased over time. We hypothesized that microplastic pollution 
is present and has signi$cantly increased in abundance over time. To be 
conservative, all $bers were excluded from our counts, as we suspected 
they were largely the result of contamination. We also factored in our 65% 
microplastic recovery rate to account for the plastic lost during our lab 
procedure. Despite our conservative microplastic counts, we found mi-
croplastics in all our samples and determined that microplastics signi$-
cantly increased in abundance over time. It is important to note that we 
only analyzed microplastics that were larger than 250 µm; further analysis 
of smaller particles would likely reveal a greater extent of contamination. 
Nevertheless, our results support our hypothesis. Ultimately, our $ndings 
are consistent with other research, which concludes that microplastics are 
a pervasive, growing issue that warrants more research and action.  
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Substitution Sensitivity and the Bat-and-Ball 
Problem: A Direct Replication of De Neys et 
al. (2013)

Alexandra Machalani1, Amanda Gallant1, Victoria Orha1, Nora Ostbo1, Eric Hehman1

Abstract

Background: Cognitive misers are no happy fools. Earlier $ndings (1) came to this conclusion by assessing 
people’s sensitivity to attribute substitution, which they de$ned as the situation that occurs when we are 
confronted with a problem that demands greater cognitive e!ort, for which we rely on automatic and intu-
itive processes that substitute the complex situation for an easier one.

Methods:  Through the exploration of the “bat-and-ball” problem, (2) De Neys, Rossi, and Houdé  (1) found 
that participants were indeed sensitive to the substitution bias. Speci$cally, participants who incorrectly 
answered the question that gave rise to the substitution bias were signi$cantly less con$dent in their an-
swer relative to their answer on a control problem that did not give rise to the substitution. Using the same 
methods, we conducted a direct replication study on a sample of 264 undergraduate psychology students.

Results and Conclusion: Our results suggest that we successfully replicated the original conclusions; par-
ticipants who answered by substituting the di#cult question for an easier one signi$cantly (p<.0001) de-
creased their con$dence ratings on the version of the problem that gave rise to the substitution bias, rela-
tive to the problem that did not. 

Limitations: Though there may have been limitations, it seems that we are sensitive to attribute substitution.

Introduction

As social creatures, humans have always been keen on $nding the simplest, 
most quick and e#ective solutions. One could even say that we are cogni-
tive misers; we not only engage in but rely on fast and intuitive processing 
rather than more e#ortful and deliberate thinking. First conceptualized by 
Peter Wason and Jonathan Evans, (3) this dual process theory proposes 
that we engage in two distinct types of processes: heuristic, in which an 
individual chooses which information is relevant and $lters out the irrele-
vant information, and analytic, in which they analyze the information rel-
evant for further processing. (4) !is $rst theoretical proposition allowed 
for further research in the $eld of human cognition with the emergence of 
impactful theories such as Daniel Kahneman’s (5) dual systems process-
es, which distinguishes processes as either intuition or reasoning based. 
A year later, Fritz Strack and Roland Deutsch (6) proposed their own dual 
process theory which puts forth the re"ective and impulsive systems of the 
human mind. !e model relies on separate systems they call the re"ective 
and impulsive systems, where decisions are made using knowledge that 
comes from the situation or by using existing schemas without conscious 
thought. While faster cognitive processes might seem advantageous when 
we desire quick and e#ective problem-solving, they sometimes fall short 
when we are faced with complex situations that demand deeper reasoning. 
!ese processes thus lead us to biases in our judgment that we fail to rec-
ognize… or so it seems. 

It has been theorized that the underlying problem of most cognitive biases 
and perceptual illusions is one of attribute substitution, a psychological 
process also known as the substitution bias. (1,2) Speci$cally, this concept 
is di#erent from the decision-making strategy known as satis$cing, as the 
latter entails “searching through the available options just long enough to 
$nd one that reaches a preset threshold of acceptability”. (7p670) !e sub-
stitution bias was $rst argued by Shane Frederick and Daniel Kahneman, 
(2) who based their theory on early research on the representativeness and 
availability heuristics. !ey relied on the hypothesis that “when confront-
ed with a di&cult question people o%en answer an easier one instead, usu-
ally without being aware of the substitution”. (2p53) De Neys, Rossi, and 
Houdé (1) similarly de$ne substitution bias, and revisit the ‘bat-and-ball’ 
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problem $rst posed by Frederick and Kahneman (2):

!e reasons for the high rate of errors in this easy problem lie in the fact 
that people are not accustomed to thinking hard, and instead trust judg-
ment that comes to mind quickly, especially in situations in which they are 
not deeply committed. (2p58-59) Further explanations rely on the substi-
tution of the critical relational statement ‘more than’ with an easier prob-
lem without the relational statement. Academics (2,8) who have explored 
the attribution bias concluded that the ultimate problem is that substitu-
tion is not detected. De Neys et al. however have challenged this assump-
tion and believed that not deliberately re"ecting upon one’s responses does 
not necessarily imply that the substitution process is undetected. (1)

The original study

!e authors hypothesized that people who engage in attribute substitu-
tion must be somewhat sensitive to their error process. (1) More speci$-
cally, people should have some unconscious awareness that the substitut-
ed ‘10-cent’ answer they gave must not be completely accurate. To study 
this, De Neys et al. (1) relied on the assumption that when people engage 
in attribute substitution on the bat-and-ball problem, they will most 
commonly incorrectly respond in a speci$c, pre-determined way (‘10 
cents’). Because they were interested in one’s sensitivity, they designed an 
isomorphic control problem (without the “more-than” relational state-
ment) in order to obtain base rates of people’s con$dence levels in a sim-
ilar problem that would not give rise to substitution:

A total of 248 undergraduate students who took an introductory course 
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“A bat and a ball together cost $1.10. !e bat 
costs $1 more than  the ball. How much does 
the ball cost?” (1p269)

“A magazine and a banana together cost 
$2.90. !e magazine costs $2. How much 
does the banana cost?” (1p260)
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in psychology were recruited to take part in the study. All participants 
completed both the control and standard versions of the problem in ran-
domly assigned orders where half would start with the control version. 
A%er each problem was solved, they were asked to rate how con$dent 
they were that their answer was correct on a scale from 0% to 100%. 
To support their hypothesis, the authors expected their data to show a 
signi$cant decrease in con$dence levels when biased reasoners rated the 
accuracy of their answer to the standard problem, relative to that of the 
control problem. However, if people are completely unsensitive to the 
substitution, as suggested by previous research, their con$dence levels 
following the standard problem should not di#er from that of the control 
problem.

De Neys et al. (1) found that 21% (SE=2.3%) of participants successful-
ly solved the standard bat-and-ball problem (i.e. 5-cents answer) while 
99.5% of those who answered incorrectly responded in line with the 
substitution bias (i.e. 10-cents answer). On the control version of the 
problem, 98% (SE=1%) of participants gave the correct answer. !is in-
deed supports the theory that people do not just randomly guess when 
they are faced with complex questions, but rather solve the problem in 
an automatic and intuitive way. In line with their hypothesis, the data 
showed that those who engaged in substitution on the standard problem 
also rated their con$dence levels as being signi$cantly lower (p<.0001, 
η2p=.23) than on the control problem. !ese $ndings thus support their 
hypothesis in that biased reasoners are sensitive to the substitution rath-
er than being completely blind, relative to those who resisted the substi-
tution and gave greater con$dence ratings.

!ese results are interpreted by the authors as a clear example of how we 
tend to “minimize cognitive e#ort and stick to mere intuitive processing” 
and that “cognitive misers might have more accurate intuitions about the 
substitution process than hitherto believed”. (1p271) Additionally, they 
argue that this process of attribute substitution might be an explanation 
for other cognitive biases, such as the base-rate neglect or the conjunc-
tion fallacy. (1)

The current study

!e current era of the ‘replication crisis’ has led to a widely felt sense of 
uncertainty in the scienti$c community, especially in experimental psy-
chology. In his manifesto, Chris Chambers (9) o#ers seven sins of psycho-
logical inquiry, the third of which is the sin of unreliability. He critiques 
the $eld’s reluctance to replicate and the tendency to easily dismiss di#er-
ent outcomes as untrue replications when replications do occur. !erefore, 
as part of the Collaborative Replications and Education Project (CREP), 
the present paper will explore and discuss a direct replication of De Neys 
et al.’s substitution sensitivity study. (1) Along with the original hypothe-
sis, an additional hypothesis was analyzed. Ethics approval for the study 
was received on October 22, 2019 by McGill University’s Research Ethics 
Board.

Additional hypothesis

To add on to De Neys et al.’s original hypothesis, (1) we were interested 
in assessing participants’ self-esteem. Speci$cally, we looked at optimism, 
a correlate of self-esteem, de$ned as “a belief that desirable outcomes are 
attainable”. (10p517) In fact, Hale et al. explain that optimists have “a fa-
vorable outlook on life, expect things to go their way, and believe that good 
rather than bad things will happen to them”. (10p271) Because it has been 
found to be related to psychological well-being, such as lowering levels 
of depression (11) and neuroticism, (12) we were intrigued by the idea of 
capturing a possible correlation between optimism and substitution sen-
sitivity. More speci$cally, we wanted to investigate whether optimism can 
in"uence someone’s perception of their own performance on tasks, and 
whether it has an important e#ect on their con$dence. As such, we have 
hypothesized that participants who fall victim to the substitution bias – 
and therefore have lower con$dence ratings in the standard condition of 
the De Neys (1) problem – will be more inclined to rate their expectancy 
for success lower, relative to those who are not a#ected by attribute substi-
tution. Interestingly, if a correlation were to emerge and original $ndings 

were to be replicated, we might be able to conclude that these preliminary 
$ndings suggest that only a speci$c population is more sensitive to the 
substitution bias, such as those who are less optimistic, and more neurotic.

Methods

Participants

A total of two-hundred and sixty-four (N=264) undergraduate students 
from McGill University completed our study, or sixteen more than the 
original study. Participants were recruited through SONA, an online por-
tal that manages voluntary study participation for the McGill Psychology 
Human Participation Pool in exchange for course credit(s). Inclusion cri-
teria for our study were (i) participation for psychology course credit, (ii) 
undergraduate student status, and (iii) being 18 years or older. In line with 
the De Neys et al. (1) study, all participants were undergraduate students 
who have taken psychology courses, which is important to consider when 
inferring the generalizability of the present and other experiments investi-
gating substitution sensitivity.

All participants read through the consent form explaining the purpose and 
contents of the study and indicated that they were informed and were vol-
untarily participating in our study. It was also made clear that participants 
could end the study at any time and would still be receiving compensation.
would $t the background models, $t the source parameters and obtain 
their resulting “test statistics”. !e test statistic value is a way to quantify 
the quality of the maximum likelihood $t, and it roughly represents σ2 
signi$cance for a normal (“Gaussian”) distribution - so a larger value im-
plies a higher likelihood of a gamma-ray signal. !e formula for the test 
statistic is

Procedure

As this was a direct replication study, the detailed procedure that was 
made available in the original paper was closely followed. However, due 
to time constraints, an important di#erence should be noted: consistently 
across all testing sessions, participants had to complete our study follow-
ing another replication study by Griskevicious, Tybur, and Bergh. (13) !e 
experiment took the form of a computer-based survey through Qualtrics, 
completed in-person and in the presence of other participants. Sessions 
ranged from testing 5 participants to 20 participants at a time. Because the 
original study had not speci$ed data collection methods, this was done to 
maximize sample size.

All testing sessions were completed in the same computer laboratory at 
McGill University’s downtown campus and were in the presence of two 
experimenters (although a few sessions were conducted by one experi-
menter).

A%er students had completed the Griskevicious, Tybur, and Bergh (13) 
study and had read and agreed to our consent form, Qualtrics automat-
ically randomly assigned them to one of four conditions. Following the 
original De Neys repeated-measures design, (1) all participants completed 
the control version of the bat-and-ball problem as well as a variation of 
the standard problem. Here, the super$cial item content of the original 
bat-and-ball problem was modi$ed to minimize surface similarity. !e 
standard problem that was presented to participants was as follows: 

 

!e four possible conditions included a control and a standard version us-
ing either the pencil/eraser combination or the magazine/banana combi-
nation. Consequently, about half of the participants completed the control 
version $rst, and the other half completed the standard question $rst. Af-
ter answering each problem, participants were asked to type in how con-
$dent they were that their answer was correct on a scale of 0% (totally not 
sure) to 100% (totally sure). A%er the replication portion of the study was 

“A pencil and an eraser together cost $1.10. 
!e pencil costs $1  more than the eraser. 
How much does the eraser cost?”
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completed, participants were then redirected to our additional measure, 
the GESS-R (see section 2.3), followed by basic demographic questions. 
Finally, participants were debriefed and were informed of the right answer 
to the standard problem.

Materials and measures

As this was a computer-based study, participants were not provided with 
any additional materials other than the computers available to them in the 
laboratory. A URL was presented to them on a whiteboard and students 
were asked to access the survey by themselves.

In addition to the original study’s materials, the Revised Generalized Ex-
pectancy for Success Scale (GESS-R) (10) was used to measure optimism. 
Originally developed in 1978 by Fibel & Hale, (11) we used the 1992 re-
vised scale published in the Journal of Clinical Psychology. !e GESS-R is 
designed to measure optimism speci$cally in one’s expectations for suc-
cessful outcomes. Psychometric measures from the 1992 report suggests 
an acceptable level of reliability over time as well as a high level of inter-
nal consistency. Importantly, the GESS-R was not found to be correlat-
ed to neuroticism, giving way for a better interpretation of the results as 
attributable to optimism. Permission for the use and reproduction of the 
GESS-R was granted on October 27, 2019 by Dr. Daniel Hale.

To recall our main hypothesis, we expect biased reasoners on the standard 
problem to rate their con$dence levels as signi$cantly lower than their 
con$dence levels on the control problem. In other words, the con$dence 
rating in the correctness of one’s answer to the standard problem was the 
main dependent variable that was being measured. Indirectly, con$dence 
levels are meant to measure the latent construct of substitution sensitivi-
ty, where those who engage in substitution are shown to be sensitive by 
feeling less con$dent in their answer to a complex problem, relative to an 
easier problem. Additionally, we are also assessing optimism as a potential 
moderator of the relationship between con$dence ratings and sensitivity 
to substitution. If data were to support our hypothesis that those who are 
less optimistic would perceive their answers as less accurate – thus being 
more sensitive to substitution – we would expect to see a greater decrease 
in con$dence ratings in participants who score lower than normal on the 
GESS-R.

Data processing and analysis

In line with the original study and the CREP-provided step-by-step meth-
ods, separate analyses were conducted. To assess the possible di#erences 
in con$dence levels, participants were grouped according to accuracy in 
their response on the standard problem. Speci$cally, accuracy was cod-
ed as “biased” (i.e. ‘10-cents’ answer) and “correct” (i.e. ‘5-cents’ answer). 
From this, the data was analyzed using a repeated-measures ANOVA, as 
this experiment was a two by two within-subjects design, in order to assess 
the di#erences in con$dence levels of biased and unbiased reasoners on 
both control and standard problems.
For our additional hypothesis, a bivariate Pearson correlation analysis was 
performed in order to determine if there is a correlation between con$-
dence levels in the standard problem and GESS-R score. Alpha values to 
determine statistical signi$cance were set at 5% for both the original and 
additional hypotheses. Analyses were carried out by EH on IBM SPSS Sta-
tistics so%ware version 26.0. (14)

Results

Participant characteristics

!e majority of participants (84.47%) were cisgender females and 12.88% 
were cisgender males, where ‘cisgender’ was de$ned as identifying to one’s 
biological sex assigned at birth. It is important to note that upon request, 
students were provided with a brief explanation of the term ‘cisgender’. 
Among the sample, 50.8% were Caucasian, 20.5% were Asian, 10. 6% were 
of mixed ethnicities, and, the remaining 18.1% were Arab or Middle East-

ern, Hispanic or Latin American, or Black or African American (Table 1). 

Accuracy of responses

In agreement with the original study’s results, 97.72% of participants an-
swered the control problem correctly (Fig. 1). !e other seven people who 
answered the control problem incorrectly were subsequently excluded 
from further analyses.

In the standard problem, results were not as dramatically distinct: 50.38% 
of participants answered correctly, while 43.94% answered incorrectly by 
engaging in a substitution (Fig. 2).  !e other $%een people who answered 
incorrectly to the standard problem in a way that was not in line with the 
substitution bias were subsequently excluded from further analyses. Al-
though the data suggests that it is not the majority who fall into the trap 
of attribute substitution, it does however show that the standard question 
is much trickier than the control. If the standard question would not give 
rise to some sort of confusion, results would be much more heterogeneous 
in which there would be an unequal split between correct and incorrect 
answers among participants.

Table 1. Demographics of participants.
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Con$dence ratings

Consistent with the central hypothesis, results show that biased reasoners 
(participants who engaged in the substitution bias) rated their con$dence 
levels as signi$cantly lower on the standard problem compared to the con-
trol problem, F(1, 114)=31.62, p<0.0001. In participants who correctly 
answered the standard problem, there was a negligible con$dence discrep-
ancy between the two conditions (Fig. 3).

Analyses of optimism

Following a bivariate correlation analysis between GESS-R score and con-
$dence levels, it appeared that there was no signi$cant correlation between 
variables (r=0.006, p=0.929). Hence, optimism as we have de$ned it has 
not been found to be correlated with con$dence levels on either the stan-
dard or control problem.

Discussion

!e present data suggests that we have successfully replicated the results 
of De Neys et al.’s original paper. (1) First, we have replicated the way in 
which we obtained signi$cant results in the same direction by using the 
same con$dence levels as the original study (α=95%). Second, we have 
replicated the observed signi$cant decrease in biased reasoners’ con$-
dence ratings on the standard problem relative to the control. In line with 
this, we have also replicated the narrow gap in con$dence ratings of cor-
rect reasoners in both conditions. Finally, we have replicated the magni-
tude of answers in the control problem, where the majority of participants 
answered correctly.

What we have not replicated, however, is the percentage of people who 
incorrectly answered the standard problem. De Neys et al. (1) found that 
only 21% got the standard question correct, while we found that 50.38% 
got the standard question correct. Possible confounds to this could be ex-
plored, such as the possibility that students who took part in the study 
were from di#erent cultural backgrounds, as well as in di#erent academic 
levels (Table 1). It may be that some participants had already been exposed 
to this type of question through preparing for the Graduate Record Exam-
ination (GRE), for instance.

It is therefore safe to conclude that we have successfully replicated De 
Neys et al.’s original Bats, balls, and substitution sensitivity study, (1) but 
with certain conditions. Our results support the theory that we are not 
completely blind to questionable cognitive processes, and that we might 
actually be sensitive to the fact that we are giving unreliable answers to 
complex questions. What this could suggest is that when we are faced with 
di&cult situations, we tend to prefer less e#ortful ways of reasoning. In 
other words, we prefer minimizing our cognitive e#ort and resort to intu-
itive processing instead. 

!e results for our additional hypothesis demonstrated that optimism 
did not have a signi$cant e#ect on the con$dence ratings. !e negative 
$ndings regarding the construct imply that it does not have a signi$cant 
impact on the way people perceive their con$dence regarding their per-
formance. In the current literature, however, optimism has been known 
to impact future performance positively. (15) It is possible that our results 
may therefore indicate that when individuals assess their performance im-
mediately a%er completing a task, they tend to be more realistic than opti-
mistic. Future research should further investigate the relationship between 
optimism and both immediate and future performance on tasks. 

Limitations

Although most of our data supports our hypothesis, there are a few lim-
itations to consider. First, the way con$dence was measured might not 
be entirely appropriate. Because con$dence is a latent construct, we can-
not be sure that it is con$dence levels in participants’ answers that we are 
measuring. Uncertainty in a measure’s construct validity poses a threat 
to the interpretation of our results, especially since this is a self-reported 
measure. Further, con$dence levels in one’s answer are meant to measure 
substitution sensitivity. It may be that being more or less con$dent in one’s 
answer does not represent sensitivity to attribute substitution, but rather 
con$dence in one’s answer due to mathematical skills, complex wording of 
the problem, or any other confound not measured. Speci$cally, it is inter-
esting to think about how the wording of the question might impact a par-
ticipant’s con$dence ratings, since the only di#erence between the stan-
dard and the control problem is the use of the relational statement “more 
than”. !e former is used to elicit a speci$c incorrect response from par-
ticipants, which in turn should decrease their con$dence in their answer. 
A second limitation is that external validity in this study is not substantial. 
Because this sample was a convenience sample, it may be that these results 
are only of interest for young psychology undergraduates. In addition, the 
time at which the study was o#ered poses a threat to external validity. In 
fact, the Fall semester is o%en very stressful when undergraduates can be 
overwhelmed with work, study, and applications to graduate school. 

As for our additional hypothesis using the GESS-R to assess optimism, we 

Figure 1. Accuracy of participants’ answers on the control 
problem.

Figure 2. Accuracy of participants’ answers on the standard 
problem. 

Figure 3. Response con$dence on the standard and control ver-
sions of the problem for participants who answered the standard 
problem incorrectly (biased) and correctly (correct). Error bars are 

standard errors.
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expected a pattern of results showing that higher scores on the GESS-R 
would have in"uenced con$dence ratings in both conditions in a positive 
direction, as well as a high con$dence levels in biased reasoners. Although 
we could easily conclude that optimism is unrelated to con$dence levels 
and substitution sensitivity, it is important to note that we had no base 
rates to compare participants’ scores to. It would have been more powerful 
to assess their optimism score before exposing them to potentially threat-
ening situations, which might decrease con$dence in one’s abilities for a 
short period of time, causing optimism levels to also decrease.

Implications and future directions

Future research wanting to explore possible covariates a#ecting con$-
dence levels and substitution bias may want to include certain personality 
characteristics such as impulsivity or neuroticism. It may be that those 
who are more impulsive or neurotic tend to rate themselves as more or 
less con$dent respectively regardless of the type of condition they are in. 
Other possible variables that could be tested is simple test anxiety, where 
examiners can send a scale assessing people’s anxiety when taking tests, or 
speci$cally arithmetic examinations to see if these people are more likely 
to get answers wrong or rate themselves as less con$dent. 

!e implications of this type of research for the $eld of human cognition 
is important to consider. Recent work has shown that biased reasoners on 
the bat-and-ball problem do not lazily monitor their intuitive reasoning. 
(16) Rather, they do evaluate quite automatically their substituted answers 
by answering the mathematical and the con$dence questions much more 
slowly than on the control question. !e authors suggest that it all boils 
down to the relational term “more than”, which causes con"ict between our 
automatic, linguistic operations and our quick, intuitive reasoning pro-
cesses, thus providing this semantic awareness that we have not fully com-
plied with the relational terms of the sentence. (16) !us, future research 
in this interdisciplinary area of cognitive awareness and decision-making 
will give deeper insight into the ways we are not entirely “happy fools”.
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Correlations of Fundamental Social Motives 
with Personality Measures and Life History 
Variables

Mana Moshkforoush1, Eliane Roy1

Abstract

Background: In response to the replication crisis in the $eld of psychology, the authors conduct a replication 
of the Neel et al. (2016) (1) study examining individual di!erences in fundamental social motives.

Methods: Using the Fundamental Social Motives Inventory, we explore the relationships of the fundamental 
social motives to other individual di!erences and personality measures and the extent to which life history 
variables (e.g., age, sex, childhood environment) predict individual di!erences in the fundamental social 
motives. In addition to the replication study, the authors also incorporate the Behavioral Inhibition/Activa-
tion Scale (BIS/BAS) as a new variable to determine this measure of personality’s correlation with all seven 
fundamental social motives of Self-Protection, Disease Avoidance, A#liation, Status, Mate Seeking, Mate 
Retention, and Kin Care. A total of 34 participants are recruited from Amazon Mechanical Turk to complete 
the measures of personality under question. The replication criteria are set at ±0.15 r/β-units from the origi-
nal study results and e!ect sizes greater than or equal to r/β=0.5 have to demonstrate statistical signi$cance 
at the p<0.05 level.

Results: Results demonstrate that between a third and a half of all e!ect sizes replicate Neel et al.’s (1) $nd-
ings.

Limitations: These results should be considered carefully with respect to the low sample size of our study.

Conclusion: The BIS/BAS variable proves to be most informative, indicating that the seven motives cluster 
under either the BIS or BAS factors with medium to large strengths of correlation. These $ndings contribute 
to discussions on considering the most accurate measures of social motivation and the implications of indi-
vidual di!erences in psychology’s understanding of such motivational systems.

Introduction

Social motivation is a de$ning feature of the cognitively gi%ed human; 
what di#erentiates us from other animal species con$ned to biological 
motives of a Darwinian nature. Beyond the primitive goals of obtaining 
food and passing on our genes to viable o#spring, human motivation ex-
tends to higher levels in Maslow’s hierarchy of needs and is o%en tied to 
our social nature. (2) Although an over-arching aspect of what makes us 
all human, the fundamental social motives are also key to understanding 
individual di#erences that lend to people’s cognitive uniqueness. !ese in-
dividual di#erences in motivation – and by extension, the fundamental 
social motives that drive the di#erences – are worthy of extensive research 
as key predictors of perception and behavior in human psychology. (3) 
In order to have a descriptive/explanatory value in the study of person-
ality, the biologically-informed fundamental social motives approach is 
built upon a multidisciplinary perspective of how humans have adapted 
to their social nature and are thus de$ned by Neel et al. (1) as “systems 
shaped by our evolutionary history to energize, organize and select behav-
ior to manage recurrent social threats and opportunities to reproductive 
$tness”. From existing literature and established theory, fundamental so-
cial motives include Self-Protection, Disease Avoidance, A&liation, Status 
Seeking, Mate Seeking, Mate Retention, and Kin Care. (4) !is seven-mo-
tives approach is a middle-ground between few aggregative, broad motives 
and many non-aggregative, speci$c goals. (5,6,7) !e balance achieved is 
aimed at re"ecting both distinctive and overlapping motivational inclina-
tions in response to adaptive problems in social interactions. As part of 
their analytical predictability of human cognition and behavior, empirical 
$ndings suggest that activating the fundamental social motives attunes 
social phenomena such as stereotyping, conformity, intergroup prejudice, 
economic decision-making, political beliefs, self-presentation, aggression. 
(1) With such a wide range of functional applicability in the $eld of social 
psychology, research on the fundamental social motives approach and its 
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links to other individual di#erences and personality measures is justi$ed 
both in terms of scienti$c interest and importance.

It is intuitive that mere individual di#erences, as measured by various 
scales such as the Big Five inventory (8), would manifest as between-per-
son variability in social motives. !e social situation in which people 
$nd themselves also plays a key role in the motivational inclinations that 
then drive our behaviour and responses to the adaptive challenges and 
opportunities that social group living a#ords. For example, a situation 
containing a sexually attractive neighbor is likely to activate the funda-
mental social motive of Mate Seeking. However, individual characteristics 
and social situations alone cannot be credited for eliciting social motives. 
!e prominence of motives in social situations is also a function of life 
history variables such as age, sex, relationship status, and parent status that 
calibrate the trade-o#s faced by investing e#ort in particular social goals. 
(9) Applied to the previously-mentioned example of a sexually attractive 
neighbor, prominence of the Mate Seeking motive will likely vary between 
a 28-year-old single individual and a 58-year-old married parent. !us, 
motivational inclinations are accounted for by the social situation, as well 
as the biological framework that describes how individuals’ resource allo-
cation changes over the course of a life-time. Life history theory (10,11) 
addresses trajectories and timing of shi%s in the prominence of social mo-
tives, which account for signi$cant between-person variability in motives.
 
In 2016, Neel et al. (1) published a paper on the relations among the dif-
ferent fundamental social motives, the relationships of the motives to oth-
er individual di#erence, and personality measures including the Big Five 
personality traits, the extent to which the motives are linked to recent life 
experiences, and the extent to which life history variables predict individ-
ual di#erences in the fundamental social motives. !eir hypothesis that 
such relations exist addressed the prediction of individual di#erences in 
social motives based on factors that shape life history variables, thereby 
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providing a framework for understanding changes in social motives over 
the life span. Our team at McGill University sought to determine whether 
a direct replication of the Neel et al. (1) study – including analyses of fun-
damental social motives, conceptually related scales, and life history vari-
ables – would bear similar enough results to constitute reproducibility of 
the original e#ects found under the scienti$c method. !e study’s purpose 
is to provide a unifying, approach for examining individual di#erences at 
the level of fundamental social motives. By testing the hypotheses with 
this purpose in mind, we seek to further extend understanding of human 
motivation and personality. Our decision to conduct a replication as well 
as to add an original variable – BIS/BAS – is a response to the decade’s rep-
lication crisis and serves as an e#ort to actively reorganize the disciplinary 
social structure that discourages reproducibility in the $eld of social psy-
chology. (12)

Additional Variable Hypothesis

!e Neel et al. (1) study had initially aimed for the Fundamental Social 
Motives Inventory to re"ect both promotion and prevention of each of the 
seven motives. However, the distinctions between approach and avoidance 
behavior were not borne out in the scale development process. As de$ned 
by Ellen Crowe and E. Higgins (13), the promotion focused motivation 
framework is concerned with advancement, growth, and accomplishment. 
Promotion-focused goals are about doing something one would ideally 
do, theorized to ensure hits and minimize false negatives. In contrast, the 
avoidance focused motivation framework is concerned with security, safe-
ty, and responsibility. Prevention-focused goals are about ful$lling respon-
sibilities and doing the things that you feel you ought to do, theorized to 
ensure correct rejections and minimize false positives. 

We hypothesized that the Behavioral Inhibition/Activation Scale variable 
would correlate with the fundamental social motives in some way. Since no 
previous research had compared the two measures, it was not yet known 
which motives would correlate with either the inhibition or the activation 
systems, nor which direction these correlations would take. Furthermore, 
the addition of the BIS/BAS variable to this study is meaningful in that it 
adds validity to the fundamental social motives’ theory since certain as-
pects of the two measures are inherently linked. As examples, we would 
expect that a participant who scores high on the Self-Protection motive 
would also score high on the Behavioral Inhibition Scale, and that a par-
ticipant who scores high on the Mate Seeking motive would also score 
high on the Behavioral Activation Scale. Additionally, the comparison of 
the BIS/BAS measure and fundamental social motives inventory provides 
information about how the seven motives are similar and/or di#erent from 
one another. Given that the current theory encompasses the largest set 
of motives ever proposed, signi$cant clustering in the BIS and BAS di-
mensions could provide an argument that a more restricted set of motives 
might be just as good in conceptualizing human motivation. !e speci$c 
and over-arching hypothesis involving the additional BIS/BAS variable: is 
promotion of achievement of a fundamental goal versus avoidance of fail-
ure to achieve that goal dependent on the fundamental social motive that 
drives that goal? 

Methods

Design and participant demographics

!is study is a correlational study, a type of research design where the 
kind of relationships naturally occurring variables have with one another 
is sought to be understood. Naturally occurring variables are those that 
have not undergone any manipulation by the researcher; in this case, all 
fundamental social motives, individual di#erences, life history variables, 
and behavioral inhibition/activation orientations. 

We recruited participants from the Amazon Mechanical Turk (MTurk) 
platform, a crowdsourcing website where participants receive monetary 
compensation for answering surveys and/or participating in studies. For 

this replication study, the participants were compensated with roughly 
$0.12/min. Given the fact that the participants volunteered for the study 
and that we did not control to get a representative sample of a certain pop-
ulation, the sample collected is considered a convenience sample. Howev-
er, since the original study used the same sampling method and the same 
platform, it does not constitute a limitation regarding the replication po-
tential of the study. Demographic data was collected amongst our partic-
ipants and it was found that our sample consisted of roughly equal male 
and female participants, mostly Christian Caucasians between the ages of 
20 and 49 years old (see Table 1). In terms of level of education, household 
income, and political beliefs, our sample showed great diversity. 

Procedure

Participants $rst responded to items assessing their relationship status 
and parent status, so that the Mate Retention and Kin Care (Child) scales 
could be presented only to those in relationships and those with children, 
respectively. Participants completed the Fundamental Social Motives In-
ventory (66-item set retained for analyses reported in original paper), the 
Big Five Inventory, and questions about their life experiences. By random 
assignment, participants then completed one of two possible sets of mea-
sures of individual di#erences in constructs o%en used to measure fun-
damental social motives or motive-relevant vulnerabilities and strategies: 
one set consisted of the Sociosexual Orientation Inventory (14), Perceived 
Vulnerability to Disease Scale (15), and the Dominance and Prestige Scales 
(16); the other set consisted of the Belief in a Dangerous World Scale (17), 
the Need to Belong Scale (18), and the Experiences in Close Relation-
ships–Revised Scale. (19)

All participants then provided information on a number of life history 
variables, beginning with their age (continuous) and sex (male coded -1, 
female coded 1). Participants used the following response options to indi-
cate their relationship status: married, in a committed relationship, dating 
one person, separated, divorced, and single. Only those who indicated that 
they were either married, in a committed relationship, or dating one per-
son were considered “in a relationship” (coded 1), and only those who 
responded as single, divorced, or separated were considered “not in a re-
lationship” (coded -1). Participants indicated whether they had children 
with a “yes” (coded 1) or “no” (coded -1). !e childhood stability scale 
consisted of three items (e.g., “Compared to the average person, how [sta-

Table 1. Demographics from the particpants of the replication 
study. 



Page 54 McGill Science Undergraduate Research Journal - msurj.com

ble, predictable, hard] was your home life when you were growing up?” 
1=very [stable/predictable/easy], 7=very [unstable/unpredictable/hard], 
reverse-coded so that higher scores re"ect greater stability. !e childhood 
resources scale consisted of four items (e.g., “My family usually had enough 
money for things when I was growing up,” 1=strongly disagree, 7=strongly 
agree). Although people may not have veridical memories of childhood 
experiences (20), and thus their self-reported memories of childhood like-
ly contain some error, Neel et al. (1) drew items used from past research 
that has successfully used these items to assess the in"uence of childhood 
environments on life history strategies. (21) !e current resources scale 
consisted of two items (e.g., “I don’t currently need to worry much about 
paying bills,” 1=strongly disagree, 7=strongly agree). Finally, all partic-
ipants completed the BIS/BAS scales. Results of this measure would be 
mapped onto three BAS-related scales and only one BIS-related scale. !e 
instrument author does not encourage combining the BAS scales because 
they focus on di#erent aspects of incentive sensitivity. (22)

Analytical strategy

!e sample size n=34 was obtained a%er the elimination of a) any par-
ticipant who did not complete the study, b) two participants who “com-
pleted” the study within 5 and 8 minutes – well below the average time 
of 26.7 minutes – and c) two suspected internet bots – one whose answer 
was tremendously irrelevant to the survey question, and another whose 
reported age of conception was earlier than puberty. While the researcher 
initially intended to recruit around 100 participants, the lack of funding 
did not allow them to achieve this objective. !e subjective decision to 
eliminate these participants were made according to the principle of elim-
inating data that we are absolutely certain is defective. !is practice is not 
considered p-hacking because the e#ects of removing versus retaining the 
data were never compared or considered in the decision-making process. 
Despite increasing our certainty regarding the remaining data, the elim-
ination of some data contributed to the low number of our sample size, 
which has negative e#ects on the certainty of our replication conclusions.

For the fundamental social motives scale, selected items were averaged 
into eleven scores, one for each motive and sub-motive. !e conceptually 
related scales – Sociosexual Orientation Inventory, Perceived Vulnerability 
to Disease, Dominance and Prestige, Belief in a Dangerous World, Need 
to Belong, and Experiences in Close Relationships (Revised) Scales – each 
gave a single score corresponding to an average of all scale items. As for the 
Life History data, each of the seven questions yielded a single item score. 
!e scores for age, childhood stability, childhood resources, and current 
resources were on a continuum. !e scores for sex, relationship status, and 
parent status were coded in a binary fashion, where men=-1, women=1; 
single=-1, in relationship=1; non-parent=-1, parent=1.

!e researchers computed correlation coe&cients between each funda-
mental social motive score and each additional scale, but only the ones 
with meaningful relationships were further analyzed and compared with 
the correlation coe&cients found in the Neel et al. (1) study. Correlation 
coe&cients were also computed between the fundamental social motives 
scores and the single item scores for the Life History questions. Further-
more, three scales were presented to only a subset of the participants. As 
such, correlation coe&cients were calculated for the Mate Retention (gen-
eral) and Mate Retention (breakup concern) scales only amongst partici-
pants who indicated being in a relationship (n=23). !e same went for the 
Kin Care (child) scale, which was only presented to participants who had 
a child (n=23).

Results

Since the correlations of fundamental social motives with the behavioral 
inhibition/ activation scales were not part of the Neel et al. (1) study, there 
are no replications to be assessed. !e data obtained can give us valuable 
preliminary information on the relationships between the motives and 
this social motivation framework. Beyond assessment of the correlations 
themselves, two intriguing patterns can be discerned. First, that the sta-

tistically signi$cant correlations highlighted are directionally consistent, 
where signi$cant Behavioral Inhibition Scale (BIS) correlation signs are in 
the opposite direction of signs of signi$cant Behavioral Activation Scale 
(BAS) correlations (see Table 2). !e second pattern is the emergence of 
two clusters of motives: the $rst group, which includes motives that cor-
related either negatively with BIS or positively with BAS, can be labelled as 
the Behavioral Activation group. Within this category, A&liation (Group) 
motive signi$cantly correlated with all BAS indicators (r=0.40) and with 
BIS (r=-0.39). Status motive also correlated with BAS (drive) (r=0.30) 
and BAS (fun seeking) while Mate Retention (General) motive correlated 
with BAS (reward response) (r=0.50). !e second group, which includes 
motives that correlated either positively with BIS or negatively with BAS, 
can be labelled as the Behavioral Inhibition group. Within this category, 
Self-Protection motive (r=-0.42) and Disease Avoidance motive (r=-0.34) 
signi$cantly correlated with BAS (fun seeking). Disease Avoidance motive 
was also associated to BIS (r=0.30). A&liation (Independence) motive was 
negatively correlated with BAS (drive) (r=-0.41) and BAS (fun seeking) 
(r=-0.50)

Replication criteria

Using the Fundamental Social Motives Inventory, our team explored the 
relationships of the fundamental social motives to other individual di#er-
ence and personality measures; the extent to which fundamental social 
motives are linked to recent life experiences; and the extent to which life 
history variables  predict individual di#erences in the fundamental social 
motives. As the study being replicated committed to the statistical sig-
ni$cance requirements of p-value and e#ect size requirements of r- and 
β-values, the 2019 replication team committed to the following require-
ments for what is to be considered replication: 1) correlations found must 
be within 0.15 r/β-units of the original e#ect size reported. 2) correlations 
found must be in the same direction as the original results; with the ex-
ception of correlations within 0.15 r/β-units of one another around r/β = 
0, in which case “no e#ect” is replicated. 3) r/β-values above 0.5 must be 
signi$cant in order to ensure validity of the correlation found in order to 
be considered “replicated.” !e $rst two requirements are relatively intui-
tive in terms of justi$cation. If two correlations are in opposite directions, 
the fundamental relationships that they describe are diametrically di#er-
ent and therefore clearly not replications of one another. Similarly, if two 
correlations are far apart in e#ect size, they are e#ectively descriptions of 
two di#erent correlations, just like two di#erently angled diagonal lines on 

Table 2. Fundamental Social Motives as Predictors of Behav-
ioral Inhibition and Behavioral Activation Systems.

Figure 1. Theoretical representation of e!ect sizes in relation 
to statistical signi$cance.
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an x-y correlation graph (see Figure 1).

!e third requirement of replication is related to the statistical e#ects of a 
small sample size. When the e#ect size of a correlation is large – de$ned 
here as r/β≥0.5 – a small sample size theoretically should not have a det-
rimental a#ect on the certainty of the p-value. !erefore, it is expected 
that a truly high strength of correlation would be signi$cant, despite our 
replication study’s small sample size. Whenever the e#ect size of a correla-
tion is large but not signi$cant, we may thus question the validity of the 
strength of correlation and exclude the $nding from what we consider to 
be replication. Contrastingly, when the e#ect size of a correlation is small – 
de$ned as r/β<0.5 – a small sample size does indeed decrease the certainty 
of the p-value. !erefore, it is not expected that a truly low strength of 
correlation be signi$cant and whenever that is the case, we may attribute 
the non-signi$cance of the strength of correlation to the small sample size 
and consider the $nding as valid anyway. 

Correlations of fundamental social motives with their conceptually 
related scales

When comparing the fundamental social motives and the related scales, 
we found that four correlation coe&cients out of twelve replicated: the 
Self-Protection motive which correlates with Belief in a Dangerous world 
(r=0.51), the A&liation (Exclusion Concern) which correlate with the 
Need to Belong scale (r=0.77), the Mate Retention (General) which cor-
relates with the Avoidance scale (r=-0.57), and the Mate Retention (Break-
up Concern) which correlates with the Anxiety Attachment scale (r=0.96) 
(see Table 3). Correlation of the Status motive with the Prestige scale is the 
only correlation found in the opposite direction of that reported by the 
original study. !e remaining non-replications did not meet the require-
ment of falling within 0.15 r/β-units of the original e#ect size reported.

Life history predictors of fundamental social motives

Our team replicated more than half of the correlations of life history 
predictors of the fundamental social motives (see Table 4). Out of the 
74 correlations, 40 replicated and only 11 were in the opposite direction 
as the original $ndings. The remaining 23 correlations did not meet the 
requirement of falling within 0.15 r/β-units of the original e!ect size 
reported by Neel et al. (2016). (1) The most successfully replicated life 
history variable correlations are with the fundamental life variables of 
Status and Mate Seeking – both only one correlation away from perfect 
replication. Interestingly enough, the most poorly replicated life histo-
ry variable correlations are with the fundamental life variables of Mate 
Retention – both General and Breakup Concern replicating in only one 
correlation out of the seven life history variables. Relationship Status 
in Mate Retention was not analysed since, by de$nition, the motive to 
retain a mate would assume relationship status to be “in a relationship” 
with a β-value of 1.00.  Similarly, Parent Status in Kin Care (Child) was 
not analysed since the motive to care for one’s child would assume par-
ent status to be “parent” with a β-value of 1.00.  

Conclusion

In Neel et al. (1), a large sample of participants showed that individual 
di#erences in the fundamental social motives relate meaningfully to oth-
er individual di#erences. In our replication study, a small sample of par-
ticipants replicated the original $ndings in only one third of correlations 
between conceptually related fundamental social motives and scales of 
individual di#erences. Furthermore, Neel et al. (1) found that individual 
di#erences in the fundamental social motives can be partially accounted 
for by life history variables. In the replication of the study, more than half 
of the correlations between life history variables and each fundamental 
social motive were replicated. !e addition of Behavioral Inhibition/Acti-
vation Scales demonstrated that promotion of achievement of a goal ver-
sus avoidance of failure to achieve that goal depends on the fundamental 
social motive that drives the goal.

Limitations

Overall, our replication team achieved partial replication of the Neel et al. 
(1) results. However, this is based on a researcher-determined de$nition 
of what constitutes a replication and the requirements that were put into 
place for analysis of the e#ects found. For example, if the requirement that 
correlations found must be within 0.15 r/β-units of the original e#ect size 
reported were narrowed to 0.10 r/β-units, many of the correlations consid-
ered replications would no longer meet requirements. !is trivial change 
in de$nition would lower the 40/74 replication ratio to below 50%. In that 
case, we most likely would not consider the replication attempt even par-
tially successful, rather concluding non-replication overall. Beyond the 
de$nition of replication, it is noteworthy to mention that many of the data 
in the original study was not collected, and many that were collected were 
not analysed. For example, a major aim of the Neel et al. (1) study was to 
build construct validity for the fundamental social motive scale. !erefore, 
not having performed any exploratory analysis on the items of the scale, 
nor having compared the fundamental social motives to the Big Five, can 
place limitations on our conclusions since we may not be certain that the 
fundamental social motive scale is working the same way as it was in the 
original paper. If these concerns are most central to this replication proj-
ect, many other factors could have in"uenced these results and they shall 
be discussed below. 

!e most evident limitation of the replication study is the small sample 

Table 4. Life History Predictors of Fundamental Social Motives

Table 3. Zero-Order Correlations of Fundamental Social Mo-
tives with their Conceptually Related Scales
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size and lack of statistical power. While the replication had a sample size 
of 34, the original Neel et al. (1) study had a sample size of 220–770. With 
such a clear discrepancy in sample size, external validity concerns make 
us doubt the extent to which the results can be generalized to other pop-
ulations, other environments, other times, etc. Moreover, in terms of in-
ternal validity, history e#ects of the 3-year duration between the original 
study and the replication must be considered. Since 2016, the world has 
changed, society has changed, people have changed, and importantly, we 
believe MTurk might have also changed. Past research showed a shi% in 
participants’ motivation to join MTurk in the past years, approaching it 
as a full-time job rather than hobby-like. (23) Since then, message boards 
have appeared with discussions of payments and study features such as 
deception, etc. If the participants or tools of research themselves have 
changed between original and replication, then the data collected may re-
"ect these changes rather than report on the true variables being targeted.

Beyond $nancial and technological limitations, some features of the cor-
relational survey design also pose concerns about trusting the data ob-
tained. One concern is the length of the study and the large number of 
items that participants are expected to commit their undivided attention 
to. It may be the case that as participants work their way through scale 
a%er scale, the quality and accuracy of the responses obtained diminishes 
progressively. In addition to this design limitation, order e#ects may be 
very prominent in a lengthy study. !is is especially the case for the ad-
ditional BIS/BAS variable placed at the end of the list of scales in order to 
stay true to the original study design. Furthermore, testing e#ects such as 
polarization may threaten the internal validity of the results. A%er com-
pleting scale a%er scale, repetition may lead to more extreme and polarized 
responses merely due to the structural aspects of the study. Future direc-
tions in this $eld of research must dedicate resources to limiting the many 
threats to validity endured by this study. However, on a more optimistic 
note, an unresolved question to explore is how to incorporate a parsimony 
objective in explaining the complex relationship between the fundamental 
social motives and all other variables addressed in this study.
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Emergency Rainwater Harvesting, Water 
Storage, and Distribution System for an 
A!ordable Housing Development in 
Barbados

Laura Vanderweyen1, Xiao Yi Zhang1, Vladislav Zasmolin1

Abstract

Background: To sustain both permanent residents and an intense tourism industry, Barbados overpumps its 
sole source of natural freshwater—the aquifer. Climate change is projected to increase both storm intensity 
and drought, further hampering groundwater recharge. These intense rainfalls quickly saturate topsoil and 
result in extensive surface run-o! that causes %ooding, erosion, sedimentation, and eutrophication. By pro-
viding more water for households and reducing aquifer withdrawal, rainwater harvesting has the potential 
to both mitigate water scarcity and reduce the amount of harmful run-o!. However, rainwater harvesting is 
not currently practiced in Barbados. This paper proposes a hurricane-resistant rainwater harvesting, storage, 
and distribution system to be implemented in an a!ordable housing community in St. Thomas, Barbados.

Methods: In the creation of the distribution system, social, economic and environmental concepts need 
to be considered. A $eld survey was conducted within the neighbourhood to understand what residents 
felt the local water supply lacked. Afterwards, a detailed rainfall analysis allowed for determination of the 
amount of rainwater that can realistically be captured. Finally, after consulting with various academic ex-
perts, local industry members, and supply stores, this allowed for the determination of an a!ordable design.

Results: The $ndings suggest that an initial household investment of $2,790.90 BBD appears adequate to 
provide a system for rainwater harvesting, dual plumbing, and communal distribution which can withstand 
and utilize 1/50 years storms.

Limitations: Given that rainwater harvesting is not currently practiced in Barbados, government initiatives 
are needed to encourage its development.

Conclusion: A!ordable rainwater harvesting, dual plumbing, and community distribution systems can be 
implemented to possibly reshape life in countries facing water scarcity. 

Introduction

As a tropical Island, Barbados is exposed to climate change-powered natu-
ral disasters, droughts, and extreme rainfalls. Since 1960, temperatures on 
the island have risen by 0.6 °C; rainfall during the wet season has increased 
by 6.2% per decade, and rainfall during the dry season has decreased by 
2.9%. (1) Combining this with rising sea levels and aging infrastructure 
makes Barbados vulnerable to "oods, storms, and hurricanes, and it is un-
certain whether the country is prepared for a potential disaster. (2-3)

In Barbados, 90% of potable water is pumped from the aquifer; the re-
maining is produced by desalination plants. (4) Whereas desalination is 
extremely expensive, the aquifer provides cheap, high-quality water treat-
ed through limestone percolation and disinfected by chlorination. Rainfall 
is the sole source of water that contributes to recharging the aquifer. As 
population, urbanization, and droughts increase, this indispensable source 
of water is progressively being depleted. Overpumping leads to a lowering 
of the water table which puts the reservoirs at risk of salt-water intrusion. 
As a result of a proposal by the Barbados Water Authority (BWA) to im-
pose water rationing in some neighbourhoods, Barbados residents are le% 
with less than 281.5 m3 of renewable water per capita per year, making 
it the 15th most water scarce country in the world. (5-6) In parishes like 
St. !omas, residents claim to experience water shuto#s from 9 a.m. to 4 
p.m. twice a week to provide for water-demanding agricultural areas to 
the north of the island. Meanwhile, countries like Bermuda, Nigeria, and 
Guyana have developed sustainable programs to move towards rainwater 
harvesting methods for greywater, irrigation, and potable purposes. (7-
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9) Chennai, India has made it mandatory to include rainwater systems 
in all establishments. (10) Furthermore, the city created a sustainable de-
sign that directs the over"ow of water harvested into wells that recharge 
aquifers. As a result, Chennai has seen a replenishment in the top aquifer 
and have retarded their water scarcity issues. (11) E&ciently harnessing 
an abundantly available resource like rainwater can provide a viable route 
to mitigating water scarcity. Unfortunately, widescale rainwater harvesting 
e#orts have not been implemented in Barbados. 

As the frequency, intensity, and duration of hurricanes is expected to in-
crease, the ability for communities to maintain themselves can be compro-
mised. Hurricane Dorian recently devastated areas in the Bahamas and le% 
some residents without water and power, resulting in more than 56 deaths, 
600 missing peoples, and over $7 billion USD in damages. (12-13) Barba-
dos has not endured this kind of disaster since Hurricane Janet in 1955 
and is both overdue and unprepared for a disaster. Tropical storms regu-
larly cause "ooding and erosion in Barbados. Storm run-o# also leaches 
through fertilized agricultural land where it picks up nutrients. !ese sed-
iment-rich and nutrient-rich waters eventually reach the coral reef causing 
eutrophication and bleaching. Systems that have the capability to harness 
energy and water from tropical storms and hurricanes could assuage the 
destructiveness of these events. (14)   

In Barbados, owners of houses with a surface area greater than or equal to 
1,500 %2 are legally bound to purchase water tanks that are supplied by wa-
ter from the mains. (15) Residents with smaller houses also invest in water 
storage tanks to better deal with water shut o#s. Some of them rely on an 
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electric pump to provide the house with the previously stored water in 
times of shut-o#. Others choose to elevate their tank on a tall foundation 
to use gravity head to supply their house with water. However, these struc-
tures are usually built without consultation with engineers and can poten-
tially be dangerous, especially during a hurricane with high wind speeds. 
Safe circulation of water during power outages has not been extensively 
researched and may be essential to developing a water resilient country.

Based on stormwater’s potential for reuse, this paper proposes a water stor-
age and distribution system centered around an assessment survey con-
ducted in the a#ordable housing neighbourhood of Content, St. !omas. 
!e design’s intended purpose is to provide relief to residents by having a 
reliable source of water when main water is unavailable. It is categorized 
by three major components. Firstly, a rainwater harvesting system gathers 
the abundance of fresh water into individual water storage tanks that are 
already common throughout Barbados. Secondly, a dual plumbing system 
assures that rainwater and main water are being separated and allocated to 
speci$c utilities within the house. Lastly, a community distribution system 
allows the excess water harvested to be shared between neighbours instead 
of being released as run-o#. 

Survey and Needs Assessment

On September 28, 2019, 25 households scattered randomly around the ex-
isting development in Content were surveyed using a questionnaire relat-
ing to water use and quality, frequency of shuto#s, willingness to invest in 
a tank, and disaster preparedness. A mix of gender, age, and backgrounds 
were observed, but all households were within the same $nancial condi-
tions as they cohabited the same neighbourhood. Although the communi-
ty needs are coherent within Content, it might not necessarily be the case 
elsewhere on the island, which forms a limitation. Based on this survey, it 
was found that rainwater harvesting is not usually practiced due to a lack 
of awareness.

Residents were asked, amongst other things, about their experience with 
water management and their willingness to invest in a tank. !e questions 
gauged the resident’s value of the following eight parameters: maintain-
ability, workability, a#ordability, security, practicability, water quality, 
durability, and aesthetics. !e most important decision parameter for 
Barbadians seemed to be a#ordability, while aesthetics did not matter as 
much. Accordingly, a Tu# Tank will be used for the design. Tu# Tanks 
are readily available and a#ordable, black coloured, above-ground water 
storage tanks. 

Rainwater Harvesting System

Rainfall analysis

!e study site was localized on qGIS along with 24 rain gauges across the 
Barbadian territory for which monthly volume recordings from 2000 to 
2015 were provided by Tara Mackey, a University of the West Indies Ph.D. 
candidate. !iessen polygons were subsequently drawn to attribute an area 
to each gauge and the proposed site fell on two di#erent polygons (Fig. 1). 
To accurately represent the neighbourhood, data were averaged over these 
two gauges and compared with rainfall data (1887-1986) from monthly 
rainfall volume maps as shown in Fig. 1. (15)

When designing for extreme events, high-intensity-short-duration and 
long return period data are expected. Due to the lack of public short-dura-
tion rainfall data for Barbados, local IDF curves for 1/50 years "oods were 
not readily available. (16) !e longest return period available for Barbados 
is currently 1/25 years. Hence, it was decided to use the Bahamas’ IDF 
curve for 1/50 years storms. (17) !is decision will result in a conservative 
design since, from a comparison of the 1/25 years storm curves for the 
two countries, it is clear that the rainfall intensity of the Bahamas is much 
larger than that of Barbados. (17) Indeed, in a 10-minute duration, the 
1/25 years rainfall intensity was 250 mm/hour in the Bahamas while it 

was only 150 mm/hour in Barbados. Furthermore, the shortest duration 
represented in the Bahamas’ IDF curve for a 1/50 years rainfall was 10 
minutes. To account for the most extreme event, the rainfall intensity for a 
5-minute duration was extrapolated and found to be approximately equal 
to 350 mm/hour or 13.8 inch/hour. 

Water tank sizing

With an average family of 5 using 823 L/week/person, a 1000 gallon Tu# 
Tank should supply six days of water to the family. (18) !e tank must 
hold enough water in a hurricane situation both to provide head towards 
the house and not to tip over. Using the 1/50 years wind speed of 41.12 
m/s for Barbados results in a 2.614 kN force acting on the centre of the 
water tank which has a 1.65 m diameter and 2.457 m height corresponding 
to the European Code. (19) !erefore, using force summation ΣF=0 and 
moment summation ΣM=0 at the corner of the tank, the critical amount of 
water needed in the tank to prevent tip over was calculated at 162 gallons. 
In a power outage, the head required to transfer water from the tank to 
the least elevated appliances must be provided by a water level lower than 
187 gallons (see Rainwater Plumbing). !us, as long as the tank contains 
at least 187 gallons of water, it will both prevent tip-over and supply head.

Removing particulate matter

Not only do corrugated iron roofs reduce pathogens through the dry-heat 
e#ect, but their high run-o# coe&cient and smooth surface allow for op-
timal surface cleansing. (20-21) Additionally, gutter guards, or sheets of 
pierced metal placed on top of the gutter, will $lter out solids larger than 

Figure 1. Thiessen polygon for rainfall gauges in Barbados 
(top) and plotted rainfall data for each month in millimetres 

(bottom).
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1 mm. !e $rst "ush diverters, placed on each side of the roof, will then 
capture the initial volume of rainfall that swept sediments and small par-
ticles o# the roof into separate storage. As the $rst "ush compartment $lls 
up, a spherical "oat will rise to close the storage and direct cleaner water 
into the tank (Fig. 2). 

!e $rst "ush compartments were sized according to Blue Mountain 
Co rainwater harvesting regulations; for every square foot of roof, there 
should be a litre of $rst "ush diverter volume. (22) To contain the calculat-
ed volumes, two diverters (10 gallons each) for each side of the roof will be 
2361 mm long, 6 inch diameter pipes that will be connected to the 3 inch 
horizontal pipe above through a 3 inch corner tee and two consecutive 
expanders, a 3 to 4 inch and a 4 to 6 inch from Barbados Steel Works (Fig. 
3). An end cap that can be manually unscrewed a%er a rainfall to empty the 
system will be placed at the bottom of the diverter.

Gutter sizing and pipe sizing

!e proposed development contains three di#erent types of precast houses 
that have di#erent surface areas (from smallest to largest: Evergreen, Flam-
boyant, and Tulip). !e houses contain 2 to 3 bedrooms and 1 to 2 bath-
rooms. !ey are made of prestressed concrete designed for earthquake 
loads, and the roofs are made of corrugated steel, ensuring a large run-co-
e&cient. (23) To withstand the massive in"ux of water during a hurricane, 

gutters and pipes were sized based on the largest roof catchment area (Tu-
lip) and the Bahamas’s 1/50 years rainfall intensity. Calculations followed 
Architectural Graphic Standards for Residential Construction and result-
ed in 6 by 6 inch gutters and 3 inch diameter downpipes on each side of 
the roof (Fig. 3). (24)

In order to maintain a consistent water velocity at a given "ow rate, the 
pipes to the tank have the same cross-sectional area as the downpipe given 
that Q=AV, where Q is the volume "ow rate, A is the cross-sectional area, 
and V is the mean velocity of the "uid. Hence, PVC pipes are 3 inches in 
diameter.

Cost

Based on quotes from Akeem Nurse at Alan Armstrong and the BWA, the 
cost of installing a 1,000 gallon water tank in Content was estimated to be 
$9,024.3 BBD by adding the cost of gutters, pipes, connectors, and the $rst 
"ush system (Table 1).

!e monthly volume of water captured by the harvesting system was esti-
mated by multiplying historical rainfall intensity recordings by the catch-
ment area of the roof for each house type. !e economic savings on the 
water bill was then estimated by subtracting the volume captured from 
household consumption for a family of $ve and calculating the BWA water 
bill that would be incurred by such a volume (Table 2). (25) Household 
consumption was based on per capita estimates for St. James, Barbados. 
(18)

!e initial investment was then divided by the average monthly savings 
to calculate the time to break even. As shown in Table 2, when taking into 
account the total cost (tank installation with connection to the main, con-
struction, and harvesting system), the time to break even based on sav-
ings from harvested water is high (about 20 years depending on the house 
type). However, people already do invest in water tanks and pay for instal-
lation to store main water and avoid experiencing frequent shuto#s. !e 
only addition to current practices is the harvesting system which allows 
for main water savings. !e initial investments for the harvesting system 
(gutters, meshes, etc.) should be recovered in less than three and a half 
years. !e installation cost of a harvesting system is only about 2% of the 
average local yearly salary of $62,000 BBD. (26)

Figure 2. First %ush diverters showing the %ow of $ltered and 
un$ltered water depending on the volume of water in the $rst 

%ush compartment. 

Figure 3. Elevation View of Rain Harvesting, Dual Plumbing, and Distribution System
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Dual Plumbing System

Concept

!e BWA provides potable water that is mainly sourced from aquifers and 
treated with chlorine. Amenities like the toilet, sinks, faucets, and showers 
are already connected to the mains as part of the design for a residential 
development. Rainwater harvesting provides an additional source of water 
that can be installed during construction or added to an existing house. 
!e storage tank contains primarily rainwater collected from the harvest-
ing system but is also branched to the main for back up when rainwater is 
scarce and pressure head becomes too low to feed the house.

A dual plumbing system consists of a network of two separate pipes: the 
typical main-to-house for potable water and the tank-to-house for tank 
water. !e treated main water is hence physically separated from the 
non-treated rainwater, preventing contamination. !e main plumbing 
feeds the amenities that require potable water like the kitchen sink, or 
high-water heads such as the shower, while the secondary plumbing feeds 
amenities that require neither potable water nor a high-pressure head, 
such as the toilet. For such utilities, non-return valves and knobs allow 
users to switch between sources. 

Main water plumbing

!e main water pathway going to the kitchen faucets remains unaltered as 
potable water is indispensable not only for drinking, but also for cooking 
and washing food (Fig. 4).

2 inch polyblue pipes, which are "exible yet sturdy, will be used to account 
for unideal angles (30 degrees, 45 degrees, or 90 degrees). Although poly-
blue can be used above ground, it is strongly suggested to be run under-
ground to limit risks of damage in hurricane circumstances. !e elevation 
view in Fig. 3 illustrates how the main water pipe runs below ground until 
it reaches the concrete slab. 

Rainwater plumbing

Rainwater is distributed to the house using 2 inch pipes as shown on Fig. 4. 
A hole punctured in the concrete "oor slab will allow the pipe to enter the 
house. !is hole must be properly sealed to prevent faulty waterproo$ng 
and cracking in the "oor slab. 

A faucet located 0.525 m above "oor level in the shower cabin (below the 
showerhead) can provide rainwater. Various $ttings (T-$ttings, Y-$ttings, 
elbows, etc.) were used to direct the water "ow (Fig. 3).

Bernoulli’s equation of energy conservation with minor losses  
       
                    

was used to determine the head needed to allow for gravity "ow from the 
tank to the house. It states that the head at the free surface in the tank 
equals the head level of the utilities plus the friction losses along the pipe 
and minor losses due to parts (elbows and valves). !e S$ is given by the 
Hazen-Williams equation for circular conduits

where C, the roughness coe&cient, is 145 for a PVC pipe. (27) Knowing all 
the manufactured parts’ head loss coe&cients allows for the calculation of 
minor head losses in the pipes. (27) It was found that a 1000 gallon tank 
will supply water using only gravity "ow until the water level in the tank 
reaches 187 gallons (0.399 m) for the toilet, 426 gallons (0.912 m) for the 
sink, and 246 gallons (0.526 m) for the shower faucet. !is is ideal because 
water will always stay above 187 gallons when there is no electricity (only 
gravity "ow) meaning it will never reach the critical tipping point of 162 
gallons (see Water Tank Sizing) in emergencies. A standard 1 horsepow-
er pump, according to Alan Armstrong Associates engineers, is placed to 
supply water into the house when electricity is running. 

Maintenance and repairs

If electricity is running and the water volume in the tank falls below 187 
gallons, the pump and pressure tank activate to supply main water into the 
tank to provide enough head. !e pressure tank acts as a sensor to detect 
water level and activate the pump only when required. All components 
of the dual plumbing system are protected from back"ow by non-return 
valves (Fig. 4).

For cleaning or repairs, the tank must be disconnected from the plumbing 
network and emptied through an out"ow valve. A 38 mm pipe (Fig. 4), 
bypasses the tank, pump, and pressure tank and redirects main water into 
the building. 

Emergency scenario

During an emergency such as a storm, or hurricane, damages to the elec-
trical grid and water mains will likely jeopardize power and potable water 
availability. As a result, the residents must rely on stored water for their 
daily necessities. A 1,000 gallon tank at full capacity will require 187 gal-

Table 1. Construction and water tank installation costs based 
on DM Simpson quotes sent by Akeem Nurse for a system in 

Trents, St. Lucy. Monetary values in BBD.

Table 2. Estimated costs, savings based on water not with-
drawn from the mains, and time to break even on the initial 

investment. Monetary values in BBD. 
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lons to pressurize the water distribution (see Rainwater plumbing) to the 
toilet, leaving a remaining 813 gallons for usage. However, the collected 
rainwater is not potable since it did not go through disinfection. !e addi-
tion of an emergency kit to render this rainwater potable is thus the most 
realistic and a#ordable solution. !e proposed kit contains chlorine pills 
and a chart that gives chlorine to water ratios for optimal disinfection. 
Chlorine is chosen as it is readily available and cost-e#ective. Alternatively, 
boiling the water is another option as Barbados relies heavily on gas stoves 
which do not require electricity.

For other usages of water such as washing clothes, cleaning, and "ushing 
the toilet, the rainwater can be used directly. Rainwater will go directly to 
the toilet bowl as long as the appropriate valve is turned on and the source 
is above 187 gallons. Similarly, the lower shower faucet can be used. !e 
dual system supplies water directly from the tank to indoors preventing 
people from venturing outdoors during a storm, where they are putting 
their life at risk with heavy rainfall, slippery grounds, strong winds, and 
"ying objects.

Distribution System

Rationale

!e creation of a connected residential distribution system is based on the 
premise that in a situation of natural disaster, mutual help and fraternity 
can increase resilience of the whole community. In a hurricane situation, 
wind speeds and rainfall levels may display high local variations. Hence, 
houses that are located or oriented di#erently on the land’s topography 
could be subjected to di#erent levels of damage, disruption, and rainfall. 
!e proposed distribution system would allow over"ow from one tank to 
feed the adjacent tank. !at way, if the gutters of any house break, and 
the rainwater harvesting system is disabled, the tank would be replenished 
from the neighbours’ tank.

Design

A series of four houses within the development were chosen as a proof 
of concept for design of the distribution system. Since it is impossible to 
push the water back uphill without providing head through a pump, the 
distribution network "ows from high to low elevations (Fig. 5). Conse-
quently, the uphill house is a provider only, while the downhill house is a 
receiver only. 

!e tanks were placed on the CAD drawing, and their elevations were 
found using contour lines. !ese elevations set the gradients of the distri-
bution pipes that are placed underground for protection. A set of angled 
elbows were then chosen to drive a 3 inch pipe from the distribution 
over"ow to the bottom of the next tank (Fig. 3). To prevent any back"ow, 
a non-return valve is also placed on the incoming distribution pipe. 

Head di#erences were calculated both in hurricane and in normal 
circumstances according to Bernoulli’s equation of energy conservation 
with minor losses. !e friction slope, S$, was calculated through the Ha-
zen-Williams equation. In hurricane circumstances, when the tank is full 
to the distribution over"ow level, head goes from 5.41 m in the highest 
tank to 0.92 m in the lowest; in normal circumstances, it goes from 5.41 
m to 2.50 m. !ese di#erences in head assure a continued "ow.

!e potential risk of local debris accumulation and pressure build up at 
the 135° elbow (Fig. 3 detail ‘A’) led to a design modi$cation. Since debris 
would accumulate in the 135° angle elbow, a cap was simply added to the 
90° angle elbow to allow physical access to the elbow for cleaning (Fig. 3 
detail ‘A’).  

Cost

!e cost of the distribution system, including the three pipes connecting 

Figure 4. Plan View of Rain Harvesting, Dual Plumbing, and Dis-
tribution System. The solid lines represent potable water sourced 
from the main and the storage tank water distributed to the 
house. Non-return valves are represented as two triangles point-

ing at each other, and denoted by “v.”

Figure 5. Distribution System across 4 houses in Content, St. 
Thomas, Barbados.
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the four houses, the second over"ow pipe for the tanks, excavation, $ll-
ing, and labour was estimated at $2,939.3 BBD which is equal to $734.8 
BBD per house. Such a cost represents only 1.1% of the average yearly 
salary (22). However, this investment is made for emergency situations 
only and does not yield any return. 

Conclusion

Water storage and distribution is a prominent issue within water-scarce 
Barbados. With constant water rationing in communities, power shut o#s, 
and aging infrastructure, Barbados needs immediate changes to their wa-
ter policies and technologies. Furthermore, susceptibility to natural disas-
ters and unpredictability of rainfall ampli$es the dangers of water scarcity, 
causing malaise within residents. Indeed, climate change continues to ex-
acerbate scarcity of a resource that is both indispensable and economically 
inelastic. !erefore, following this trajectory, the BWA will be forced to 
increase water prices. !e design proposed above for Content, St. !om-
as would potentially provide residents with a consistent viable source of 
water through rainwater harvesting, dual plumbing, and water distribu-
tion for $2,790 BBD per household. !is could be economically viable for 
residents who are interested in purchasing a water tank to palliate water 
rationing. Harnessing the abundance of rainfall for household use appears 
to be a sustainable approach to mitigate water scarcity. Furthermore, us-
ing this as a framework for further projects globally can revolutionize the 
lives of people living under similar circumstances. With these innovative 
solutions, not only would residents be equipped with a sustainable solu-
tion to provide water, but run-o# would be reduced, slowing down coral 
eutrophication.

Future Work

In designing the distribution system, the issue of bringing water uphill 
for the houses located at the highest elevations arises. !e only way to ac-
complish this task is to pump the water back up. In the case of a power 
outage, which is likely during category 3, 4, or 5 hurricanes, any electrical 
pump would be non-functional. Solutions to this constraint could possibly 
be found in investigating mechanical pumps and ram pumps. Moreover, 
since this distribution system is shared, the cost to build and maintain it 
needs to be fairly allocated among residents. 

In order to implement rainwater harvesting systems, awareness of its po-
tential to solve environmental issues need to be raised within the Barbadi-
an community. Building and testing the proposed design is le% for future 
work. 
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Comparison of Complexity and 
Predictability of a Cellular Automaton Model 
in Excitable Media Cardiac Wave Propagation 
Compared with a FitzHugh-Nagumo Model

Yujing Zou1,2, Gil Bub2

Abstract

Background: Excitable media are spatially distributed systems that propagate signals without damping. Ex-
amples include $re propagating through a forest, the Belousov-Zhabotinsky reaction, and cardiac tissue. (1) 
Excitable media generate waves which synchronize cardiac muscle contraction with each heartbeat. Spa-
tiotemporal patterns formed by excitation waves distinguish healthy heart tissues from diseased ones. (3) 
Discrete Greenberg-Hastings Cellular- Automaton (CA) (1) and the continuous FitzHugh- Nagumo (FHN) 
model (7 are two methods used to simulate cardiac wave propagation. However, previous observations 
have shown that these models are not accurately predictive of experimental results as a function of time. 
We hypothesize that cardiac simulations deviate from the experimental data at a rate that depends on the 
complexity of the experimental data’s initial conditions (I.C.). 

Methods:  To test this hypothesis, we investigated two types of propagating waves with di!erent complex-
ities: a planar (i.e. simple) and a spiral wave (i.e. complex). With the same I.C., we $rst compared simulation 
results of a Greenberg-Hastings Cellular Automaton (GH-CA) model to that a FitzHugh-Nagumo (FHN) con-
tinuous model which we used as a surrogate for experimental data. We then used median-$ltered real-time 
cardiac tissue experimental data to initialize the GH-CA model and observe the divergence of wave propa-
gation in the simulation and the experiment.

Results and Conclusion: The alignment between the CA model of a planar wave and the FHN model remains 
constant, while the degree of overlap between the CA and FHN models decreases for a spiral wave as a func-
tion of time. CA simulation initialized by a planar wave real-time cardiac tissue data propagates like the ex-
perimental data, however, this is not the case for the spiral wave experimental data. We were able to con$rm 
our hypothesis that the divergence between the two models are due to initial condition (I.C.) complexity.

Discussion: We discuss a promising strategy to represent a GH-CA model as a Convolutional Neural Network 
(CNN) to enhance predictability of the model when an initial condition is given by the experimental data 
with higher level of complexity.

Introduction

An excitable media system can be viewed as a group of coupled individual 
elements where each element can pass information to its neighbors with 
various neighborhood size. A signal over a certain threshold initiates a 
wave of activity moving across the excitable medium. (2) !ey are spatially 
distributed systems that propagate signals without damping. An excitable 
media is characterized by its threshold of excitability, which is a certain 
level of excitation to be reached before the system can generate travelling 
waves whose shape and speed remain unchanged through the medium.  
Examples of travelling waves in excitable media include $re propagating 
through a forest, the Belousov-Zhabotinsky (BZ) reaction, and propagat-
ing waves for means of communication within and across nerves as well as 
generating contraction (8) in cardiac tissue. (1) More speci$cally, the heart 
supports propagating waves in a variety of di#erent geometrical patterns 
including plane waves, spirals, and multiple spirals. As a physical system 
passing signals by di#usion, this travelling wave is a result of propagating 
electrical activity in cardiac muscle involving sodium and potassium ions 
moving to neighboring cells. (2) 

!e wave dynamics and the resultant spatiotemporal patterns are essential 
to the heart’s function. (3) Changes in the spatial patterns of these waves 
can cause potentially deadly arrhythmias, therefore, spatiotemporal pat-
terns formed by excitation waves can distinguish healthy heart tissues 
from diseased ones. In the context of this paper, we de$ne planar waves as 
travelling waves emanating from a central pacemaking source that acts to 
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synchronize contraction during a healthy heartbeat. In contrast, aberrant 
re-entrant waves, which have a characteristic spiral geometry, re-excite the 
tissue rapidly and underlie potentially deadly tachycardias and $brillation. 
(3) We de$ne them as spiral waves. !erefore, a planar wave’s initial con-
dition is deemed to have less complexity than that of a spiral wave. We use 
cardiac monolayers which are thin sheets of heart muscle tissue grown in 
a petri dish to examine the dynamics of these propagating waves. !ese 
cultured cardiac cells can form connections and generate excitation waves 
which propagate out from an initiating point (a target) or a re-entrant cir-
cuit (a circuit of electricity where an impulse re-enters and a region of 
the heart is repetitively excited) with a spiral shape. !us, studying these 
waves from the cardiac monolayers can help improve our understanding 
of cardiac arrhythmias. (2) 

In this paper, we focus on computational methods to study these excitable 
waves. 0%)$,'3'* $'&&(&/,2/(3#1/3#.* ;<7=* and $#.3%.(#()* 5%3>?(-42@/2
-(1#*;5?@=*1#"'&) are both well-known systems for simulating cardiac 
wave propagation. In a cellular automaton model, each cell has a $nite 
number of states. !ese states are updated based on the states of their 
neighbors and their own previous state. It is an extremely powerful meth-
od for studying the dynamics of an excitable media due to its simple rules 
which underpin the nature of connected cells, even while the processes 
driving the physical system can be rather complicated (Fig. 1, $rst row). 
However, previous results have demonstrated that neither of the CA and 
FHN models show consistently accurate predictions of excited wave be-
haviors that align with experimental results (Fig. 2, second row) a%er a 
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few seconds. Consequently, it is crucial to determine the roots of the dis-
crepancies seen between the CA model and experimental result in order to 
generate an accurate model of the dynamics. !erefore, we hypothesized 
that cardiac simulations deviate from the experimental data as a function 
of the complexity of initial conditions (I.C.) of the experimental data. 

!e cardiac membrane potential function of the FHN model is contin-
uous.  It is relatively simple and not computationally expensive so it was 
used to produce surrogate data as our “ground truth” for wave propaga-
tions. Here, we provide a direct comparison between Greenberg-Hastings 
Cellular Automaton and FHN model simulations for two types of excited 
waves with di#erential complexity, a planar wave I.C. for the simple type 
and a spiral wave I.C. for the complex type. Our results were able to con-
$rm our hypothesis that when the same I.C. was given, the two models 
diverge earlier in simulation time steps when the I.C. is more complex. 

Methods

To study what gives rise to the divergence between a cellular automaton 
model and experimental results over time, we investigated two types of 
propagating waves with di#erent complexity: a planar and a spiral wave. 
We $rst built a discrete GH-CA model of size 100 by 100 cells. !en we 
used di#usively coupled FHN equations to generate surrogate data sets as 
our “ground truth experimental data” since its (fast and slow) variables 
together re"ect the cardiac membrane potential, which is continuous. We 
then compared the CA and FHN models with the same initial condition 
using algorithms to quantify wave behavior. 

Greenberg-Hastings Cellular Automaton Model

!e GH-CA model follows a simple set of rules to represent the complex 
physiological processes that result in electrical impulse generation, con-
duction, and propagation. It does so by representing electrical activity 
propagation by cardiac action potentials on a discrete lattice of points in 
space (i.e. representing the volume of the myocardium) as a form of infor-
mation transmission. !e cellular automaton model is made up of discrete 
integer numbers where each number represents its own state. States in a 
CA model are categorized as being at rest, excited, or refractory.  Import-
ant parameters used in the CA rules for governing wave propagation are 

the following: the threshold (T) where 0<A<1, the excitatory state (E), the 
refractory state (R), the resting state (de$ned as 0), size of the cardiac tis-
sue (N) which is the number of cells in a row of a 2D CA square array, and 
the neighborhood size (r) which determines the number of neighboring 
cells that a#ect the current cell state in next time step. We de$ne a ‘cell’ 
state as a discrete integer that represents the state of the cell at position 
(%BC) in the 2D square matrix. For the wave to progress, the state of each 
cell must be updated during each generation based on the simple rules we 
de$ne in our GH-CA model. Let (C;3= be a cell state at a certain time step 
(or generation). If 1≤ (C;3=*≤E+R, then (C;3D1)= (C;3=*+1. In simulations 
using a neighborhood with square boundaries (a Moore neighborhood), 
we saw unrealistic sharp edges (Fig.2) in our CA simulations. !is is due 
to the condition for a resting cell (state=0) to become the $rst state of an 
excited cell (state=1). For square boundaries, when

a resting state becomes 1. We therefore adapted a method where we cre-
ated a new coordinate system initially developed by !"#*'3*/&E*(1) into our 
GH-CA model. !is algorithm made the edges of our waves signi$cantly 
smoother (Fig. 2). Speci$cally, we re-de$ned the original coordinate of any 
cell from (x0, y0), where x0 and y0 are integer numbers, to (x0 + ε x, y0 + ε y), 
where ε x and ε y are uniformly distributed decimal values between -0.5 
and 0.5. We also assigned a random weight Sj to each cell in a 2D GH-CA 
matrix where Sj is uniformly distributed between 0.5 and 1.5. Here, new 
coordinates and random weights are assigned to each cell every new time 
step. !en we compute the distance between a resting cell to all its Moore 
neighboring cells 0F CB%G. A resting cell becomes excited if

!is randomization process of the new coordinate system successfully 
eliminated unwanted edges in our GH-CA simulation with the Moore 
neighborhood counting method is used (Fig. 2). 

FitzHugh-Nagumo Equations Model

!e FHN model (5) is popular for simulating excitable media because of 
its analytical tractability (7), relative simplicity, and ease of geometrical 
analysis. !e basic form of the FHN model has two coupled, non-linear 
ordinary di#erential equations. One of these depicts the fast evolution of 
the neuronal membrane voltage while the other equation represents the 
slower recovery (refractory) action of sodium channel de-inactivation and 
potassium channel deactivation. For simulating a travelling wave, a spatial 
di#usion term (i.e. a second derivative in spatial coordinates) is needed for 
the $rst equation to model an action potential propagation process, which 
turns the FHN model into a coupled-di#usive partial di#erential equa-
tion. (7) !e electrical propagation properties in an excitable media like 
nerve $bers are analogous to that of myocardium. Since the model tracks 

Figure 1. Greenberg-Hastings Cellular Automaton (GH-CA) 
wave ($rst row) propagation simulations generated at various 
parameter values can accurately represent experimental data. 
The GH-CA algorithm is detailed in section 2.1. The $rst row 
shows Cellular Automaton simulations of wave propagation: 
where the $rst sub$gure shows a planar wave and the sec-
ond and the third sub$gure show a spiral wave with various 
refractory states where the spiral source is to the very left of 
the panel. In the second row: the $rst sub$gure  is a snapshot 
of a spiral wave during tachycardia, the second and the third 
pictures show an example output of wave segmentation and 
tracking using an automated wave tracking software in cul-

tured cardiac monolayers called ‘Cco#nn’. (4)

Figure 2. The e!ect of integrating the new coordinate system 
into our GH-CA model. We could see in the left column; edge 
wave front appears in the CA simulation whereas the wave-
fronts become much smoother when our new coordinate 

algorithm is adopted.
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the membrane voltage continuously and is easily controllable compared 
to real-time experimental cardiac tissue data, we chose to use the FHN 
model to create our surrogate cardiac tissue wave propagation dataset as 
our ‘ground truth’ to be compared with our GH-CA simulation. 

Where we used 6;+=H2+;/2+=;I2+=

Where we used a=0.25, b=0.001, g=0.003, and D=0.05. !e function 6;+=*
is a third order polynomial that describes the fast evolution of the cardiac 
membrane voltage, whereas the slower recovery variable , provides neg-
ative feedback. We used the ode45 solver from Matlab 2018b to solve the 
above equations (Fig. 3).

Fraction Method

To compare our GH-CA simulation with our FHN surrogate data, we de-
$ne a measure called the Fraction Method which we used as a $rst pass 
to test our hypothesis that GH-CA simulation deviates from our surro-
gate FHN data at a rate depending on the initial condition complexity. 
!e same initial condition representing a simple (planar) and a complex 
(spiral) wave were given to both the CA-GH and the FHN model. We com-
puted a ratio of                   (Eq. 4) for each iteration of the CA and FHN 
simulations for both the planar and spiral waves. !is algorithm can track 
wave propagation dynamics regardless of wave travelling direction. A lim-
itation of the Fraction Method has to do with the observation that it does 
not track the direction of the wave. In other words, the result of the same 
wave travelling from the le% and the right of the 2D CA matrix is the same. 
However, this method still provides a general sense of wave dynamics re-

gardless of the travelling direction of the wave. 

To give the same IC to both models, we initially created a spiral wave from 
the FHN model. At a certain iteration step of interest in the FHN simula-
tion, we $rst identi$ed which CA-equivalent state this cell is in, and then 
directly converted the FHN values into discrete values that corresponded 
to the state values in a CA model based on the parameter value of / from 
the FHN model. Let the FHN value be γ. If 0≤γ<a, then this cell received 
an equivalent resting state of 0. If γ>a and γ<1, then we assumed this cell 
to be at an excited state; since we would not be sure which discrete state the 
cell is in, we gave the all FHN values belonging to this range a value of 1 
as its excitatory CA state. !e rest of the values from the FHN model is as-
sumed to be in a refractory state; similarly, as we do not know the speci$c 
state the cell is in, we gave all cells in this FHN value range a state of E+1, 
the $rst possible refractory state. !is was the initial condition retrieved 
from our FHN simulation converted into discrete values that our GH-CA 
model could accept (Fig. 5). 

Overlap Method

Due to the di#erence in travelling wave velocity between both models giv-
en the same initial condition, the CA simulation always travels seemingly 
faster than that of the FHN model. !erefore, though the Fraction Method 
portrays the dynamics for both models, it cannot track how much two 
simulation with the same initial condition align as a function of time. We 
then quantify how much the two models overlap in order to test whether 
di#erences in initial conditions lead to discrepancies between the GH-CA 
model and experimental data. !us,  to directly compare the two models, 
we designed a technique to quantify the degree of overlap between the CA 
simulation and our ‘surrogate’ FHN data when both models were given 
the same initial condition (I.C.) by calculating a ratio of                          (Eq. 
5) at each time step. We call this ratio the given I.C.’s complexity score. 
An “overlapping cell” is de$ned as when a cell is at the same state in both 
models (i.e. excited, refractory or at rest). !is algorithm generates either 
a spiral or a planar wave in the FHN model, then initializes the GH-CA 
model with the same initial condition. Due to FHN model’s slower wave 
propagation velocity, we let it iterate 200 steps before starting the GH-CA 
simulation. We then found the time point of maximal overlap between the 
two models by determining the ratio in Eq.5 while excluding resting cells 
with a state of 0. We then iterated the FHN model for another 200 steps 
and waited for the GH-CA model to achieve the largest match between the 
two models, then compute the ratio. !e same process was repeated for 4 
times at $ve di#erent threshold values of the GH-CA model (Fig. 8). 

Using Experimental data as an Initial Condition for the Cellular 
Automaton Model

We $rst obtain experimental real-time cardiac activity data (i.e. movies 
capturing cell’s activity frame by frame) that depict a planar wave and a 
spiral wave from our microscope built by !"#*'3*/&E*published in their @/2
3(,'*J4#3#.%$) paper. (3) With an algorithm written in Python, we con-

Figure 3.  Simulation results of FHN model of a planar wave 
(left) and a spiral wave (right)

Figure 4. relating the discrete states and parameters of the 
GH-CA model (i.e. E, R, resting, and T) to an action potential 
simulated by the FHN model.  The GH-CA model simulates 
cardiac wave propagation whose underlying process is an 
action potential in discrete states, while the FHN model does 
so with continuous membrane voltage values. This $gure was 
generated by the Simulink toolbox of Matlab 2018b to simu-

late a cardiac cell action potential. 

Figure 5. FHN simulation spiral wave propagation (left) where 
2D values at a certain instance (middle) were retrieved as an 
I.C. for the CA, which were then converted into discrete val-
ues a GH-CA model can accept (right). This 2D discrete IC was 
then fed into the GH-CA model which then was let run and 
created a spiral wave propagation in the GH-CA simulation 

(right). 
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verted the experimental data into readable 128 x 128 sized matrix whose 
further manipulation was performed in Matlab. We then removed the 
noise from a chosen arbitrary frame using a median $lter. A%er this $l-
tering, this frame’s pixel values become integers. For the planar wave (Fig. 
5), this chosen frame was fed into the GH-CA model directly as an initial 
condition. We arbitrarily let the excitatory state level (E) be 7, refractory 
state level (R) be 1 and the threshold value be 0.3. For the spiral wave (Fig. 
6), instead of median-$ltering one frame as the initial condition, all frames 
from the recording were $ltered. 

Results

Following the Fraction Method, for a simple planar wave, we observed a 
rather constant                      ratio a%er the FHN model is caught up with the 
GH-CA model at about the 60th GH-CA iteration (Fig. 7). A planar wave 
(i.e. simple wave) in the cellular automaton model is always better aligned 
with its FitzHugh-Nagumo model of the same initial condition than a spi-
ral wave. We show in Fig.7 that the ratio from the FHN and CA simula-
tions becomes the same at 0.05 as iteration step continues to 100, which 
indicates the two models are behaving the same with a planar wave initial 
condition. In contrast, when applying the Fraction Method with a spiral 
wave I.C.to both the FHN and GH-CA models, we saw a strong deviation 
between the  ratio  between excited and unexcited cells as iteration steps 
increase for both models. Since a CA wave travels faster than an FHN wave 
because of its state’s discreteness, the CA was iterated for 100 steps and the 
FHN was iterated for 872 steps, which achieve the same ‘cell distance’. Evi-
dently in Fig.8, the fraction method traced the FHN simulation dynamics 
of a spiral wave until the wave  disappears at the end of its simulation at 
the edges of the 2D FHN matrix, which was why its excited to unexcited 
cells ratio dropped dramatically to 0 at its 780 iteration step. However, it 
the FHN spiral wave behaviors is still captured by the fraction method 
precisely. In contrast, the GH-CA simulation whose IC was given by CA 
at a certain instant never completely le% the edges of the 2D GH-CA ma-
trix. !erefore, its excited to unexcited cells ratio was signi$cantly higher 
than that of the FHN simulation around 50 GH-CA iterations. However, 
regardless of whether the spiral wave exits the 2D array or not, a noticeable 
discrepancy between the excited to unexcited cell count ratio can be seen 
between the GH-CA (red) and the FHN (blue) models. 

We quanti$ed the degree of overlap between the CA model simulation 
using the !"#$%&'()#*+,-. We were able to generate the degree of overlap 
of a planar and a spiral wave compared between the FHN and CA mod-
els. We directly compared the CA and FHN models for $ve di#erent CA 
thresholds (color-coded) shown in Fig. 9. We can see 1) the cellular au-
tomaton model’s planar waves are better aligned with the FHN models ini-
tiated by the same I.C. than the spiral waves, and 2) the $t with the spirals 
decreases as the number of iterations increase, while the plane waves do 
not decrease as much. 

Figure 5. For the planar wave, the left image is the raw data 
from our experiment converted to be a matrix appearing to 
be noisy; the right image is the left image that has been me-
dian $ltered, we can see (at the arrow) a very clear front wave 

compared to the left image. 

(a) (b) (c)

Figure 6. For a spiral wave, (a) a chosen starting frame of the raw 
data from our experiment converted to be a matrix appearing to 
be noisy; (b) is image (a) after it has been median $ltered; since 
all frames of the raw data have been $ltered, (c) and (d) represent 
the spiral wave at two later time points from (b), we can clearly 
see a wave spiraling into the center of the plate in the experiment.

(d)

Figure 8. Fraction method performed to a complex spiral 
wave initial condition given to the FHN (blue, bottom line) 
and GH-CA (red, top line) models for 100 GH-CA iterations 
and 872 FHN iterations which travel the same cell equivalent 

distance.

Figure 7.  Fraction method performed to a simple planar wave 
initial condition given to the FHN (blue) and GH-CA (orange) 

models for 100 GH-CA and FHN iterations.

Figure 9. Overlapping to non-overlapping cells ratio between 
GH-CA and FHN models by capturing the maximal overlap af-
ter allowing the FHN simulation to run 200 iterations ahead of 

the GH-CA one and let the latter to catch up.
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Furthermore, our method of initializing the CA with one frame of medi-
an-$ltered  real-time experimental cardiac tissue data was successful in 
reproducing the behavior of the raw data for the planar wave (Fig. 10), but 
not for the spiral wave. As for the spiral wave, its initial condition evolves 
to be a planar wave rather than spiraling into the center.

Discussion

Discussion of results and possible improvements 

We used the FitzHugh-Nagumo model to generate data sets of simple and 
complex propagating waves in excitable media. We evaluated whether a 
cellular automaton model can reproduce these wave dynamics using two 
algorithmic tests, a ‘6,/$3%#.*1'34#"’ and an ‘#+',&/:*1'34#"K. For future 
work, since we chose our 2D matrix cell size to be 100 for both the GH-CA 
and the FHN models, we could try varying the size of our simulation to see 
if it changes our results. For all results generated other than experimental 
result simulation, we relied on the condition that the GH-CA and the FHN 
models were initiated by the same I.C.. !is was retrieved from the FHN 
voltage values at a certain instance and converted into discrete cell states 
that the GH-CA model can accept as an IC too (see Methods). We strictly 
used the parameter a from the FHN model to set the ranges for the excited 
and refractory cell states. In addition, we assigned a 1 for all FHN values in 
the “excited range” and an E+1 for all that’s in the “refractory range”. Both 
parameter assignments increase the probability that the discrete values 
we converted the FHN values to may not be entirely representative of the 
original FHN simulation, which can a#ect the consequent GH-CA simula-
tion results and the comparison results between the two model. 

Proposed strategies of integrating Machine Learning techniques into 
our GH-CA model to lessen the deviation of its simulation from 
experimental data 

Our future strategy to resolve the challenge of spiral wave experimental 
data initial condition not being able to induce spirals is inspired by Gilpin’s 
(6) recent paper “<'&&(&/,* /(3#1/3/* /)* $#.+#&(3%#./&* .'(,/&* .'3L#,M)”. 
Gilpin (6) showed that /.N Cellular Automaton may readily be represent-
ed using a convolutional neural network (CNN) with a network-in-net-
work architecture. !ey built a CNN that can learn the dynamical rules 
for arbitrary CA when given videos of the CA as training data. !ey 
trained ensembles of networks on randomly sampled CA and showed 
that CA with simpler rule tables produce trained networks with hierar-
chical structure and layer specialization, while more complex CA tend to 
produce shallower representations. !is is analogous to our results. A%er 
they con$rmed that arbitrary cellular automaton may be represented by 
convolutional perceptrons with $nite layers and units, automated train-
ing of neural networks on time series of cellular automaton images was 
carried out. By training ensembles of convolutional neural networks on 
random images and random CA rulesets. More speci$cally, they de$ned a 
CA as an explicit mapping between an input pixel and an output pixel. For 
a neighborhood size of 1, there are 512 possible neighbor state groupings 
(i.e. a center cell has 29=512 neighboring state possibilities for 3-by-3-pixel 
groups in a binary image) for an input pixel. !erefore, their training data 
is an ensemble of randomly generated binary images where each image 
contains an equal number of black and white pixels on average.  For each 

training input pixel, its output pixel (‘label’) is produced by the input pixel 
undergoing a randomly selected CA Conway Game of Life rule set. Subse-
quently, this CA map is applied to an ensemble of random binary images 
(the training data), in order to produce a new output binary image set (the 
training labels). !ey used a su&cient number of images and training data 
batches (500 images) to ensure that the training data contains at least one 
instance of each rule. 
 
We may adapt this technique to train a Convolutional Neural Network 
(CNN) representing our CA with experimental median-$ltered spiral 
wave data. Complex wave propagation such as a spiral wave presents dy-
namical rules to be learnt by the CNN like Conways’ Game of Life. !e 
input training data would be our experimental data at time  with frame n, 
its output label data would be the experimental data at time 3+1 of frame 
.+1. Iteratively, the next training image would be frame .+1 whose output 
label is frame .+2. An initial step would be to train the CNN representing 
our CA on synthetic wave data generated by the FHN model where its con-
tinuous values are converted into equivalent discrete states of CA values. 
!is procedure is promising to adeptly train a CNN for leaning spiral wave 
propagation with an ability surpassing that of a GH-CA model. 

Conclusion

We compared the dynamics of two models of cardiac propagation: a dis-
crete Greenberg-Hastings Cellular Automaton (GH-CA) model and a 
continuous FitzHugh-Nagumo (FHN) model for excitable propagation. 
Our results were able to con$rm our hypothesis that the divergence be-
tween the two models are due to initial condition (IC) complexity (i.e. 
the more complex the I.C. is, the faster the  GH-CA simulation results 
deviate from the FHN model results where we treat our FHN simulation 
as our ground-truth surrogate experimental data). !is was shown by the 
alignment between the CA model of a planar wave (i.e. simple) and the 
FHN model remaining constant, while the degree of overlap between the 
CA and FHN models decreasing for a spiral wave (i.e. complex) at higher 
time steps. Once a median-$ltered frame of real-time cardiac tissue exper-
imental data was fed to the CA model as an initial condition, the planar 
wave simulation propagates forward as the experimental data shows, but 
the spiral wave CA simulation did not successfully spiral in. !is result 
further identi$es the issue that a simpler I.C. such as a planar wave can be 
modelled more accurately by CA than a complex I.C. such as a spiral wave. 
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Leukemia Inhibitory Factor (LIF) Modulation: 
a Novel, Non-Hormonal Contraceptive 
Method

Hannah Dolin1

Abstract

Background: Numerous studies have demonstrated that Leukemia Inhibitory factor (LIF) plays an essential 
role in embryonic implantation. Vaginal application of pegylated LIF antagonists can successfully prevent 
implantation and pregnancy in mice. The development of non-hormonal, female-controlled contraceptives 
is imperative, as combined oral contraceptives are associated with depression and are not feasible for use 
in all women.

Methods: This paper reviews 44 studies regarding LIF, implantation, hormonal contraceptives
and the use of LIF antagonists as a means to inhibit pregnancy.

Summary: Current research indicates that LIF-modulation could be e!ective as a non-hormonal
contraceptive method, although researchers should be wary of the negative side e!ects
associated with systemic LIF modulation. Vaginal application of LIF antagonists could decrease
the risk of negative side e!ects.

Introduction

Reciprocal molecular communication between an implantation compe-
tent blastocyst and a receptive uterus is imperative for proper embryo 
implantation. Problems during implantation can result in miscarriage or 
pregnancy associated disorders. (1) Proper implantation depends on both 
maternally and embryonically produced factors. !e best known maternal 
factors are ovarian estrogen and progesterone, but factors secreted from 
the uterine glands such as Leukemia Inhibitory Factor (LIF) are also vital 
for successful implantation. (2,3)

!is review aims to provide a brief overview of current knowledge regard-
ing the structure of uterine glands and their role in establishing pregnan-
cy, speci$cally through their secretion of leukemia inhibitory factor (LIF) 
during implantation and decidualization[1]. LIF may also act as a trophic 
factor for the embryo. (6,7) Next, this review aims to discuss whether LIF 
could be a viable alternative to current forms of hormonal contraception, 
speci$cally, combined oral contraceptives. (COC) Various adverse side ef-
fects of COC have been identi$ed including depression, which is the most 
commonly cited reason for discontinuation. (36) Other side e#ects like 
thromboembolism and hypertension have been described but these are 
less common. (8) Moreover, COC usage is contraindicated in women with 
known familial thrombophilia and other health conditions such as mi-
graines with aura. !erefore, women with these conditions could bene$t 
from the development of alternative contraceptives. (44)

Uterine Structure

Before discussing the uterine glands and LIF, the general structure of the 
uterus must be outlined. !e uterine wall can be divided into two dis-
tinct compartments: the inner mucosal lining (the endometrium) and the 
smooth muscle outer wall (the myometrium). !e endometrium compris-
es two epithelial cell types: the luminal epithelium (LE) and glandular ep-
ithelium (GE). (10) !e adult human endometrium can also be strati$ed 
into two distinct structural zones: the stratum functionalis and the sub-
jacent stratum basalis. !e stratum functionalis contains LE, stroma and 
branched uterine glands and, unlike the stratum basalis, is shed during 
menstruation. !e stratum basalis thus serves as the generative base for 
adenogenesis, or uterine gland development, which forms tubular glands. 
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During the proliferative phase of the menstrual cycle, these tubular glands 
undergo extensive branching to form coiled, branched structures termed 
“glands” within the loosely packed region of the stratum functionalis 
called the stratum spongiosum. (10,11)

Due to the ethical constraints related to human research, most experimen-
tal studies on the role of uterine glands and their secretions are conducted 
in mice. Unlike humans, mice are born with a simple epithelial uterus that 
lacks endometrial glands. Invagination of the luminal epithelium at post-
natal day 7 results in the formation of tubular uterine glands. (10,11) As 
mice do not menstruate, they do not rebuild these glands cyclically.

Leukemia Inhibitory Factor 

Vital to implantation

!e vital role of uterine glands in establishing pregnancy is largely at-
tributed to their expression and secretion of leukemia inhibitory factor 
(LIF). (2) LIF is a cytokine of the interleukin-6 family and one of the few 
molecules that are obligatory for fertility in mice. (9) In a seminal study 
by Stewart et al., homozygous LIF-null mutant female mice were found 
to be infertile, even when mated with wild type males.(12) Infertility was 
found to be caused by failure in implantation, rather than in ovulation or 
fertilization as fertilized, unimplanted blastocysts could be recovered from 
LIF-null uteri on GE day 4-7. !ese recovered mutant blastocysts could 
implant successfully and develop to term when transferred to wild type 
females, demonstrating that maternal LIF, rather than embryonic LIF, is 
required for proper implantation.

LIF is also important for implantation in humans. Examination of "uid 
within the uterine lumen demonstrated that infertile women secrete sig-
ni$cantly less LIF than fertile women. (13) Similarly, women undergoing 
in-vitro fertilization (IVF) with relatively high levels of endometrial LIF 
during the window of implantation are more likely to become pregnant 
than their counterparts. (14,15)
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Expression and function

Uterine LIF levels peak biphasically. First, LIF is expressed in the murine 
uterus at ovulation. However, LIF de$ciency has not been shown to af-
fect ovulation. Next and seemingly more important, LIF peaks in the GE 
during the window of receptivity, which immediately precedes implanta-
tion and occurs on day 4 of gestation in mice. !is second peak occurs in 
response to the nidatory estrogen pulse[2] and is essential to rendering the 
luminal epithelium receptive to embryo attachment. In fact, LIF repletion 
in ovariectomized mice can compensate for missing nidatory estrogen, 
demonstrating that vital uterine changes triggered by the nidatory estro-
gen surge in mice are largely mediated through LIF. (16) LIF is also ex-
pressed in the decidualizing stroma during the attachment reactions. (17) 
In humans, LIF is most abundantly expressed in the GE of fertile women 
during the secretory or postovulatory phase between days 18 and 28 of 
the menstrual cycle, analogous to the murine “window of implantation” 
(18,19)

Secreted LIF functions by binding to its cognate transmembrane receptor 
(LIFR), which is localized on the apical membrane of the LE. !e LIFR-LIF 
complex then binds to glycoprotein 130 (gp130) to form the activated LIF-
LIFR-gp130 complex. (5,20) !is complex modulates myriad downstream 
pathways in the endometrium, such as JAK-stat, wnt/B-catenin, notch and 
mTOR signalling. (5) For instance, upon LIF-LIFR-gp130 binding, STAT 
proteins are tyrosine-phosphorylated, homodimerized, and translocated 
to the nucleus, where they modulate the expression of target genes. Dele-
tions of the gp130 region responsible for STAT phosphorylation also re-
sults in failures during implantation, demonstrating that this LIF-activated 
pathway is vital. (21,22)

LIF-e#ected pathways are implicated in diverse processes allowing for 
successful implantation. For example, LIF is postulated to modulate ad-
hesion between endometrial epithelial cells and trophoblast cells. Further, 
LIF plays a vital role in stromal cell decidualization as LIF-/- mice do not 
undergo decidualization. (5) While it is still not clear which of LIF’s many 
functions are truly essential to implantation, LIF has repeatedly and con-
clusively been shown to be vital for successful adhesion, decidualization 
and thus, implantation. (2,3,23)

Leukemia Inhibitory Factor Antagonists as an 
Alternative to Hormonal Contraceptives

Because of LIF’s vital role in implantation, LIF-modulation to prevent 
implantation is being explored as a novel, non-hormonal contraceptive 
method. (5,12)

Previously, Fairlie et al. used alanine scanning mutagenesis[3] to target res-
idues within the C and D helices of LIF’s four helical structure which are 
responsible for the species speci$c binding a&nity of human LIF (hLIF) to 
human LIFR.(20) Using this method, key protein regions and amino acids 
essential for LIF-LIFR and LIF-gp130 binding were identi$ed. Important-
ly, this study found that abolition of the identi$ed gp130 binding site in 
hLIF required for productive LIF-signalling, combined with mutations to 
increase the protein’s a&nity to LIFR by >1000-fold generated a potent 
antagonist of LIF action. !is protein will henceforth be referred to as LIF 
antagonist (LA).

LA has been shown to have a half-life of 10 to 30 minutes. Consequent-
ly, e#ective inhibition of LIF activity and, thus, blastocyst implantation in 
mice using LA requires continuous LA administration. !is can be ac-
complished by using miniosmotic pumps implanted within the peritoneal 
cavity, in combination with 4 hourly intraperitoneal LA injections. (21) 
Evidently, continuous LA administration would not be practical. !ere-
fore, the instability of LA could negate its utility as an alternative, non-hor-
monal contraceptive.

Fortunately, as shown by Reddy et al., covalent attachment of a branched 
40-kd polyethylene glycol moiety (PEG) through a process referred to as 
“PEGylation” can increase the stability of circulating cytokines. (24) Reddy 

et al. showed that PEGylation of an interferon (IFN) used to treat Chron-
ic Hepatitis C (CHC) resulted in sustained IFN absorption, reduced IFN 
clearance from the plasma, and higher IFN concentrations in blood plas-
ma when compared to non-PEGylated IFN. (24) By increasing molecular 
size, PEGylation reduces renal ultra$ltration of attached compounds, de-
creases uptake of the compound by the liver and protects the compound 
from proteolytic cleavage. (21) In the study described above, the increased 
stability of PEGylated IFN meant that the cytokine could be administered 
less frequently and still be e#ective in treating CHC; PEGylated IFN was 
e#ective when administered once weekly, whereas IFN alone was required 
three times a week. (24)

In order to increase the stability, and thus, potential utility of LA as a con-
traceptive, White et al. conjugated LA with two PEG molecules (hence-
forth referred to as PEGLA). (21) Strikingly, mated mice who received 
only 3 intraperitoneal injections of PEGLA and did not receive a trans-
planted miniosmotic pump had no implantation sites. !us, while LA ad-
ministration for contraceptive purposes may not be feasible in humans, 
PEGLA administration could be both e#ective and feasible.

Rather than injecting PEGLA, some researchers have attempted to develop 
a “birth control vaccine”. !is  would allow one’s own immune system to 
target and neutralize endogenous LIF. Notably, Lemon and Naz induced a 
LIF- or LIFR-directed immune response by conjugating LIF or LIFR pep-
tides to T cell carrier proteins. (6) While this approach signi$cantly de-
creased fertility, it did not totally abolish implantation. However, this may 
not be the case in humans because they are less fertile than mice.

While most studies to date have been conducted in mice, LIF antagonism 
using antibodies has been shown to inhibit implantation in rhesus mon-
keys. (25) An in-vitro study by Lalitkumar et al. demonstrated that PEGLA 
can inhibit embryo attachment in humans. In this study, three-dimension-
al cell culture models on endometrial tissue and excess IVF embryos were 
combined either with or without PEGLA. (7) PEGLA-treated samples saw 
failure in embryo attachment to culture while control samples did not. 
Further, PEGLA treated blastocysts failed to hatch, or emerge from the 
zona pellucida, and expand. Unlike control blastocysts, PEGLA-treated 
blastocysts lost phospho-AKT-1 which is a vital factor for cell survival. 
Further, blastocysts exposed to PEGLA underwent apoptosis at signi$-
cantly higher rates as indicated by increased caspase-3 activity. Taken to-
gether, these points allude to the trophic role of LIF on human embryos as 
well as a&rm its e#ects on human uterine receptivity. (7) !is $nding sup-
ports that inhibition of LIF activity could prevent implantation in humans.
However, LIF-modulation for contraceptive purposes could have certain 
risks. LIF is implicated in a plethora of non-reproductive pathways. Mod-
ulation of these pathways via systemic LIF-modulation, either through a 
vaccine or intraperitoneal PEGLA administration, could result in adverse 
side e#ects. (9,12,18,26,27) !ese risks would likely increase when LIF is 
modulated over an extended period as would be necessary for contracep-
tive purposes.

For example, LIF is produced by astrocytes in response to autoimmune 
insults within the central nervous system and has been shown to increase 
oligodendroglial survival in-vitro. Similarly, LIF has been shown to pre-
vent oligodendrocyte death in animal models of multiple sclerosis (MS). 
(28) Systemic administration of LIF antagonists over four days has been 
shown to worsen experimental autoimmune encephalomyelitis (EAE), 
which is an experimental model of autoimmune disease induced by im-
munization against myelin epitopes in mammals. EAE is a standard ani-
mal model for multiple sclerosis (28), doubling observed oligodendrocyte 
loss. (29) !us, any LIF-targeting contraceptive which would systemat-
ically inhibit LIF action could have negative e#ects on oligodendrocyte 
survival and thus, myelin integrity.

Moreover, LIFR-null mutant mice have been shown to have a reduced 
number of spinal and brainstem astrocytes. (9)

Further, LIF may play a key role in modulating hematopoiesis. LIF has 
been shown to be constitutively expressed in bone marrow stroma. Exog-
enous LIF administration has been shown to increase platelet counts in a 
dose-dependent manner. (26) !us, systemic LIF modulation for contra-
ceptive purposes could potentially alter blood composition. To my knowl-
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edge, this e#ect has yet to be studied in LIF-null mice.

However, LIF exhibits signi$cant homology with Oncostatin M and Cili-
ary Neurotrophic Factor, both of which are secreted factors that can bind 
the LIFR. !erefore, the e#ect of LIF modulation on the non-reproductive 
systems described above could be dampened by  other homologous factors 
binding to LIFR.(12)  In fact, despite the many potential issues of systemic 
LIF modulation, LIF-null mice in Colin Stewart’s seminal LIF-knockout 
study appeared normal, although slightly smaller than their wild type 
counterparts. (12) However, in Stewart’s study, the non-reproductive 
health of the mice was not examined closely. (12)

Nevertheless, Menkhorst et al. demonstrated that intraperitoneal injec-
tions of PEGLA (like those performed by White et al.) a#ect bone remod-
elling. (9,21) Speci$cally, intraperitoneal injections of PEGLA resulted in 
increased cancellous bone volume and thickness. Further, Menkhorst et 
al. observed decreased osteoclast levels in females injected with PEGLA. 
(9) Non-mated females treated with PEGLA also had less osteoid[4] and 
osteoblasts than controls. !is e#ect was not observed in mated females, as 
control-mated females already had low osteoblast and osteoid levels. Tak-
en together, these results indicate that intraperitoneal injection of PEG-
LA decreased bone remodelling. !is is a notable $nding with regards to 
PEGLA’s potential use in women as a contraceptive as low levels of bone 
remodelling increase the risk of fracture in adult humans. (29) More gen-
erally, this $nding demonstrates that PEGLA and LIF-modulating vacci-
nations can a#ect systems outside of the uterus.

Previous research has shown that vaginally administered drugs prefer-
entially localize to the uterus in what is termed as the “uterine $rst pass 
e#ect.” (9,30) !e preferred explanation for this e#ect is that drugs admin-
istered via the vagina are absorbed through veins within the upper third of 
the vagina and are transported by countercurrent exchange (exchange by 
di#usion between two "uids "owing in opposite direction) to the uterine 
arteries. However, the exact mechanism of the “uterine $rst pass e#ect” is 
still unclear. (9) Possible explanations for this phenomenon include direct 
di#usion of the compound through tissues, passage of the compound to 
the uterine lumen through the cervical lumen, and transport of the com-
pound via venous or lymphatic circulatory systems (the lymph system 
has been recognized as an important carrier for steroid hormones). (30) 
Regardless of the exact mechanism of the “uterine $rst pass e#ect”, this 
phenomenon can be exploited to mitigate the potential systemic e#ects 
of PEGLA application. In fact, vaginal application of PEGLA results in 
its localization to the uterine luminal epithelium and the basal surface of 
the glandular epithelium as opposed to its localization to the liver, ovary, 
oviduct, spleen and thyroid, which was the case in IP injected non-mated 
mice. (9) Strikingly, in Menkhorst et al.’s study, mice that received PEGLA 
vaginally did not have any change in cancellous bone volume or thickness 
or in osteoclast/blast number and size when compared to controls, while 
mice receiving PEGLA intraperitoneally did. (9) !is demonstrates that 
systematic e#ects of LIF modulation by PEGLA can be mitigated by vag-
inal administration of the compound. Furthermore, vaginal administra-
tion of PEGLA still e#ectively inhibited implantation, demonstrating that 
PEGLA can be absorbed through the vagina to inhibit LIF signalling and 
therefore, implantation in the uterus. (9)

If LIF-modulating contraceptives are to be brought to market, future stud-
ies on LIF modulation or using LIF-knockout mice, ought to more thor-
oughly investigate the overall health of the organism rather than only fo-
cusing on implantation. For instance, while Menkhorst et al. showed that 
both intraperitoneal and vaginal administration of PEGLA did not exac-
erbate murine EAE, the e#ects of long-term systemic PEGLA exposure, or 
LIF modulation in general, on the CNS are yet to be explored. (9) Given 
that the e#ects of LIF modulation could be mitigated by other homolo-
gous factors, analysis of LIF-null or LIF-modulated organisms would be 
the best way to determine the true extent to which LIF modulation a#ects 
non-reproductive systems in-vivo. Additionally, given that Menkhorst et 
al. showed systemic PEGLA administration altered bone density, research-
ers who aim to develop novel non-hormonal contraceptives should move 
away from systemic LIF modulation and towards uterus-targeted LIF 
modulation via vaginal administration (9) as a more cautious approach.

Hormonal Contraceptives

A discussion of the need for and merits of LIF modulation as a non-hor-
monal alternative to current contraception necessitates a brief overview of 
hormonal contraceptives: their formulation, basic mechanism of action, 
and adverse e#ects. !is will help elucidate  whether or not the develop-
ment of non-hormonal contraceptives in general, and LIF modulators spe-
ci$cally, can bring about more social bene$t than research regarding the 
amelioration of hormonal contraceptives.

While various di#erent compositions and forms of hormonal contracep-
tives are presently available, the most common are combined oral con-
traceptives (COC). As such, they are a reasonable standard against which 
novel contraceptives such as LIF antagonists can be compared. Given that 
COC is used by over 100 million women worldwide as a form of birth con-
trol, its associated adverse side e#ects should be viewed as an important 
public health issue. (31)

Combined oral contraceptives pills contain both synthetic estrogen 
(typically containing synthetic ethynyl derivatives, ethinyl-estradiol and 
mestranol) and synthetic progesterone (typically containing synthetic 
desogestrel, ethynodiol diacetate, gestodene, levonorgestrel, lynestrenol, 
norethisterone, norethisterone acetate, norgestimate or norgestrel). (8) 
!e progesterone and estrogen analogs inhibit LH and FSH peaks, which 
normally occur prior to ovulation, via negative feedback. Inhibition of the 
LH surge stops ovulation, or the release of an egg from the ovaries into 
the peritoneal cavity. Further, the progestin component thickens cervi-
cal mucus, which decreases sperm penetration, and reduces endometrial 
proliferation, which decreases uterine receptivity to implantation. Most 
combined oral contraceptives contain placebo pills without estrogen or 
progestin to stimulate menstrual bleeding while keeping women in the 
habit of taking the pill every day.

Beyond combined oral contraceptives containing both synthetic estro-
gen and progestins, progestin-only forms of contraception are also widely 
available. (32) Progestin-only contraceptives are o%en prescribed when 
estrogen administration is problematic. For example, exogenous estrogen 
is thought to negatively a#ect milk production in breastfeeding mothers 
(8,33).

While hormonal contraceptives are e#ective in preventing pregnancy, their 
use has been associated with an increased risk of thromboembolism, hy-
pertension, and gallstones. (8) Both combined oral hormonal contracep-
tives (COC) and progestin-only contraceptives (POC) are associated with 
altered bone metabolism. Decreased bone turnover is observed in both 
formulations of OC, while decreased bone resorption is observed only in 
POC. (43) Further, COC use is associated with a small, yet signi$cant in-
creased risk of breast cancer. However, COC use has been associated with 
a decreased risk of endometrial, ovarian and colorectal cancer. (34)

Aside from physical ailments, a postulated side e#ect of hormonal oral 
contraceptive use is depression or dysthymia. Yet, studies regarding the 
extent of this e#ect have been inconsistent; some studies $nd that birth 
control is not associated with worsened e#ect (36,37), while others show 
the opposite. (8,38) Skovlund et al. found that COC users were 1.8X more 
likely that non-users to start using antidepressants for the $rst time. (38) 
!is trend was even more pronounced for POC users, who were 2.2X 
more likely to start antidepressant use. Inconsistency in this research may 
be due to varied contraceptive formulations and approaches to measur-
ing depressive symptoms. Further, the multifactorial nature of depression 
complicates studies. (37)

Controversy notwithstanding, estrogen and progesterone have been 
shown to have psychoactive properties. (39,40) !e precise mechanism of 
and extent to which estrogen and progesterone lead to depressive symp-
toms is still unclear. (8,41) Current theories generally attribute depressive 
symptoms to progestins. (37) For example, progesterone is postulated to 
decrease serotonin levels by increasing the activity of monoamine oxidase, 
which degrades serotonin[5]). (8,38) Progesterone metabolites have also 
been shown to act on the γ-aminobutyric acid A (GABA) receptor com-
plex, a major inhibitory system in the human CNS. (38) As follows, vari-
ous studies have also shown that oral contraceptives with high progestin 
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doses are more frequently associated with depressive symptoms. (41,38) 
For instance, Lawrie et al found that women taking progestin-containing 
injectable contraceptives postpartum scored signi$cantly higher than the 
placebo group in terms of depressive symptoms as measured by the Mont-
gomery-Asberg Depression Rating Scale. (41)

Vaginal administration of synthetic estrogens and progestins via a vag-
inal ring (somewhat analogous to vaginal PEGLA administration (9)), 
may alter the severity or incidence of negative side e#ects associated with 
combined oral contraceptive use in women. Select studies have shown that 
ring usage is associated with a lower incidence of negative COC-associated 
side e#ects, such as depression. Unfortunately, ring-usage is also associat-
ed with increased incidence and severity of local side e#ects such as leu-
korrhea and vaginitis. (42)

Conclusion/Future Directions 

!e development of novel non-hormonal birth-control methods is imper-
ative as hormonal contraceptives have been associated with an increased 
risk of depression (8,38) and are not suitable for women with certain 
pre-existing conditions. (44) LIF modulation could potentially be e#ective 
for this purpose.
 
However, one should be wary of the e#ects of systemic LIF modulation, as 
LIF is involved in many non-reproductive systems. No studies to date have 
fully characterized the e#ects of systemic LIF modulation in mice, pri-
mates, or humans. Systemic inhibition of LIF activity, via LIF-antagonists 
or immunization, could therefore have adverse side e#ects. Future studies 
should aim to better characterize non-reproductive health (bone densi-
ty, blood composition and myelin integrity) in mice or primates receiving 
systemic or local inhibition of LIF, and in LIF-null mice. !is would allow 
researchers to better understand the potential side e#ects of LIF modula-
tion, and likely further support the stipulation made by Menkhorst et al. 
(9) that systemic LIF-modulation may not be appropriate for contracep-
tive purposes.

Menkhorst et al. demonstrate that adverse side e#ects of systemic 
LIF-modulation, such as altered bone density, could be mitigated by ad-
ministering PEGLA vaginally and thus, focusing its LIF-inhibitory activity 
to the uterus. (9) !ey also propose that a vaginal gel delivering PEGLA 
could also be used to simultaneously deliver microbicides to inhibit sexu-
ally-transmitted infections (STIs). (9) However, much remains to be done 
before such a gel can be developed. In addition to performing further an-
imal studies, research should be performed to determine if women would 
actually want to use a gel as their primary contraceptive method, or if it 
seems too messy or di&cult to administer. If the latter were the case, PEG-
LA could potentially be delivered via a vaginal ring.

Further, more research ought to be done regarding the adverse side ef-
fects associated with hormonal birth control usage. Speci$cally, given that 
previous research regarding depression and oral contraceptive usage has 
yielded inconsistent results and sparked disagreement amongst scientists 
(37,38), further meta-analysis of human data as was done by Skovlund et 
al. ought to be done to conclusively demonstrate that COC usage increases 
the risk of depression. Further, more direct methods should be employed 
in mouse models to try and understand the molecular mechanism of this 
observed e#ect.

A deeper understanding of the mechanism by which hormonal contracep-
tives bring about adverse side e#ects will serve as a good starting point for 
remodulating these drugs. For instance, some studies have shown that the 
depressive side e#ects of COC are mostly due to the progestin component 
(37), so future formulations might be improved by simply decreasing the 
amount of progestin. Remodulated oral contraceptives could potentially 
decrease the severity of negative side e#ects and would likely be publicly 
available much sooner than LIF-modulating contraceptives which are still 
in the preliminary stages of development.

Alternatively, a better characterization of the negative e#ects of hormonal 

contraceptives could further support the argument that society ought to 
invest heavily in the development of novel, non-hormonal contraceptives, 
namely PEGLA. Present studies suggest that vaginal PEGLA administra-
tion could be associated with fewer negative side e#ects than COC.(9) Ad-
ditionally, several non-LIF genes have been identi$ed in the uterus which 
are also vital for maintaining pregnancy. (2) Like LIF, these genes could 
potentially be modulated for contraceptive purposes.

To conclude, present research suggests that vaginally administered PEG-
LA could be as e#ective as hormonal contraceptives in terms of preventing 
pregnancy in women. (7,9,21) While systemic LIF-modulation has been 
shown to be associated with altered bone density, vaginal administration 
of PEGLA seems to mitigate this risk without enhancing local side e#ects, 
which was the case when hormonal contraceptives were administered 
vaginally (9,42) !erefore, in terms of mitigating negative side e#ects and 
thereby increasing clinical desirability, vaginally administered LIF-modu-
lating contraceptives could be preferable to hormonal contraceptives.

[1] Decidualization is the process by which stromal cells di#erentiate, re-
sulting in the formation of a “decidua”, which provides the blastocyst with 
nutrients until the functional placenta is formed, while simultaneously re-
straining trophoblast-uterine invasion. (4,5)

[2] A secondary, small ovarian estrogen pulse, occurring on GE day 4 in 
mice.

[3] A biochemical technique that identi$es vital residues of a studied pro-
tein by replacing single residues with alanine, via targeted mutagenesis, 
and subsequently assaying protein function.

[4] Organic component of bone.

[5] Monoamine oxidase inhibitors are a form of antidepressant. (39)
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Delivering the “Living Drug”: T Cell 
Immunotherapy

Laura Rendon1

Abstract

Background: Cancer is one of the most lethal diseases worldwide. Traditional approaches such as chemo-
therapy have toxic side e!ects. New therapies on the rise are more target speci$c. One such therapy, immu-
notherapy, has become increasingly attractive in the $eld. However, to ensure the modulated and controlled 
manipulation of the immune system, delivery methods for drugs cells and biomaterials must be developed.    

Methods: In this review, we analyze the literature to discuss the recent advances in T cell immunotherapy 
as well as four delivery technologies that address the issues of safety and e#cacy associated with this treat-
ment. 

Summary: We conclude that the CAR-T approach could be a step towards overcoming the inaccessibility of 
poorly vascularized tumors and the evasion mechanisms of tumor cells. Delivery methods such as surface 
conjugated nanoparticles, DNA nanocarriers, sca!olds and arti$cial antigen-presenting cells aim for a more 
tumor-targeted approach rather than a systemic one, making this therapy applicable in the clinic. 

Introduction

Despite a century of scienti$c advancement, cancer remains one of the 
most lethal and challenging diseases worldwide. Tumorigenic cells arise 
from the accumulation of mutations that collectively result in the acquisi-
tion of two cellular properties: the ability to grow and divide in de$ance of 
normal cellular restraints and the capacity to colonize territories normally 
inhabited by di#erent cell types. To this day, surgery, chemotherapy and 
radiation predominate as the main treatments for cancer. While surgery is 
aimed at eliminating local tumor masses, both chemotherapy and radia-
tion therapy operate via non tumor-speci$c mechanisms that o%en result 
in o#-target toxicity. Furthermore, chemotherapy seems to have reached a 
developmental plateau. (1) !ese concerns have led scientists to seek alter-
native therapies that could potentially replace or be used in combination 
with chemotherapy to optimize outcomes and minimize toxic side e#ects. 
(2)

Immunotherapy has become an increasingly attractive clinical strategy 
over the past decade, shi%ing the paradigm of cancer therapy from a chem-
ical to a biological approach. !e fundaments of immunotherapy come 
from our better understanding of the regulatory mechanisms by which the 
immune system keeps malignant cells in check. According to the strang-
er-danger model, the immune system not only recognizes foreign entities 
but also altered-self. However, malignant cells o%en evolve strategies to 
evade immunosurveillance and become resilient. Immunotherapy aims to 
counteract this by strengthening and restoring the ability of the immune 
system to $ght cancer. 

Despite being a promising strategy for the cure of cancer, immunother-
apies face challenges related to their safety and e&cacy. Safety concerns 
come from the serious adverse e#ects engendered by these therapeutics: 
o#-target e#ects and autoimmunity. E&cacy concerns originate from the 
lack of response to treatment in some patients, likely due to the phenotyp-
ic and morphological heterogeneity of tumor cells. (3) Reduction of ad-
verse o#-target e#ects can be achieved by targeting the tumor with higher 
speci$city; e&cacy for all patients can be increased by developing a more 
patient-speci$c approach that addresses the issue of cancer heterogeneity. 
To achieve such a controlled and patient-speci$c immunomodulation, sci-
entists have developed novel delivery technologies for immunotherapy. (2) 

!e most popular immunotherapies currently used are monoclonal an-
tibodies, non-speci$c immunotherapies with interferons/interleukins, 
virus therapy, and T cell therapy. Monoclonal antibodies are used to de-
tect and tag a cancer protein to make cancer cells visible to the immune 
system or as checkpoint inhibitors of cytotoxic T-lymphocyte-associated 
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protein 4 (CTLA-4) and programmed cell death protein 1/programmed 
death-ligand 1 (PD-1/PD-L1) to unleash the immune system. Interferon/
interleukin immunotherapies help with the activation and proliferation 
of immune cells that $ght cancer. Virus therapy consists of a genetically 
modi$ed virus injected into the tumor to kill the cells. !e antigens re-
leased from the dead tumor cells trigger the immune system which can 
then target all tumor cells displaying these antigens. (4)    

In this review, we will discuss in detail one type of immunotherapy: T cell 
immunotherapy, as well as four delivery technologies that address the is-
sues of safety and e&cacy to improve the implementation of this treatment.  

T Cell Immunotherapy 

Immunotherapy brief historical review

Even though immunotherapy only gained popularity in the last decade, 
it has its roots back in the 19th century. !e success of vaccination and 
the idea that weakened pathogens could provide protective immunity fu-
elled scienti$c discovery at the time. Medical scientists became optimistic 
that the acquired ability to manipulate the immune system could be used 
to treat cancer. Dr. William B. Coley was the $rst to attempt such an en-
deavor. Coley dug deep into the literature and came across 47 cases that 
portrayed a strange phenomenon: the unexpected remission of incurable 
neoplastic malignancies following a streptococcal dermal infection, ery-
sipelas. Reluctant, he injected patients with heat-killed erysipelas causing 
agent and achieved long-term cure for many of them. Yet, despite Coley’s 
success, the lack of understanding of his results at the time doomed his 
strategy. (5) His $ndings lingered in the dark until modern immunother-
apy resurfaced a century later with the theory of cancer immunosurveil-
lance by Brunet and !omas. According to this theory, lymphocytes act as 
sentinels to identify transformed cells. (6) Yet, it wasn’t until the discovery 
of interleukin-2 (IL-2) in 1976 that immunotherapy truly spread it wings. 
Other therapeutics began to rise: in 2010, cancer vaccine sipuleucel-T (cell 
based vaccine to treat prostate cancer) was approved by the U.S. Food and 
Drug Administration (FDA), followed by Ipilimumab, a monoclonal an-
tibody against CTLA-4, in 2011. Along with CTLA-4, PD-1 and PD-1L 
inhibitors are a group of checkpoint inhibitors that act on the programmed 
cell death ligand; they entered clinical trials in 2006. (7) Finally, the $rst T 
cell therapy with chimeric antigen receptor (CAR)-T cells was the break-
through of 2013 and a turning point in cancer immunotherapy. (2) 
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T cell immunity and tumor evasion   

To $ght cancer through immunotherapy, it is crucial to $rst understand 
how the immune system operates. !e body’s immune system has devel-
oped its own biological mechanisms to detect and eliminate potentially 
tumorigenic cells. However, tumors o%en outsmart the immunoregulatory 
processes that destroy them and become resilient. In this section, we will 
primarily focus on T cell mechanisms against altered-self cells and how 
they get evaded.  

!e tumor micro environment (TME) enables a three-phase cancer pro-
gression in the context of immunity: elimination, equilibrium, and escape. 
(8) !e $rst phase is characterized by host immunosurveillance: the ability 
of the immune system to distinguish self from altered self. Professional 
antigen presenting cells (pAPCs) such as dendritic cells (DCs) engulf tu-
mor cells and present tumor-speci$c antigens to naïve T cells in an major 
histocompatibility complex (MHC)-restricted manner. T cells with speci-
$city to the tumor antigens get activated, expand, di#erentiate and become 
the e#ectors of cell-mediated adaptive immunity. (9) !e two main T cell 
lineages, CD4+ and CD8+, operate through di#erent mechanisms. CD8+ 
T cells recognize speci$c antigens presented on MHC class I at the surface 
of tumor cells and interact through Fas-FasL to kill the cells via perforin 
and granzyme. CD4+ T cells are less well understood in the context of 
cancer immunity, but some lineages are known to act through inhibition 
of angiogenesis and eosinophil recruitment. (10) 

In the second phase, the tumor cells that have escaped the initial immune 
attack can neither expand nor be eradicated and therefore cohabitate in 
a state of equilibrium with the e#ector T cells. During this long-lasting 
phase, the tumor does what it knows best: it rapidly mutates until it ac-
quires resistance abilities. !ese include the downregulation of their MHC 
class I, without which CD8+ T cells cannot target tumor cells, (9) and the 
cytolytic ability to kill CD4+ T cells. (10) In a Darwinian-selection fash-
ion, new tumor variants arise with acquired abilities to $ght the immune 
system and progress into the escape phase. During this $nal and critical 
phase, tumor cells escape the state of equilibrium and expand uncontrolla-
bly under the impotence of the immune system. 

Engineered T Cells immunotherapy: CAR-T Cells 

In an attempt to strengthen cell-mediated immunity in the $ght against 
the newly weaponized tumorigenic cells, several immunotherapeutic ap-
proaches have been developed, most of which involve small molecules 
such as checkpoint inhibitors and bigger protein complexes such as mono-
clonal antibodies. Yet perhaps the most revolutionary immunotherapeutic 
invention was the CAR-T cell. !e uniqueness of this therapy compared 
to those involving molecules comes from the fact that cells are capable 
of intelligent sensing-response behaviors, making their manipulation far 
more complex. (11)

To make CAR-T cells, T cells are initially isolated from the blood of ei-
ther the patient (autologous) or a healthy donor (allogenic) through the 
process of leukocyte apheresis. T cells proliferation is then induced via 
IL-2 and anti-CD3 antibody. !e expanded T cell population is genetical-
ly engineered to express a CAR of interest (Figure 1) using the CRISPR/
Cas9 mechanism to knock out inhibitory genes such as the T cell receptor 
(TCR). (12) Viral vector transfection is then used for the expression of the 
CAR. A%er the CAR-T cell population has been expanded to the desired 
numbers, patient undergoes lymphodepletion chemotherapy to destroy 
and prevent the original T cells to compete with the incoming CAR-T cells 
for resources. Finally, the CAR-T cells are delivered to the patient. (13) 

CAR-T cells o#er many advantages over native T cells. For instance, 
CAR targeting is human leukocyte antigen (HLA) independent, which 
means antigen recognition in the context of MHC is no longer required 
(Figure 2). !is prevents the evasion of tumors that have downregulated 
MHCI. HLA-independent recognition also overcomes the issue of MHC 
allorecognition: CAR-T cells don’t need to be speci$c to the patient’s HLA 
expression pro$le. Furthermore, unlike native T cells which can only re-
spond to one antigen-MHC complex, CAR-T cells can be engineered to 
respond to a broad array of targets and to di#erentiate into various e#ector 
subtypes such as CD4+, CD8+ or memory cells. (11)

CAR-T cell therapy was $rst approved by the FDA in 2017 for the treat-
ment of acute lymphoblastic leukemia. CAR-T cells were engineered to 
target CD19, a molecule highly expressed in both normal and malignant 
B cells. !e therapy was a success as more than 80% of patients entered 
remission with few treatable on-target/o#-tumor side e#ects such as B cell 
aplasia. (14) Despite the optimism for T cell therapies, their rise remains 
tempered by safety and e&cacy concerns. First, with respect to safety, T 
cell immunotherapy can cause serious side e#ects: cytokine release syn-
drome (CSR) and neurological toxicity. Second, with respect to e&cacy, 
the infused cells are unable to conquer solid tumors and do not persist in 
the TME for extended time periods, resulting in relapse. (15) !ese hur-
dles may be overcome by the emerging delivery technologies that will be 
discussed in the following section.

Delivery technologies for T Cell Immunotherapy 

Surface conjugated surface nanoparticles 

In their paper, !erapeutic cell engineering with surface-conjugated synthet-
ic nanoparticles, (16) Matthias T. Stephan and his colleagues describe a 
strategy to enhance cell therapy via adjuvant-loaded nanoparticles con-
jugated to the T cell surface. It has been observed that CAR-T cells o%en 
fail to persist and require the systemic administration of adjuvant drugs. 
Drug administration via the systemic route is not targeted to their site of 
action, the TME, and therefore higher doses must be used which can lead 
to global toxic side e#ects. !e authors argue that CAR-T cell conjugat-
ed-nanoparticles would provide a more targeted, e#ective and safe pseu-
do-autocrine drug stimulation.

Figure 1. The structure of the Chimeric Antigen Receptor (CAR). 
On the extracellular side the CAR has the variable domain which 
consists of a light chain and a heavy chain, which is connected 
to the transmembrane domain which in turn is connected to the 
intracellular which has signaling capability such as the immuno-

receptor tyrosine-based motif (ITAM).

Figure 2. The mechanism of action of CD8+ CAR-T cells. 
CAR-T cells can target cells independently of HLA, upon 
which they release perforin and granzyme which induces 

target cell death. 
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!ey initially designed liposome-like synthetic nanoparticles coated with 
thiol-reactive maleimide headgroups (T cells contain high amounts of free 
thiols at their surface). !ey incubated the nanoparticles with the T cells to 
allow the two to covalently bind via maleimide-thiol coupling. According 
to the results, coupling was non-toxic and only blocked 17.2% of the cell 
surface thiol groups. Furthermore, unlike lipid-coated polymers which get 
removed in washing steps, maleimide-linked particles remained bound to 
cells.

!ey then determined the maximum number of particles that could be 
linked to the T cell surface without jeopardizing cellular functions. !ey 
assessed CD8+ key functions: cell killing via cell surface interactions, pro-
liferation, cytokine release, transmission across endothelial tissue, and tis-
sue homing. According to their results, up to ~100 nanoparticles could 
be conjugated without a#ecting CAR-T cell proliferation, killing of target 
cells or cytokine release. Furthermore, they showed that the CAR-T cells 
carrying 100 nanoparticles had the same transmission e&ciency through 
endothelial layers as native cells. However, following migration the cells 
only retained ~83% of the nanoparticles initially conjugated. Finally, they 
assessed tumor homing capacities of nanoparticle-conjugated T cells com-
pared to unmodi$ed T cells with the speci$city to the same EL4 tumor 
antigen. No di#erence was observed.

In their next experiment, Stephan and his colleagues tested if the adju-
vant-drug containing nanoparticles could enhance their carrier T cell 
action. !ey encapsulated cytokines known to promote T cell prolifera-
tion and e#ector functions: IL-15 and IL-21. !e cytokines had a greater 
proliferative e#ect when loaded onto the T cells compared to systemically 
infused cytokines. Nanoparticle-conjugated T cells also displayed a more 
proliferative behavior than unmodi$ed cells and persisted for longer a%er 
the contraction period. Treatment with nanoparticle–conjugated T cells 
completely eradicated the tumor, whereas treatment with unmodi$ed T 
cells and/or systemic cytokine infusion lead to lower survival rates. !ese 
experiments were done in mouse models. 

In conclusion, this study reveals the advantage cell carriers have over 
inanimate molecules in delivering a drug to tissues with di&cult access. 
!e challenge of pleiotropic activity and toxicity of drugs required for the 
proper function of CAR-T cells can be overcome by encapsulating the 
drug in cell-conjugated nanoparticles. !is technique limits toxic side-ef-
fects, requires lower drug doses and improves T cell functions such as pro-
liferation and homing due to enhance paracrine secretion of IL-15, with-
out interfering with normal cellular activities. 

DNA nanocarriers for in situ T cell engineering

In their paper, In situ programming of leukemia-speci"c T cells using syn-
thetic DNA nanocarriers, (17) Tyrel T. Smith et al. describe a strategy to 
improve the application of T cell immunotherapy by engineering T cells in 
vivo via gene therapy. An obstacle to the implementation of personalized 
CAR-T cells is the high costs and complicated manufacturing procedures 
associated with their production. To solve this, Smith and his colleagues 
propose a DNA-carrier nanotechnology that can e&ciently introduce the 
CAR gene into native T cells and reprogram them in vivo.

!e $rst step was to design nanocarriers that could induce CAR expres-
sion in T cells. !e carriers must e#ectively be taken up by the T cell and 
import the CAR DNA into the nucleus. Endocytosis was achieved by cou-
pling anti-CD3e f(ab’)2 to the surfaces of nanoparticles. CAR DNA nucle-
ar import was facilitated by integrating microtubule-associated sequences 
(MTAS) and nuclear localization signal (NLS) into the nanoparticle. To 
achieve CAR expression by the host’s gene expression machinery, the au-
thors designed two plasmids, one containing the CAR cassette "anked by 
piggyBac transposable elements and the other containing the sequence 
encoding piggyBac transposase. !e transposon machinery enables the 
integration of vectors into chromosomes.   

To test the functionality of the designed nanoparticle in the production of 
leukemia-speci$c CAR-T cells, the authors conducted a series of in vitro 
experiments on mouse splenocytes. !ey $rst con$rmed by "ow cytom-
etry that CD3-targeted nanoparticles e#ectively bound T cells with few 

o#-targets. !ey then observed by confocal imaging that particles were 
rapidly internalized into the cytoplasm. Shortly a%er administration, 
leukemia-speci$c receptors were detected on the surface of T cells. !ey 
demonstrated the advantage of NLS and MTAS containing nanoparticles 
compared to negative controls by measuring nuclear transfection rates. Fi-
nally, piggyBac transposons sustained high levels of CAR gene expression 
over a longer period of time compared to nanoparticles that lacked the 
transposon machinery. 

!e next step was to further examine CD3-mediated targeting of T cells as 
well as the e&cacy of cell-reprogramming mechanisms, this time in vivo 
with mice. !ey obtained the same results for CD3+ T cell targeting and 
the few o#-target e#ects decreased over the course of treatment. Further-
more, they demonstrated that targeted nanoparticles e#ectively localized 
to lymphatic organs (spleen lymph nodes and bone marrow) as opposed to 
the non-targeted ones which localized to the liver. Subsequently, they test-
ed for in vivo toxicities. !is time, they used a prostate-targeting CAR to 
ensure that the observed e#ects originated from the nanoparticles them-
selves and not the DNA editing activity. Cell counts and blood pro$les 
were normal; in"ammatory cytokine levels increased minimally. In vivo 
data also evidenced the need for co-delivery of the transposon machinery 
to achieve e&cient expansion of CAR-T cells as well as tumor eradication. 
Finally, to assess the e&cacy of cancer treatment with DNA-carrying 
nanoparticles compared to conventional therapy, the authors treated a 
group of mice following conventional CAR-T cell therapy protocol, de-
scribed in section 2.3. !e results showed that survival rates were slightly 
higher in the conventional therapy group, but overall very similar in both 
approaches. 

In conclusion, the use of nanoparticles to reprogram gene expression in 
vivo is an attractive alternative to the costly and labor-expensive T cell 
therapy, with comparable results as the latter. Nonetheless, some chal-
lenges have yet to be overcome. First, the recurring issue of solid tumors 
remains a concern as their accessibility is limited. Second, with respect 
to clinical translation, the safety issues of o#-target gene transfer must be 
further addressed. For instance, the inclusion of a T cell-speci$c promot-
er upstream of the CAR sequence could ensure that despite there being 
o#-target integration, CAR is only expressed in T cells. 

Biomaterial based implants for engineered T cell delivery

In a study by Tyrel T. Smith et al., a possible solution to the recurrent hur-
dle of solid tumors is put forward. (18) Solid tumors have been the lin-
gering nightmare of T cell immunotherapies for two reasons. First, solid 
tumors create an immunosuppressive environment that impedes normal 
T cell function. Second, solid tumors are highly heterogeneous and in-
clude cells that lack CAR-targeted antigens. As a solution, the authors pro-
posed a biopolymer sca#old comprised of CAR-T cells and co-stimulator 
stimulator of interferon genes (STING) agonist. !ey hypothesized two 
functions: the physical delivery of ex-vivo engineered CAR-T cells and the 
STING induction of native T cells with di#erent tumor antigen speci$ci-
ties as CAR-T cells. !e latter would help overcome the obstacle of tumor 
heterogeneity. 

In their experiments, the authors used pancreatic cancer mouse models. 
!ey $rst designed a CAR speci$c to RAE1, a pancreatic tumor antigen. 
!ey then manufactured a bioactive sca#old using polymerized alginate 
and macromolecules important for migration and stimulation of T cells. 
!e sca#olds were porous matrices made from ultrapure sodium alginate 
powder and were delivered to the animals through surgery. Initially, they 
tested the T cell expansion and capacity to clear pancreatic tumor in two 
conditions: direct injection of CAR-T cells into the tumor, and direct im-
plantation of CAR-T cell sca#old onto the tumor. In the $rst group, cells 
did not persist and only temporarily delayed cancer progression. In con-
trast, robust CAR-T cell proliferation and reduced tumor growth was ob-
served for the second group. Nevertheless, neither group achieved com-
plete clearance and RAE1 negative tumor cell variants emerged, resulting 
in tumor evasion.       

Since the CAR-T cells that targeted single antigens did not halt tumor 
progression, the authors re$ned their strategy. !e natural recognition of 
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various tumor antigens relies on the proper priming of T cells by DCs, a 
mechanism that is impaired in cancer. To recruit and stimulate DCs, the 
authors added STING agonist cyclic di–GMP (cdGMP) to the sca#old. 
!ey assessed DC activity by measuring their CD86 and MHC class II 
expression pro$les, which are indicative of DCs’ activated phenotype. !e 
cdGMP-CAR-T cell sca#old treatment group presented higher numbers 
of activated DCs than the group stimulated by only CAR-T cell sca#olds.
!e next step was to visualize the localization and magnitude of T cell 
activation in the same two treatment conditions: CAR-T cell sca#old 
treatment and cdGMP-CAR-T cell sca#old treatment. !ey created mice 
carrying a transgenic gene composed of nuclear factor of activated T cell 
(NFAT) linked to a luciferase reporter gene. In the CAR-T cell sca#old 
condition luminescence was detected in the tumor area but not as strongly 
as in the cdGMP/CAR-T cell sca#old condition. In the latter, other organs 
such as the spleen and lymph nodes showed induction of native T cells. 

Finally, the authors evaluated the host anti-tumor immunity in metasta-
ses and the side e#ects on pancreatic functions. !e most e#ective results 
were again seen in the cdGMP-CAR-T cell sca#old condition. When they 
re-challenged the cured mice with pancreatic tumor cells to further test for 
global anti-tumor immunity in lung metastases, no tumor formation was 
seen. On the downside, decreased serum amylase and lower lipase activity 
were indicative of defective pancreatic exocrine function. 

All in all, this delivery technique provides a solution to solid tumors that 
do not respond to conventional T cell therapies. Moreover, targeted de-
livery of adjuvant STING reduces o# target exposure and requires lower 
drug dosage. However, in the case of pancreatic cancer, some adverse ef-
fects should be carefully watched for in clinical trials. Furthermore, the 
implant-to-tumor size ratio in mice could account for some of the $ndings 
in this study that might not be reproducible in human tumors. 

Arti$cial antigen-presenting cells 

Arti$cial antigen-presenting cells (aAPCs) constitute a promising plat-
form for the stimulation and ampli$cation of T cell responses. T cells are 
typically activated by signals 1 (survival) and 2 (proliferation) through 
cell surface interactions with APCs. !e T cell-APC interaction induces 
the formation of an immune synapse characterized by the clustering of 
TCRs. Previous data have shown that conventional spherical micron-sized 
aAPCs function e&ciently in vitro but not in vivo. Based on previously ob-
served advantages of nanoparticles and bene$ts of ellipsoid over spherical 
particles, Randall A. Meyer and his colleagues developed a nanoellipsoidal 
aAPC model that could overcome the limitations of conventional aAPCs 
immunotherapy. !is approach is described in their study Biodegrad-
able Nanoellipsoidal Arti"cial Antigen Presenting Cells for Antigen Speci"c 
T-Cell Activation. (19)

!ey $rst synthesized PLGA nanoparticles by emulsion and PVA $lm 
stretch to obtain spherical and ellipsoid shapes of di#erent curvatures. 
!en, to turn the ellipsoid nanoparticles into aAPCs, they conjugated 
peptide-MHC-IgG dimers and anti-CD28 antibody to the PLGA polymer. 
!ey veri$ed particle stability by incubating the arti$cial cells in physio-
logical conditions. !e optimal particle/antigen dosages and curvature of 
aAPCs were determined by titration and carboxy"uorescein succinimidyl 
ester (CFSE) dilution analysis. 2-fold ellipsoid particles with the highest 
particle/antigen ratios were the most e&cient at stimulating CD8+ T cells 
and surpassed their spherical counterparts.   

!e $rst feature they studied was nanoparticle non-speci$c cell uptake 
in ellipsoid nanoscale aAPCs (naAPCs) compared to spherical naAPCs. 
!ey used two di#erent models of uptake: by macrophages and by human 
umbilical vein endothelial cells (HUVEC). In vitro, both macrophages 
and HUVECs preferentially phagocytosed spherical naAPCs. !e in vivo 
circulation and half-life of naAPCs was assessed via a biodistribution ex-
periment. Ellipsoid naAPCs moved faster, remained in the periphery for 
longer, and had a longer half-life than spherical naAPCs. 

Next, they sought to evaluate the stimulatory capacity of naAPCs in vivo in 
the context of immunotherapy. To this end, mice were administered either 
ellipsoid naAPC with CAR-T cells, spherical naAPC with CAR-T cells, or 

CAR-T cells alone. According to blood analysis carried throughout the 
experiment, ellipsoid naAPCs elicited a notably higher CAR-T cell pro-
liferation rate than the two other treatments. !ey also observed a higher 
number of ellipsoid naAPC in the dissected spleen and lymph nodes. 

In conclusion, aAPCs delivery systems o#er an attractive alternative to 
conventional T cell therapies. !e conventional aAPCs technology was 
successful in vitro but not in vivo. In this experiment, the authors im-
proved the technology by using nanoellipsoid design which not only 
provides higher e&cacy but also reduces unwanted cellular uptake and 
displays an enhanced biodistribution compared to conventional aAPCs. 
Nonetheless, other aAPC features such as membrane "uidity and parti-
cle rigidity should be further assessed to optimize this delivery system for 
clinical immunotherapy.      

Discussion

Over the past ten years, immunotherapy has taken the lead over tradition-
al cancer treatments such as radiotherapy and chemotherapy. !e devel-
oping $eld of immunology has allowed scientists to better understand and 
hence exploit our immune system for the treatment of cancer which to this 
day, remains a major challenge for health practitioners. Initially, scientists 
employed small molecules such as IFNα and IL-2 as well as checkpoint in-
hibitors for the application of immunotherapy. However, this methodolo-
gy took a revolutionary turn with the invention of CAR engineered T cells. 
O%en referred to as the “living drug”, CAR-T cells adopt and enhance the 
anti-tumor functions of native T cells, the sentinels of cell-mediated adap-
tive immunity. !is cellular approach tackles some of the hassles associat-
ed with poorly vascularized tumors via tra&cking mechanisms superior to 
those of small molecules. As well, and perhaps most importantly, arti$cial 
T cells overcome the evasion and immunosuppressive powers tumor cells 
hold over native T cells. 

Nonetheless, to exploit the high potential of CAR-T cells in a clinical set-
ting, scientists must $rst jump the hoops of safety and e&cacy this therapy 
may have. !e immune system is a powerful weapon against cancer, yet 
it can just as easily turn into a bomb against our own body. Uncontrolled 
stimulation of the immune system in the hopes of eradicating cancer can 
result in lethal auto-immune responses and cytokine release syndrome. It 
is crucial to tailor the immune stimulation to the tumor, reduce o#-target 
e#ects and minimize potential toxicities. To address these issues, scientists 
have come up with di#erent delivery techniques for the treatment with 
CAR-T cells. !ese include surface conjugated surface nanoparticles, DNA 
nanocarriers for in situ T cell engineering, biomaterial-based implants for 
engineered T cell delivery and arti$cial antigen-presenting cells. All of 
these techniques aim for a more tumor-targeted approach rather than a 
systemic one, but all therapies target di#erent aspects of tumor progres-
sion to enhance treatment e&cacy: surface conjugated nanoparticles aim 
to improve adjuvant drug delivery to the CAR-T cells, DNA nanocarriers 
render the treatment more accessible and available in the market, CAR-T 
cell bio-sca#old address the hurdle of solid tumors, and aAPCs $ght the 
immunosuppressive e#ects of tumors in the evasion phase. 

Even though the $eld of immunotherapy is rapidly progressing, these 
delivery methods are still at nascent stages and need to be further inves-
tigated and optimized to be used in clinical trials. Ex-vivo manufacture 
and expansion remains an arduous process that is both time-consuming 
and costly. Improving manufacturing methods can greatly increase the ap-
plicability of these delivery methods in a clinical setting. With respect to 
surface conjugated nanoparticles, the release of adjuvant drugs could be 
extended so that less treatment administrations are required. !e DNA 
carriers, despite being more cost e#ective, pose a higher risk of o#-tar-
get gene insertion, an e#ect that should be addressed perhaps through the 
inclusion of a T cell speci$c promoter, (16) or a more targeted vector de-
livery system. In the treatment with biosynthetic sca#olds, the authors do 
not specify whether or not the subjects undergo lymphocyte eradication 
by chemotherapy like in conventional CAR-T cell therapy before admin-
istrating the sca#old, which is meant to prevent CAR-T and native T cell 
competition. In the sca#old approach, the authors aim to both deliver the 
engineered cells and stimulate the native ones and the interplay between 
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the two should be further investigated for the implementation of this de-
livery method. Lastly, design speci$cities for aAPCs currently under study 
slowly set the path towards the perfectly shaped, rigid and sized particles 
to achieve optimal induction of T cell immunity.   
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Abstract

Introduction: Hereditary leiomyomatosis and renal cell carcinoma (HLRCC) is a rare genetic disorder etiolog-
ically stemming from mutations in the FH gene. This disorder has been reported in 300 families worldwide. 
We were presented with the following case as part of the Rare Disease Interdepartmental Science Case 
Competition (RISCC) in order to successfully diagnose the patient and examine the pathophysiology, socio-
economics, and treatment strategy of this disorder.

Case Presentation: A 27-year-old woman presented to the emergency room with a two-week history of 
hematuria. Her medical history included a single benign skin lesion. She did not report a family history of 
cancer but stated that her mother underwent a hysterectomy for unknown reasons.

Clinical Investigations: An abdominal ultrasound revealed an isoechoic nodular formation on the right kid-
ney, and CT scans con$rmed the presence of a 7-cm renal tumour and extensive leiomyomas in the patient’s 
uterus. Genetic testing revealed a mutation in the fumarate hydratase (FH) gene, leading to the diagnosis of 
hereditary leiomyomatosis and renal cell carcinoma. 

Pathophysiology: HLRCC is a condition caused by an autosomal dominant germline mutation in the FH 
gene, characterized by skin lesions, uterine leiomyomas, and aggressive renal cell carcinoma.  FH acts as a 
tumour suppressor gene and encodes the fumarase protein. HLRCC arises from a variety of missense muta-
tions in the FH gene that prevent the formation of a full fumarase tetramer. The disease is likely related to the 
dosage of the gene, rather than the site of mutation. Consequently, there is no known genotype/phenotype 
correlation. Fumarate inhibits HIF-α hydroxylases, so loss of the FH gene causes fumarate accumulation 
within cells and prevents the degradation of HIF-α. This induces a state of pseudohypoxia and leads to up-
regulation of genes involved in cell growth and tumorigenesis. Fumarate accumulation also modulates the 
Keap1-Nrf2 pathway by inducing activation of Nrf2 and allows for the protection of cancer cells from oxi-
dative and electrophilic stressors. Furthermore, de$ciency of fumarase prevents oxidative phosphorylation, 
thus promoting aerobic glycolysis, the most common method of metabolism used by cancer cells.   

Socioeconomics: The risk of infertility and developing an aggressive cancer makes it essential to have fre-
quent and thorough screening procedures early in life for children with a family history of HLRCC. Medical 
costs, infertility risk, and frequent hospital visits breed anxiety and stress for patients and family members. 
Fortunately, organizations like HLRCC Family Alliance exist to provide accessible information and represent 
a welcoming support community.

Treatment Strategy: To treat the patient’s renal tumour, we suggest a radical nephrectomy with wide mar-
gins due to the aggressive nature of renal cell carcinoma. Additional imaging should be performed to iden-
tify and excise any metastatic tumours. The patient should also consult a gynecologist regarding her ex-
tensive uterine leiomyomas and will likely undergo a hysterectomy or myomectomy. A full dermatological 
exam should be performed to locate additional cutaneous leiomyomas. We also strongly suggest that family 
members undergo genetic testing. Lastly, we recommend the patient connect with support groups such as 
HLRCC Family Alliance to receive continued social support following her diagnosis and throughout her life.
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