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In a world that places a high premium on 
happiness, the prospect of coping with a 
mental illness as debilitating as depres-

sion can be frightening. Scarier still, gener-
al practitioners diagnose only about half of 
major depressive disorder (MDD) cases.1 
In an effort to raise this unacceptably low 
rate of success, Andrew Reece and Christo-
pher Danforth (of Harvard University and 
University of Vermont, respectively) turned 
their attention to an unlikely source of infor-
mation: social media.

In a recent study, the two researchers 
combined different computational methods, 
including color analysis, metadata com-
ponents, and face detection technology, to 
analyze 43,950 Instagram photos from 166 
participants.2 While previous predictive 
screening methods had successfully analyzed 
online content to detect some health condi-
tions, they had all relied on text, not visual 
posts. This study was different: the analy-
sis identified hallmarks of depression not 
through the content itself, but through a few 
key qualities about what was posted.  

Some of the results were not shocking: 
Reece and Danforth found that depressed 
individuals were more likely to post photos 
that were bluer, grayer, and darker than those 
posted by their non-depressed counterparts.2 
Furthermore, depressed posters were more 
likely to use a black-and-white filter (like 
Inkwell) on their photos, while people not 
afflicted with the disorder were more likely 
to use filters that gave their photos a warmer 
tone (like Valencia).3 This is certainly a rea-
sonable finding; previous studies had point-
ed to a general perception that darker and 
grayer colors were associated with a negative 
mood.4

Another finding was more unforeseen: 
depressed Instagrammers were more likely 
than non-depressed ones to post photos with 
faces—with the caveat that they had, on av-

erage, fewer faces per photo.2 Depression is 
strongly associated with lowered social ac-
tivity, so the higher frequency of posts that 
featured faces is counterintuitive.5

These findings are fascinating on their 
own, but the most astounding part is, per-
haps, the marked increase in the percentage 
of successful depression diagnoses made: the 
computer model correctly identified 70% of 
the cases of depression in the study, a marked 
increase from the 47.3% success rate of gen-
eral practitioners.1,2 The system was even able 
to recognize markers of depression before 
the date of the first diagnosis, an advance 

that suggests that further refinement of this 
algorithm may lead to better preventative 
measures for major depressive disorder.2

The implications for the success of a pho-
to analysis model like this one are staggering.  
The generation of information using entirely 
quantitative means, instead of human partic-
ipation, eliminates subjective opinion, and, 
with it, the natural propensity for observer 
bias. Furthermore, the speed and automation 
of the diagnosis process can accelerate the 
search for treatment, and could give rise to 
future programs where doctors would, with 
patients’ permission, receive notifications if 
their patients’ Instagram posts raise red flags.

This data model isn’t perfect—for exam-
ple, a major concern is that patients who are 
officially diagnosed with MDD may identify 
with the label, and therefore post content in 
accordance with their self-image.6 This pres-
ents the potential issue of patients perpetuat-

ing stereotypes associated with their diagno-
ses because they tell themselves they “must 
act” in a manner in keeping with the general 
image of MDD, instead of taking steps to 
break the stigma accompanying their illness-
es. However, the benefits of this algorithm far 
outweigh the possible downfalls; Instagram 
garners nearly 100 million posts per day, and 
the utilization of these photographs as data 
points for analysis of mental health would be 
revolutionary for the advancements of both 
diagnostic tools and therapeutic accessibili-
ty.7

Gray days often call for gray photos—and, 
now, there’s a way to harness that observa-
tion to make MDD diagnosis and treatment 
more accurate and accessible for those who 
are struggling.

Julia Canick ’18 is a senior in Adams House 
concentrating in Molecular and Cellular Bi-
ology.
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Catching Light

What is a cyborg? One might imag-
ine Terminator-esqe half-human, 
half-machine hybrids or other 

creatures with fantastic mechanical aug-
mentations, but we must direct our atten-
tion down to the cellular level—to cybor-
gian beings that are far smaller. Despite 
these cyborgs’ underwhelming size, UC 
Berkeley researcher Kelsey Sakimoto and 
his fellow researchers of Professor Pei-dong 
Yang’s lab have engineered a new biohybrid 
bacteria that may make a formidable impact 
on the solar fuel industry.1 These originally 
non-photosynthetic organisms are able to 
grow their own tiny semiconductor “solar 
panels” to harness solar energy and store it 
in the chemical bonds of acetate, an essen-
tial natural and industrial building block.1

 
WHAT IS SOLAR FUEL?

According to the Royal Society of 
Chemistry, more energy is delivered to 

Earth in one hour by the sun than all the 
energy that we consume through fossil 
fuels, nuclear energy, and other renewable 
sources of energy in a year.2 Plants and 
other photosynthetic organisms have mas-
tered the process of capturing and storing 
this solar energy in chemical fuels or “solar 
fuels.”2 Since the 1950s, scientists have 
strived to mimic these processes to create 
more sustainable alternatives to traditional 
energy sources such as fossil fuels.2 Unlike 
the energy generated by other sources of 
renewable energy, like photovoltaic cells 
and wind turbines, the physical nature 
of solar fuels means that they can be 
much more easily stored and transported 
through existing distribution networks and 
methods. 

Acetate and other carbon-based solar 
fuels can be used as feedstock, or raw ma-
terial, for the production of many products 
such as fertilizers, pharmaceuticals, and 
plastics.2 Currently, the petrochemical 

industry produces much of the feedstock 
for these industries.

However, solar fuel-derived feedstock, 
in addition to being more renewable, 
reduces the harmful greenhouse gas emis-
sions. 

PHOTOSYNTHETIC BIOHYBRID 
SYSTEMS

Humans have developed incredible 
scientific and technological capabilities 
so far as to not only replicate some of the 
most complicated biological and chemical 
systems in nature but also surpass them in 
efficiency. Nevertheless, some processes, 
like the conversion of CO2 and other small 
atmospheric molecules to more complex 
organic molecules, have been more diffi-
cult to mimic.3

The reduction of, or the addition of 
electrons to, CO2 is surprisingly difficult. 
Electrons must be transferred from some 
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catalyst, or an electron carrier, to CO2, and 
new carbon-to-carbon bonds must form.3 
Furthermore, as each process and chemical 
reaction in the biological world is highly 
specific in its reactants and products, sci-
entists also have to replicate the high-ac-
curacy selection of a single product.3 
Attempts to reproduce these processes 
in the lab have often ended in tangles of 
chemical problems that seem to contradict 
one another, yet biological organisms have 
evolved so that the cell is able to incubate 
and facilitate a vast number of diverse 
reactions through a delicately-regulated 
chemical environment. 

As a result researchers have developed 
photosynthetic biohybrid systems (PBSs) 
to take advantage of the existing biolog-
ical systems that have been developed so 
elegantly through evolution.3 By com-
bining these systems with high-efficiency 
inorganic light harvesters, they are able to 
enhance or induce photosynthetic capa-
bilities in organisms.3 The key challenge 
of this field has been smoothly integrating 
the biotic and abiotic components of the 
PBSs. Some PBSs feed electrons collect-
ed by an inorganic light harvester to the 
biological part of the system, though en-
gineering and producing nanowire arrays 
and intricate carbon cloths to do so can be 
costly.4 Other researchers have developed 
PBSs by isolating specific enzymes, such as 
hydrogenases, and combining them with 
semiconductor nanoparticles.4 However, 
whole-cell PBSs are favored due to their 
self-replication and self-repair capabilities.4

Sakimoto et al., on the other hand, have 
been able to engineer microorganisms 

that not only facilitate CO2 reduction, 
but also synthesize their own inorganic 
light harvester materials.3 Sakimoto’s team 
discovered that the introduction of Cd2+ 
(cadmium) ions to initially non-photosyn-
thetic Moorella thermoacetica bacteria can 
induce the bio-precipitation of cadmi-
um-sulfide (CdS) nanoparticles on the cell 
surface.4 The growth of these semiconduc-
tor light harvesters is able to transform 
the M. thermoacetica bacteria into highly 
efficient photosynthetic systems, produc-
ing products that are 90% acetic acid and 
10% biomass.4

Since the bacteria are able to pro-
duce their own inorganic semiconductor 
light harvester particles, Sakimoto et al.’s 
new PBS is cost-effective.4 The complex 
micro-fabrication techniques, high-purity 
reagents, and high-temperature processes 
are essential in synthesizing the semicon-
ductor components in PBSs, but they are 
incredibly energy and resource intensive.4 
Aside from the initial set-up of the system, 
Sakimoto et al.’s system requires very low 
maintenance, as the bacteria are able to 
remake the CdS particles even after the 
particles degrade.4

CYBORGIAN EVOLUTION

Sakimoto and colleagues aim to exper-
iment with other semiconductor particles 
and bacterial species in order to optimize 
the efficiency of their PBS.4 Since cadmium 
sulfide is highly toxic, they hope to replace 
these nanoparticles with other less toxic 
semiconductor materials such as silicon.4 
As other researchers strive to develop PBSs 

that not only reduce CO2 but also complete 
other crucial biological processes such 
as N2 fixation, Sakimoto et al.’s discovery 
may signify the advent of a new cyborgian 
evolution.3

Michele Koh ’21 is a freshman in Holwor-
thy Hall.
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Since 2004, there have been 67 an-
ti-evolution education bills intro-
duced by local governments in the 

United States.1 Three of those bills have 
been approved in Mississippi, Louisiana, 
and Tennessee. These laws make it legal for 
public school teachers to criticize the theo-
ry of evolution—as well as other politicized 
topics like climate change—and teach alter-
native explanations to evolution. The most 
popular of these alternate explanations is 
intelligent design, or the belief that natural 
selection cannot by itself create as complex 
animals as we observe. The success of this 
legislation hinges upon the fact that today’s 
debate about evolution in schools is not so 
much that creationism should be taught 

over evolution, but rather, that teachers 
should be allowed to provide alternatives.

This shift in argument has allowed an-
ti-evolution legislation to successfully gain 
a hold in our education system. The intro-
duction of these regulations and the way 
they frame the evolution debate are part of 
a movement that Nick Matzke, former Pub-
lic Information Project Director at the Na-
tional Center for Science education, dubs 
“stealth creationism.”1 The proposed bills, 
he says, attempt to distance themselves 
from any potential religious motivations 
or undertones; instead, they frame their 
argument as providing critical analysis of 
contentious science topics.1 At its core, the 
stealth creationism movement argues that 

evolution is just a theory and that students 
should be allowed to debate its merits.

However, treating evolution as “just a 
theory” undermines the validity of Amer-
ican science education by challenging one 
of the fundamental and overwhelming-
ly evidence-supported tenets of biology. 
Moreover, it compromises students’ un-
derstanding of the scientific process—how 
evidence is collected, synthesized, and used 
to create the basic theories through which 
we understand our world. As James Wil-
liams, a science instruction educator, states, 
“Theories such as gravity [or] evolution are 
not hypotheses in want of further evidence, 
but rather the sturdiest truths and descrip-
tions of how the material world works that 



FIG 2

science has to offer.”2 How the kids of today 
learn and understand science is crucial for 
our society’s scientific progress; teaching 
them alternatives to a theory as well-devel-
oped as evolution demonstrates to kids that 
even facts can be challenged by opinion.

EVOLUTION IN CLASSROOMS 

The stealth creationism movement is the 
most recent development in the long his-
tory of evolution in the classroom. In the 
1920s, the teaching of evolution was banned 
in most states. During the infamous 1925 
Scopes Monkey Trial with Clarence Darrow 
and William Jennings Bryan, the American 
Civil Liberties Union (ACLU) attempted 
to challenge the bans. Though the trial did 
bring the topic of science education to the 
nation’s attention, the ACLU was unsuccess-
ful. It was not until 1968 that the Supreme 
Court ruled that bans on teaching evolu-
tion in the classroom were unconstitutional. 
More recently, a United States federal court 
ruled in the 2004 Kitzmiller v. Dover Area 
School District case that teaching intelligent 
design was unconstitutional because intel-
ligent design could not be separated from 
its creationist and religious precedents.3 In 
that court case, the Dover Area School Dis-
trict required high school teachers to teach 
intelligent design through a textbook called 
Of Pandas and People alongside evolution. 
In contrast, the aforementioned laws in Ten-
nessee, Louisiana, and Mississippi do not 
require teachers to teach intelligent design, 
but rather protect their right to do so in the 
classroom.

The support for intelligent design and 

other evolution alternatives has had a largely 
religious base. For many fundamental Chris-
tians that grow up in communities where 
the line between church and state is often 
hazy, it is no wonder that the topic of evo-
lution—which is taught in the last years of 
high school after years of deeply ingrained 
religious teachings—does not settle well. 
While these communities form the basis of 
voter support for anti-evolution regulation, 
political groups and think tanks like the Dis-
covery Institute take that support and lobby 
on behalf of the stealth creationism move-
ment. The Discovery Institute is a secular 
think tank, but in their mission statement, 
the Institute writes that it supports the “role 
of faith-based institutions in a pluralistic 
society.”4 The Institute funds intelligent de-
sign research and educational programs; for 
them, protecting intelligent design is a ques-
tion of academic freedom and free speech. 
The logic of anti-evolution legislation fol-
lows similar premises—stealth creationism’s 
success relies on framing the argument as 
one of academic freedom. However, a debate 
on the validity of evolution is not truly ac-
ademic freedom. Academic freedom applies 
to the realm of what is true or of seeking 
what is true; academic freedom is not a space 
for unsubstantiated data.

SCIENCE AND SOCIETY

Allowing a debate on evolution under the 
misguided assumption of academic freedom 
has dangerous consequences. In a study con-
ducted by Technical University Dortmund, 
researchers found a strong correlation be-
tween “acceptance of science” and “accep-

tance of evolution.”2 This illustrates the 
strong tie between what we teach and how 
we understand the world; additionally, the 
research stresses the importance of having a 
well-developed and accurate science curric-
ulum if we want a society that trusts science 
again. In addition, the debate surrounding 
evolution fits into a much larger cultural 
context and the growing alternative facts 
movement. Recently, more politicians have 
been vocal about their distrust of the scien-
tific community. Current political dynamics 
seem to be moving away from evidence and 
data-based policies; a clear example of this is 
persistent climate change denial and the re-
fusal to enact legislation regulating fossil fuel 
consumption. In these times, how we teach 
science and how we encourage scientifically 
literate citizens are becoming ever more per-
tinent questions. Moreover, the mounting 
skepticism from politicians and the public 
has mobilized the scientific community. In 
April 2017, the first March for Science was 
held to address these issues; over one million 
people across the world participated in the 
rallies that sought to celebrate science and 
the role that science has in our society, as 
well as to call for more evidence-based poli-
cymaking and science funding.

The March for Science, while a prominent 
rallying symbol for the scientific communi-
ty, also demonstrates how politically charged 
science has become. Based solely on evi-
dence, evolution is undebatable; politically, 
evolution is a hotly contested and controver-
sial topic. Because it has become politicized, 
addressing the issue of evolution is not one 
that can easily be fixed by presenting the 
multitude of supporting data for evolution. 
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Yet fixing our current science curriculum 
and confronting the recently passed leg-
islation are extremely important tasks to 
undertake. Allowing the laws to stand as 
is will have potentially dangerous conse-
quences for the role of scientific truth in 
our society; as of now, the success of the 
bills in certain states has inspired copycat 
bills elsewhere.

SHAPING EDUCATION 

Though it will be difficult to have an 
immediate effect on the current polit-
ical climate, certain proposed changes 

may increase the acceptance of evolu-
tion and other contested science topics. 
First among those changes is teaching 
evolution at a younger age. Currently, 
evolution is not formally taught until 
high school, and in the eyes of many re-
searchers and science instructors, that is 
too late. Kids learn about other aspects 
of biology, but evolution is, for myriad 
reasons, postponed. Williams, a science 
education instructor, states that “To me, 
[to hold off on teaching evolution] is 
odd—it’s like trying to teach chemistry 
but not putting atoms at the center.2 The 
argument for teaching evolution sooner 
is that it helps introduce the concept in 
students’ minds and prevents them from 
forming misconceptions about evolu-
tion. After all, most of the students who 
come in not believing in evolution have 
never been formally taught it; what they 
know about evolution is given to them 
by their parents or religious communi-

ties. As Dittmar Graf, a researcher at the 
Technical University, explains, “When 
somebody has a misconception in sci-
ence, if it’s embedded, it’s incredibly diffi-
cult to change.”2

Secondly, it is important to recognize 
stealth creationism for what it is and 
understand that intelligent design sup-
porters are relying less on religious argu-
ments. It is crucial, in this case, to make 
clear the distinction between science and 
nonscience in the classroom: true science 
must be rigorous, widely accepted, and 
evidence-based. In a statement made by 
the InterAcademy Panel (a global organi-

zation that represents numerous national 
science organizations), countries agreed 
to make “decision-makers, teachers, and 
parents educate all children about the 
methods and discoveries of science” and 
that there were clear “evidence-based 
facts about the origins and evolution of 
the Earth and of life on this planet.”2

Building up trust at the intersection of 
politics, science, and society is a difficult 
but paramount task for our nation’s prog-
ress. It all begins with a solid foundation 
in the classroom—controlling what is 
taught in the classroom shapes the minds 
of future generations. Though the debate 
surrounding evolution has always been 
seen as a contest between science and 
religion, in our current times it is shap-
ing into a debate about what constitutes 
scientific truth and the collective societal 
understanding of science. Change may 
be slow, but the truth matters—and ev-
eryone deserves to know the truth.

Connie Cai ’21 is a freshman in Grays 
Hall.
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Fig 1. These are embryo drawings of 
Ernst Haeckl, one of the first develop-
mental biologists. The similarities he 
notices between the embryos of different 
species was used to support the theory 
of evolution, as it demonstrated shared 
ancestry between different species and 
a common evolutionary theory. (Image 
from Wikimedia Commons)

Fig 2. Proponents of intelligent design 
often use the watchmaker analogy. 
A watch (a working system) must be 
designed by a watchmaker; similar-
ly, nature (a working system) implies 
a designer. (Image from Wikimedia 
Commons)
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Building up trust at the intersec-
tion of politics, science, and so-
ciety is a difficult but paramount 
task for our nation’s progress. It 
all begins with a solid foundation 
in the classroom—controlling what 
is taught in the classroom shapes 
the minds of future generations.
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INTRODUCTION

Sight, if not the most brainpower hungry 
sense, is certainly the one we use the most. 
Think about it, our lives are inundated with 
visual stimulation from intellectual pro-
cesses like reading text, watching videos, 
and interpreting body language and facial 
expressions to more simple tasks such as 
walking in a straight line and anything that 
requires hand-eye coordination. Simply 
put, being alive depends a great deal upon 
the power of eyesight.

And yet it’s startling to think about all 
the things that are invisible to human eyes, 
the tiny invisible things that power the 
whole world. After all, eyes are only cam-
eras (albeit extremely versatile ones), and 
like all cameras, they have a limit to how 
much they can zoom in. The desire to view 
the things beyond the ability of the eye has 
long captivated humans. Only in relatively 
recent history (compared with the entirety 
of human existence) have they succeeded in 
beating the eye in viewing power. An entire 
field of science has been created to delve 
into the depths of the physical world; its 
name is microscopy and here is its history.

SIMPLE AND COMPOUND 
LIGHT MICROSCOPY

As early as the thirteenth century, there 
is record of lenses in the form of water-filled 
glass spheres being used as magnifying 
glasses by jewelers to cut gems. Even before 
that, Euclid in the third century BCE had 
elucidated the mechanics of image forma-
tion with mirrors and Ptolemy in the sec-
ond century CE had posited a description 
of refraction.1,2 Interest in lenses initially 
stemmed from the desire to correct vision 
dysfunctions and indeed, accurate correc-

tions for nearsightedness and farsighted-
ness with concave and convex lenses re-
spectively were described by mid-sixteenth 
century Italian scientists.2

At its simplest, a microscope is just an ex-
tremely strong magnifying glass. The tech-
nical distinction between vision correction 
lenses and a microscope is just the degree 
of magnification. Our eyes can at best see 
differences of about 0.1 mm. Anything that 
has a resolving power stronger than that, 
anything that can clearly show images finer 
than 0.1 mm, is thus considered a micro-
scope.3 It’s rather difficult to pin down who 
created the first lenses that had this sort 
of magnifying power because the 0.1 mm 
threshold was not a specification that opti-
cians recorded. However, we do know that 
by the mid seventeenth century, Antonie 
van Leeuwenhoek, an amateur Dutch bi-
ologist, had essentially perfected the art of 
crafting single lens microscopes.

Van Leeuwenhoek was not particularly 
skilled at using the microscope, rather it 
was his expert craftmanship of the instru-
ment itself that secured his place in the his-
tory of microscopy. Leeuwenhoek’s ability 
to grind lenses to minute focal lengths and 
mount them securely in the instrument re-
sulted in the best single lens (as opposed to 
compound or even non optical) microsco-
py work.1 His best microscope could resolve 
close to one micron (10-6 meters) or a mag-
nification of about 300 times. He is credit-
ed with discovering sperm cells and blood 
cells, producing the first detailed drawings 
of rotifera and infusoria, and obtaining the 
first images of bacteria.1,3 The clarity of van 
Leeuwenhoek’s simple microscope images 
would not be surpassed until over a cen-
tury later, a testament to the quality of his 
microscopes.

Simple microscopes, though, are not 
the microscopes that most people first en-

counter in their high school biology classes. 
Those would be compound microscopes, 
and allegedly the first was invented by the 
father and son team of Hans and Zacharias 
Jansen near the end of the sixteenth centu-
ry.3

Compound microscopes, from a me-
chanical standpoint, are equivalent to an in-
verted telescope. They consist of two lenses 
with the second magnifying the image pro-
duced by the first lens both affixed to a tube 
that can move relative to the specimen.4 The 
system of lenses used in compound micro-
scopes affords them tremendous range in 
magnification and some of the earliest work 
was done by Robert Hooke, an English sci-
entist who produced stunning images of 
small animals and plant cells that showed 
off the power of the microscope.

ABERRATIONS

Despite the quality of Hooke’s drawings, 
compound microscopes lagged behind 
simple microscopes in image clarity. This 
was due to optical aberrations that emerge 
when light is passed through multiple lens-
es, namely, chromatic and spherical aberra-
tions.

As the name chromatic aberration im-
plies, compound microscopes had trouble 
with accurately transmitting color. As New-
ton showed with his famous experiment 
with the prism, white light is comprised of 
all the different colors of light, each hav-
ing a different wavelength. This difference 
in wavelength is what causes problems for 
a compound microscope. Light is bent 
different amounts depending on its wave-
length with shorter wavelengths refracting 
the greatest and this results in each color 
focusing at a different point. Obviously, 
this is not ideal since the retina is fixed and 
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cannot separate to accommodate different 
focal points. What results is an image that 
is ringed in colored halos.3

The solution to this distortion came 
from two people, Chester Hall and John 
Dolland. Hall discovered that different 
types of glass dispersed colors different 
amounts.3 Dolland took that discovery 
and by experimenting, found that by com-
bining two glass types and lens powers, he 
could bring the outlying colors of red and 
blue into focus and reducing the blur by a 
factor of ten.2 This set up is called an ach-
romatic doublet—achromatic because it 
reduces chromatic aberrations and doublet 
because the lens is comprised of two pieces 
of glass. Though they were at first used only 
in telescopes because the large sized lenses 
were easier to craft, microscopes eventual-
ly caught up in the nineteenth century and 
the images produced were no longer color 
distorted.

The second major kind of distortion as-
sociated with compound microscopes was 
spherical aberration, which arose from the 
curved nature of small lenses. Light that 
strikes the edges of the lens is refracted sig-
nificantly more than light striking near the 
center of the lens, resulting in a difference 
of focal length and a blurry image.5 Before 
the nineteenth century, there were two im-
perfect solutions to spherical aberrations. 
One approach was to use a lens with less 
curvature and consequently a smaller dif-
ference in refracting power between the 
edges and the center of the lens; however, 
this resulted in a lower magnifying pow-
er.3 The second approach was to limit the 
amount of light that could strike the lens to 
a narrow angle around the center, but this 
limited the resolution of the microscope.3 

Both of these approaches did not allow for 
greater enlargement power. It wasn’t until 
the 1830s that the work of Joseph Lister 
managed to fix the problem.

Lister demonstrated that by lining up a 
series of lenses each with a small degree of 
magnification, only the first lens contrib-
uted to the spherical aberration.3 This re-
sulted in high levels of magnification with 
minimal aberrations. Though the hassle 
of positioning and fixing the lenses limit-
ed its ease of use, compound microscopy’s 
stronger resolving power eventually won 
over scientists. To this day, compound mi-
croscopy is used commonly in all sorts of 
settings from high school biology classes to 
laboratory settings and is powerful enough 
to view bacteria in clarity.

SHIFT AWAY FROM OPTICAL 
MICROSCOPY

Optical microscopy is wonderfully 
convenient when viewing objects at the 
wavelength of visible light (approximately 
400-700 nanometers), but with advances in 
theory in the early twentieth century, there 
was a need for better resolution in micros-
copy. Around this time, the French physi-
cist Louis de Broglie theorized that electron 
beams could behave like waves and calcu-
lated that they would have a wavelength of 
about 5 picometers, or about 100,000 times 
smaller than visible light.6 This prediction 
paved the way for a new era of microscopy. 
Electron microscopes operated by shooting 
a beam of electrons rather than photons at 
a specimen and quickly surpassed optical 
microscopy in magnification.

Before diving into the advances in elec-
tron microscopes, it makes sense to reason 
out why electron microscopy returns such 
stunning results. It turns out the reason is 
that shorter wavelengths increase micro-
scope resolution. Long waves have large 
spaces between successive peaks, and thus 
will pass over small specimens returning no 
signature and thus no image. Short waves, 
on the other hand, have peaks spaced much 
closer together and thus will hit the target 
and leave a detectable shadow or bounce 
back signature much in the same way that 
light leaves shadows when it hits an object. 
Though humans can’t see electrons like they 
can see photons, a fluorescent plate placed 
near the specimen is able to translate the in-
visible electrons into a visible image.

Electron microscopes, as one can imag-
ine, are much more advanced than light 
microscopes. For starters, electrons can-
not travel far in the atmosphere so elec-
tron microscopy must take place inside a 
vacuum.6 This increased difficulty in set up 
is balanced, however, by the fact that mag-
nification is controlled not by accurately 
positioning the lenses and specimen, but 
by focusing the beam of electron to differ-
ent degrees.6 Additionally, the microscope 
must also include a fluorescent plate to 
translate the scattered electrons into visible 
data, and as a result of all of the intricacies 
of electron microscopy, these microscopes 
tend to be bulky and finnicky in operation.

TRANSMISSION ELECTRON 
MICROSCOPY
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Cork cells.  The word cell was coined by Hooke 
because the plant cells looked like a honeycomb. 
(Image from Wikimedia Commons)
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In 1931, two German electrical engi-
neers, Max Knoll and Ernst Ruska, succeed-
ed in creating the first transmission elec-
tron microscope (TEM).6 The instrument 
had essentially three components: a source 
of electrons, a series of lenses that directed 
the electrons through the specimen and to 
the detector, and equipment to interpret 
the electron signature.7 Similar to the way 
a light microscope displays a shadow where 
light could not pass through the specimen, 
the image produced via TEM shows relative 
levels of transmission of electrons through-
out the specimen. “Darker” areas are more 
electron opaque while “lighter” areas are 
less so.

Unlike visible light which has a longer 
wavelength and is thus less energetic, elec-
tron beams tend to shred up lighter weight 
atoms resulting in large levels of scatter and 
a less contrasted image.3 To work around 
that, scientists must “stain” the specimen 
with heavier elements such as uranium, 
lead, and/or osmium.3 Though this allows 
for higher quality images, the staining pro-
cess only adds to the list of difficulties of 
using TEMs. The microscopes are large, ex-
pensive, and difficult to operate and main-
tain. Suitable specimens must be able to 
withstand the complicated preparation pro-
cess and vacuum imaging chamber, and the 
images produced are colorless. And finally, 
the stains result in a residue contaminated 
by heavy metal toxins that are difficult to 
dispose of properly.

SCANNING ELECTRON MI-
CROSCOPY

As an alternative to the TEM, another 
German physicist, Manfred von Ardenne, 
described and produced the first images us-
ing a scanning electron microscope (SEM) 
in 1940.6 The microscope was smaller than 
the TEM because it recorded electrons 
that bounced off the surface (secondary 
electrons) of the specimen with detectors 
placed closer to the source than the target.8 
This is also what makes SEM images look 
three dimensional because rather than pro-
jecting the electron signature onto a single 
flat surface, the SEM measures electrons 
that travel at all angles and combines it to 
form an image with variable depth.3

SEMs are also more amenable to re-
searchers because the specimen preparation 
process is less involved. While specimens 
for TEM require extremely thin slicing and 

treatment with stains, SEM specimens only 
need a thin layer of conductive coating such 
as a gold film before being placed in the vac-
uum container, a process not even necessary 
if the electron beams are strong enough.8 

The elimination of destructive preparation 
techniques has allowed researchers to image 
larger objects such as insects or small me-
chanical parts.3 The images produced show 
such fine details of everyday objects in new 
ways that they at times seem alien. The mi-
croscope is still expensive and needs to be 
precisely configured for optimal results, but 
overall, SEMs are easier to use compared to 
other forms of electron microscopy.

ATOMIC LEVEL MICROSCO-
PY

As if intracellular imaging weren’t im-
pressive enough, the 1980’s brought the 
invention of the scanning tunneling micro-
scope (STM), which has the ability to view 
individual molecules and atoms. This level 
of magnification grew out of a desire to de-
scribe the inner workings of the atom. Like 
electron microscopy, it relies on the wave 
nature of electrons.9 The first STM was built 
in 1981 by Swiss physicists Gerd Binnig and 
Heinrich Rohrer and was used to study the 
topography of a gold surface; it worked by 
measuring the level of electron tunneling 
at different points along the surface.9 STM 
relies on tunneling, a quantum mechanical 
phenomenon in which electrons have some 
probability of traveling through an imper-
meable surface, something unexplainable 
by classical mechanics. What’s useful about 
tunneling is that it is highly sensitive to dis-
tance, specifically, atomic level distances.

The STM operates with an extremely fine 
pointed probe positioned extremely close to 
the sample surface.3 Voltage applied to the 
tip allows for electrons to tunnel to the sur-
face and the number of electrons that make 
it across the gap is correlated with the dis-
tance between the tip and the surface.9 The 
image produced by all the data is a topo-
graphical map of relative “heights,” which is 
useful because it can determine the atomic 
structure of the surfaces of different sub-
stances. STM has been used to investigate 
the arrangement of atoms of different met-
als and crystals and the details of absorption 
and diffusion of various gases on metal sur-
faces.9

The advantage of STM over other forms 
of electron microscopy, beyond its resolu-

Replica of Van Leeuwenhoek’s microscope. 
The hole near the top of the flat metal 
backing houses the lens. (Image from 
Wikimedia Commons)

Layout of a typical transmission elec-
tron microscope. (Image from Wikimedia 
Commons)



tion, is that tunneling can take place in 
a variety of environments and does not 
need an external source of electrons or 
lens to focus the beam.3,9 This eliminates 
much of the specificity involved in un-
dertaking electron microscopy and vastly 
opens up the domain of imageable sur-
faces. In fact, STM has been performed 
in water, ionic solutions, and even insu-
lating fluids that wouldn’t allow electrons 
to travel conventionally.9

As with any technology, there are 
complications that come with using STM. 
First, the STM setup is still rather compli-
cated since the probe is extremely sensi-
tive. A series of springs and magnets are 
used to counteract outside disturbances, 
and the movement of the probe is con-
trolled via the piezoelectric effect where 
applied current generates compression or 
expansion of a material.3 The construc-
tion of the tip is also problematic because 
it is only one atom in width. This is ac-
complished by precisely manipulating 
extremely strong electric fields to shave 
off excess atoms. Despite the intricate 
nature of the STM equipment, the ver-
satility of the probe makes it one of the 
most powerful imaging tools for modern 
scientists.

CONCLUSION

Microscopy has come a long way from 
its humble optical beginnings. Though 
born out of human curiosity and the 
desire to view the invisible world lurk-

ing all around us, microscopy has been 
instrumental for scientific and societal 
advancement. Being able to view bacte-
ria and other pathogens validated germ 
theory allowing for the development 
of antibiotics and other therapies that 
have vastly improved the quality of life 
over the last century. Being able to view 
chemical reactions at the atomic level 
has advanced the efficiency of the chem-
ical industry. And the recently awarded 
2017 Nobel Prize in Chemistry was for 
biomolecular imaging techniques that 
have allowed for real time observation of 
biochemical processes.10 Microscopy will 
always be integral to scientific discovery, 
and the future of imaging techniques will 
undoubtedly have far reaching benefits 
for all humanity.

Kelvin Li ’21 is a freshman in Wig-
glesworth Hall.
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Schematic of a scanning tunneling microscope. 
(Image from Wikimedia Commons)
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Without realizing it, you and everyone 
you know have been desensitized to the 
biggest questions of existence.

Every human gradually accumulates 
consciousness and awareness of his or her 
existence from the time of birth up through 
the teenage years. A baby simply does not 
have the means to contemplate its own ex-
istence, while a child does a bit more, and a 
teenager does. To see why this decade-long 
process desensitizes us, imagine instead 
that evolution had gone another way. Imag-
ine that, somehow, only once our bod-
ies and brain were fully grown and ready 
would we “turn on” and open our senses to 
the world. Being born would feel like pop-
ping into the universe with a fully capable 
brain and body, but without any knowledge 
of the universe.

Suppose you were just born this way. 
A second ago, you emerged from non-ex-
istence to full existence instantly. What 
would your first thoughts be? You would 
probably not casually start living as you do 
now. You would probably look around fran-
tically, limbs flailing in all directions, blood 
pumping, brain racing, knees weakening, 
collapsing to the floor, and screaming out 
of sheer bewilderment, “WHAT IS THIS? 
WHERE DID THIS COME FROM?” The 
urge to know those answers would be 
so strong that it would fully encapsulate 
your being for many years. This “awaken-
ing” to the mystery of existence would be 
the most significant moment of your life, 
and the sheer memory of it would stir the 
most powerful of emotions. It is plausible 
that many people in such a hypothetical 
world would frame their entire life mission 
around answering these fundamental ques-

tions about existence.
We do not live in this hypothetical 

world. In our world, we are desensitized 
to the mystery of existence. Despite how 
essential, how fundamental, how relevant 
these questions are to our short existence in 
this place, most people do not think about 
these questions. You do not often see peo-
ple walking around in the street with their 
arms out in shock, wondering what any-
thing is or where everything came from. 
But sometimes late at night, with the right 
music playing and not much else distract-
ing your mind, these questions about exis-
tence reappear. They become as obvious as 
daylight, as important as anything in your 
life could possibly be. In such moments, we 
yearn for answers.

Many in today’s age look to science as a 
beacon of hope to figure out the answers to 
these deep questions. After so much recent 
scientific progress, it is natural to expect the 
trend to continue until even such questions 
are answered. However, these fundamental 
questions about existence are precisely the 
questions that science cannot answer. This 
great mystery is precisely the one that sci-
ence can never uncover. It is not just that 
science has not found answers to these 
questions yet; it is that science will never 
find answers to these questions. What fol-
lows is an argument in support of the po-
sition that science is fundamentally limited 
in that it cannot answer the deepest, and in 
some sense, most important questions.

HOW FAR WE’VE COME

There is no dispute that the scientif-
ic enterprise has become a beaming torch 

lighting the path forward toward our un-
derstanding of the cosmos and our place 
in it. The past 500 years of scientific prog-
ress is a testament to the power of this en-
terprise. Consider the world in 1500 AD. 
The universe consisted of the Earth, moon, 
sun, and the stars, which were visible to 
the naked eye. Stars were just a name for 
strange dots in the night sky. The origin of 
these celestial objects was either some mys-
tical force or some complete unknown, de-
pending on whom you asked. We also had 
no clue where people came from, or where 
any living beings came from for that matter. 
There was no knowledge of a microscopic 
realm. People fell ill and died without ex-
planation. The fastest mode of communica-
tion was horseback or boat.

Compare this to the world of 2017. We 
now know we live in a universe with hun-
dreds of billions of galaxies, each with hun-
dreds of billions of stars, many of which 
have their own planets. Stars are gigantic 
balls of nuclear fusion. We understand how 
the planets and stars formed from disks of 
dust. Evolution tells us the wonderfully de-
tailed story of where humans and all living 
organisms come from. We have discovered 
a breathtaking microscopic world no less 
detailed than our own. We’ve even discov-
ered underlying physical laws that explain 
the motion of matter. With all this new un-
derstanding, we have invented technologies 
that probe unseen worlds from the mole-
cules of life bouncing around in your fin-
ger to the planets of stars thousands of light 
years away. We now understand the causes 
of most illness. We can communicate by 
video with anyone on the globe. The totality 
of human knowledge is at one’s fingertips at 
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any second. We routinely fly in giant bird-
like machines we call airplanes. There are 
human footprints on the moon.

The mark of science on the advancement 
of mankind is undeniable. If a visitor were 
brought to 2017 from the 1500s, they might 
attribute this unbelievable advancement to 
some sort of sorcery, but it is instead due, 
in large part, to a very meticulous method 
of learning about the world—the scientific 
method. The scientific method has been in-
strumental in forming our understanding 
of nature. It acts like a truth sieve allow-
ing false theories to pass through, leaving 
only the truth behind. Equipped merely 
with hypotheses, and physical experiments 
that test the hypotheses, practitioners of 
the scientific method were able to uncover 
general laws that the universe follows. That 
such a simple method can be so success-
ful is somewhat astounding. Nevertheless, 
humans are interested in more than just 
finding the laws of nature. Many will not be 
satisfied until we know not only the laws, 
but also the explanations behind the laws.

TURTLES ALL THE WAY 
DOWN

Unfortunately, though the scientific 
method might be a fantastic tool for discov-
ering fundamental laws of nature, it is sim-
ply incapable of providing the explanations 
for these fundamental laws. For instance, 
Newton pieced together many observations 
and hypothesized the law of gravity (Fg = 
Gm1m2/r

2) in the late 1600s. The theory 
matched observed orbital data and revolu-
tionized our understanding of the universe. 
Yet Newton also wrote, “Hitherto we have 
explained the phenomena of the heavens 
and of our sea by the power of gravity, but 
have not yet assigned the cause of this pow-
er.”1 Newton admitted that the gravitational 
cause, or explanation, for the motion of the 
heavens lacks its own explanation. Einstein 
in fact came along and discovered an expla-
nation. He found that Newton’s law of grav-
ity was an approximation of a deeper truth, 
namely that gravity was due to curvatures 
in space-time. However, we now find our-
selves in the same problem. If you ask the 
natural question why space-time has such 
properties, then you are back in Newton’s 
shoes a little bit wiser but no more satisfied. 
The fundamental law changed from New-
ton’s equation to Einstein’s, but the expla-
nation for the fundamental law still escapes 
us. Newton’s quote could very well have 
been attributed to Einstein.

Take another example of unsatisfied ex-
planation. The electromagnetic force is a 
fundamental force of nature described by 
Coulomb’s law. The strength of this force 
is dependent on a certain constant that 
we call Coulomb’s constant, or k for short. 

We have a large body of observations that 
indicate that the value of k is roughly 9 × 
109 N.m2.C-2. Because of that value, the sun 
continues to shine, buildings do not col-
lapse, and you can get up in the morning. 
But why does k equal that particular val-
ue? Is it possible that k could have instead 
equaled 8 × 109, for example? If it is not 
impossible to imagine a universe in which 
k equaled 8 × 109, then there must be an ex-
planation for why our universe is governed 
specifically by k = 9 × 109. Yet the scientific 
method provides no explanation for this 
particular value. Thinking in this way, there 
are all sorts of constants and laws whose 
fundamental explanations science does 
not currently provide. Why these constant 
values, and not others? Why this physical 
law, and not another? These are the more 
fundamental questions, the ones we must 
answer in order to really understand the 
universe, and yet they are precisely the ones 
for which science does not have answers.

A physicist might respond that there 
could be a physics-based explanation for 
fundamental laws, or for the strengths of 
constants, but that we have not discovered 
it yet. It may very well be true that in 100 
years, the next Einstein is able to explain 
the value of Coulomb’s constant. The prob-
lem is that this physics-based explanation 
would itself rely on some assumed axiom, 
whose explanation would be unknown. 
At any point in the history or future of 
science, there will be a set of fundamental 
laws whose explanations are unknown. Any 
time an explanation for a fundamental law 
is discovered, that explanation will itself 
rely on deeper fundamental laws whose ex-
planations are unknown. 

Maybe a physicist would instead re-
spond that there are an infinite number of 
universes, and that we just happen to live 
in the universe where the laws are the way 
they are and the constants are the values 
that they are. Again, we now could ask what 

is the explanation for the infinite number 
of universes and why does each one have 
its particular properties. No matter the ex-
planation, there will always necessarily be a 
deeper explanation that escapes our grasp.

This central limitation of science is hu-
morously represented by the archetypal cu-
rious child. The child asks “Why is the sky 
blue?” The father, who in this example hap-
pens to be a scientist, responds, “Because 
molecules in the air scatter blue light more 
than red.” “But why?” “Because of quantum 
mechanical phenomena.” “Why?” “Because 
that is how the world works on the quan-
tum level” “Why?” “Because that’s just how 
things are.” “Why?” Exhausted, the father 
pauses, considers the big questions for a 
few seconds, and then responds, “Because 
I said so!” The moral of the story is that 
we can always seek a deeper explanation. 
The child recognizes this. We adults come 
to recognize this too when annoyed by the 
child. We then realize that our foundational 
explanations of the world are mere assump-
tions based on observation, not pillars of 
self-explaining truth.

DISSATISFACTION GUARAN-
TEED

A scientist might now note that if we 
keep making progress and keep finding 
deeper and deeper explanations, then we 
are making progress toward a more fun-
damental understanding, even though, by 
the arguments above, we cannot reach fully 
satisfactory answers. We may come up with 
a singular theory that explains the physi-
cal laws and the strength of physical con-
stants—say the conservation of some quan-

Because science is an observational disci-
pline, it always relies on some assumptions 
whose explanations are unknown. But we 
cannot have deeper unknowns if we want 
satisfying answers to the most essential 
questions. Science therefore cannot an-
swer the most essential questions. At some 
depth, the torch burns out.



feature article FALL 2017 | Harvard Science Review    13

tity X, for example. Of course one can ask 
for the explanation why the conservation of 
X must hold. But at least we have reduced 
two questions to a singular, more funda-
mental one. Science has done this for 500 
years. At first we had unlimited numbers 
of questions about how everything worked. 
Now we have an understanding of physics 
that reduces physical phenomena to a small 
set of laws that can be written on a T-shirt. 
We might not yet know the full nature of 
these laws, but in a very real sense, we have 
come to deeper understanding. So may-
be it is true that while science cannot find 
the explanations for the most fundamental 
laws, we can be satisfied in our advance-
ment toward those explanations.

This viewpoint is satisfying for many 
questions. A computer scientist does not 
need to know how computer chips work 
in order to code up a website. Similarly, 
when a father wants to know why the sky is 
blue, he does not keep asking “Why?” until 
he arrives at the fundamental laws of the 
universe. The father is satisfied at some ex-
planatory depth, maybe that atoms scatter 
blue light more than red, and does not keep 
asking “Why?” Both the computer scientist 
and the father recognize their ignorance of 
the deeper explanations, but at some point, 
they do not continue to ask for practical 
reasons. They are satisfied not knowing the 
deepest explanation.

But there are certain questions that re-
quire an explanation which itself needs no 
further explanation in order to be satisfied. 
Questions like, “WHAT IS THIS? WHERE 
DID THIS COME FROM?” are examples 
of such questions. Unlike the father or the 
computer scientist, an explanation that X 
answered these questions would only be 
satisfying if X needed no further explana-
tion. Right after popping into existence in 
the “awakening” scenario described earlier, 
if someone told you that there was a being 
that created everything, you would not be 
satisfied. Even though the two questions 
were reduced to one—“Where did the be-
ing come from?”—you would feel unsatis-
fied until you knew the explanation behind 
this being, and the explanation behind that 
explanation, and so on. You would only be 
satisfied once you somehow had a self-ex-
plained explanation, an explanation that 
needed no further explanation.

Because science is an observational dis-
cipline, it always relies on some assump-
tions whose explanations are unknown. 
But we cannot have deeper unknowns if we 
want satisfying answers to the most essen-

tial questions. Science therefore cannot an-
swer the most essential questions. At some 
depth, the torch burns out.

LIGHT AT THE END OF THE 
TUNNEL

So far, we have concluded that some 
questions are unanswerable by science. All 
this argument implies is that our prized sci-
entific method of arriving at truth is lim-
ited. It does not imply that the truth itself 
is limited. The scientific method cannot 
answer the deepest of questions, but that 
does not imply that the answers themselves 
do not exist. The torch burns out at some 
depth, but there very well could be more to 
explore down the tunnel. In fact, there are 
strong arguments in favor of the position 
that there must exist answers to these ques-
tions. One of the best arguments is simply 
that the alternative is too absurd to be tak-
en seriously. Though it is certainly possible 
that answers to recursive questions, such 
as where the universe comes from, do not 
exist, it just seems too absurd. It hurts the 
brain to think that the universe could exist 
without having an explanation for existing, 
because we can imagine it being another 
way and it is not, which warrants an expla-
nation. But this argument is not a proof. It 
could be a quirk in our brains that we re-
quire explanations for all things. One way, 
still, to get around the potential quirk is to 
say that even if there is no explanation for 
the universe’s existence, then that in itself 
is the deepest answer. In other words, if it 
is true that there is no fundamental expla-
nation, then that truth becomes the deepest 
answer, and if you understood that truth 
you would understand how it could be that 
there is no fundamental explanation.

We have now come to the conclusion 
that the scientific method cannot find the 
answers to the deepest questions, and yet 
we think these answers must exist. In that 
case, what do we do if we want to reach 
those answers? Unfortunately, it may not 
be possible for human brains to discover 
these answers. Just because the answers ex-
ist does not mean that humans can reach 
them. For example, we know a fish will nev-
er understand general relativity no matter 
how many millions of years we try to teach 
it, so we might be like the fish and general 
relativity like the deepest answers.

Actually, if you think about it, the pre-
vious statement was incorrect. There is in 
fact hope for the fish—because the fish can 
evolve! The fish and its whole species may 

not currently be able to understand gen-
eral relativity, but we know that after a few 
hundred million years, fish evolved into 
humans who were indeed able to under-
stand general relativity just 100 years ago. 
Humans are like the fish. Though the hu-
man species doesn’t even have the correct 
tools to search for the deepest answers, like 
a fish lacking the tools to understand gener-
al relativity, we do currently have the ability 
to change ourselves until we have the cor-
rect tools, like a fish realizing that it could 
evolve until it has the correct tools.

It seems likely that we would need to en-
hance our brains in order to comprehend a 
self-explaining explanation, because such a 
concept is currently incomprehensible. Ar-
tificial intelligence is one example of a tech-
nology that presents a realistic opportunity 
for rapid brain enhancement. For example, 
we may in the near future be able to mental-
ly connect to a machine with astronomical 
intelligence at a level we currently cannot 
grasp. Maybe once we can achieve a certain 
level of extreme intelligence we would then 
have the tools to find the deepest answers. 
If we cannot prove absolutely that this sce-
nario is impossible, then, by definition, it 
is possible that this artificial intelligence 
opportunity, or some other brain enhance-
ment opportunity, may arrive within our 
lifetimes.

It is therefore unlikely but possible that 
we will discover the answers to the deepest 
questions within our lifetimes. This is not a 
conclusion to take lightly. In our lifetimes, 
it’s possible that we can learn the answer 
to the totality of existence. From the per-
spective of someone who went through 
the “awakening” scenario, it is obvious that 
there is no greater goal. Maybe it should be 
obvious to us as well.

William Bryk ’19 is a junior in Quincy 
House concentrating in Physics and Com-
puter Science.
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the evolution of the 
tetrapod forelimb

by Priya Amin

What is the distal limb pattern of 
tetrapod forelimbs? The tetrapod distal 
limb pattern consists of three segments: 
the stylopod (the first segment of the 
limb including the humerus), the zeu-
gopod (the second segment of the limb 
including the radius and ulna), and the 
autopod (the hand).1

What is the basic phylogenetic break-
down of the fin to limb evolution? The 
vertebrate group Osteichthyes diverges 
into Sarcopterygii (lobe-finned fish) 
and Actinopterygii (ray-finned fish) 
according to several physical charac-
teristics. Most importantly, Sarcopte-
rygii develop lobe fins, which include 
a central axis and radial fin rays. With-
in Sarcopterygii, a group named tet-
rapodomorpha develop a partial dis-
tal limb pattern which lacks digits but 
includes a humerus, radius, and ulna. 
Early tetrapods like Acanthostega and 
other amphibians develop digits, and 

the full distal limb pattern seen in hu-
mans is born! Diverging groups of de-
rived tetrapods specialize and adapt 
this ancestral pattern of a stylopod, ze-
ugopod, and autopod, which define the 
distal limb pattern.

COELACANTH
(Middle Devonian—Present)

This sarcopterygian (“lobe-finned” 
fish) showcases the ancestral fin mod-
el for tetrapods. Accordingly, the lobed 
fin of coelacanths has a central axis 
with fin radials. Because radials deviate 
on both sides of the axis, the fin is con-
sidered to be biserial.2

In addition, because the species 
Latimeria is considered a ‘living fos-
sil,’ we can study the movement and 
morphology of the musculature of this 
lobe-finned fish.3 Accordingly, a study 
by Miyake et al. revealed that the mus-
culature in the ‘shoulder’ and ‘elbow’ 
joints of living coelacanths shows an 

ancestral condition of movement with 
the human stylopod (humerus).4 In 
particular, the stylopods of Latimeria 
and Homo sapiens both have paired 
musculature that is necessary for main-
taining stable posture and achieving 
weight-bearing positions. The presence 
of this musculature in Latimeria sug-
gests that the basic muscle arrangement 
needed for terrestrial life may have ex-
isted at the earlier stages of tetrapod 
evolution.

EUSTHENOPTERON
(Late Devonian)

Eusthenopteron, a tetrapodamorph, 
features some of the earliest evidence 
of a distinct humerus, ulna and radi-
us, which evolved from the ancestral 
sarcopterygian lobe-fin. Research has 
shown that its humerus has growth 
patterns similar to those of tetrapods.5 
However, its tetrapod-like humeral 
characteristics are not terrestrial ad-

Illustrations by Priya Amin ’19
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aptations. A study by Meunier and Laurin 
revealed that the long bones of Eusthe-
nopteron are very similar to tetrapod long 
bones.6 Furthermore, the long bones of 
Eusthenopteron seem to have been capable 
of supporting more mechanical stress than 
the fins of extant acintinistians like Latime-
ria, which has implications for enhanced 
movement.

PANDERICHTHYS
(Late Middle Devonian)

The flat, L-shaped humerus of Pander-
ichthys represents a key early adaptation 
for tetrapod evolution: the limb would now 
be able to prop a large head and support 
limited front-to-rear movement needed 
for walking.7,8 The blade-like radius and 
ridge-and-groove surface of the ulna of 
both Panderichthys and Tiktaalik represent 
another ancestral condition of the tetrapod 
forelimb. In addition, in a study by Bois-
vert et al., a CT scan revealed previously 
undiscovered distal radials.9 Before this 
discovery, the prevailing notion was that 
tetrapod digits were newly evolved struc-
tures. Consequently, the distal radials of 
Panderichthys (as well as the distal radials 
of Tiktaalik) have been identified as the 
possible ancestral condition for digits and 
human fingers.

TIKTAALIK
(Late Devonian)

The pectoral fin of Tiktaalik represents 
the key functional and morphological 
transition state between fins and limbs. 
Like other tetrapodomorphs, Tiktaalik 
has retained dermal fin rods. Like early 

tetrapods, its partial distal limb morphol-
ogy includes a humerus, radius, and ulna; 
however, it lacks digits. The fin is relative-
ly narrower and stouter than the fins of 
other tetrapodamorphs. In addition, the 
fin of Tiktaalik differs significantly from 
other tetrapodomorphs due to its expand-
ed endoskeleton and reduced dermal exo-
skeleton. This limb morphology suggests 
a specialized adaptation for locomotion in 
shallow floodplains, including the capabili-
ty for flexion and extension.10

ACANTHOSTEGA
(Late Devonian)

Possessing eight digits, Acanthostega 
was a primarily aquatic, early tetrapod with 
limited limb movement.1 Its relatively flat 
articular surfaces suggest limited flexibility 
at the wrist and elbow; as a result, the limb 
most likely acted more as a swim paddle 
than a more derived tetrapod limb. With 
the presence of digits, the digital arch of 
Acanthostega is noticeably more curved.2 
Furthermore, in comparison to primitive 
tetrapod fins, the limb of Acanthostega is 
distinctly broad and flattened.7 Acanthoste-
ga demonstrates the full distal limb pattern 
ancestral to all derived tetrapods, including 
a stylopod, zeugopod, and autopod.

HOMO SAPIENS (Present)
Much further derived than Acanthoste-

ga, we have evolved a very specialized form 
of the distal limb pattern. The stylopod in-
cludes the humerus, the zeugopod includes 
an elongated radius and ulna, and the au-
topod consists of carpals, metacarpals, and 
phalanges.11 Capable of full flexion and ex-

tension, the human limb has fully adapted 
for movement on land.

From lobe-finned fish to humans, the 
evolution of the distal limb pattern can be 
traced along the phylogenetic tree. This 
pattern defines the three segments of the 
tetrapod forelimb. By studying this tran-
sition, we can see how our arms and legs 
have evolved for movement on land. And, 
we can appreciate our fish ancestors!

Priya Amin ’19 is a junior in Pforzheimer 
House concentrating in Integrative Biology.

WORKS CITED

[1] Laurin, M. How Vertebrates Left the 
Water; University of California Press: 
Berkeley, CA, 2010.

[2] Mednikov, D. N. Paleontol. J. 2014, 
48(10), 1092-1103.

[3] Cloutier, R.; Forey, P. L. Environ. Biol. 
Fish. 1991, 32(1-4), 59-74.

[4] Miyake, T. et al. Anat. Rec. 2016, 
299(9), 1203-1223.

[5] Sanchez, S. et al. Proc. R. Soc. Lond. 
Biol. 2014, 281(1782), 20140299.

[6] Meunier, F. J.; Laurin, M. Acta Zool. 
2010, 93(1), 88-97.

[7] Shubin, N. H. Science. 2004, 
304(5667), 90-93.

[8] Clack, J. Science. 2004, 304(5667): 
57-58.

[9] Boisvert, C. A. et al. Nature. 2008, 
456(7222), 636-638.

[10] Shubin N. H. et al. Nature. 2006, 440, 
764-771.

[11] Mariani, F. V.; Martin, G. R. Nature. 
2003, 423(6937), 319-25.

The evolution of the 
distal limb pattern can 

be traced along the 
phylogenetic tree.

16     Harvard Science Review | FALL 2017              general article



MX: When and why did you first get in-
volved in science?

JPH: I was interested in science from the 
time I was in grade school, and so I decided 
early on that I wanted to work on issues at 
the intersection of science and public poli-
cy—big issues such as population resourc-
es, environment development, and inter-
national security. I was interested in those 
issues already in high school. I went to MIT 
to get a technical education and majored in 
aeronautics and astronautics with a minor 
in physics. Then I did a PhD in theoretical 
plasma physics and worked in the fusion 
energy program as a physicist at the Liver-
more Lab, with a deal with the head of the 
fusion energy division that I could spend 
one day a week working on the wider so-
cietal implications of fusion: What was this 
niche in the overall energy picture? Why 
did we need it? What characteristics would 
it need to have in order to be an attractive 
energy resource for society in the long run? 
I was appointed to my first National Acade-
my of Science committee advising the gov-
ernment in 1970, the same year I got my 
PhD. I was an early advisor in the Council 
of Environmental Quality. I was a member 
of the Energy Research Advisory board of 
the Department of Energy toward the end 
of the 1970s. I basically spent my whole life 
at the boundary of science and public policy 
but most of it with my day job as an aca-
demic.

MX: What made you decide to get in-
volved in public policy in addition to your 
scientific interests?

JPH: If you really want to change the 
world, it’s not enough to understand the 
world better. Science is about increasing our 

understanding of ourselves and our world 
and our universe and how it all works, but 
if you want to fix what’s wrong in terms of 
afflictions of the human condition—pover-
ty, disease, conflict, and inequity—then you 
have to be prepared to apply those insights 
about how the world works and how tech-
nology works, and you have to get into the 
policy debate. You have to be prepared to 
engage with the different sectors of society 
rather than staying in your academic Ivory 
Tower. You need to engage with business, 
with government, and with civil society to 
get things done, and I was always interested 
in getting things done.

MX: What do you see as the major dif-
ferences or disparities in government 
work and university work?

JPH: The wonderful thing about an ac-
ademic setting is you have a tremendous 
amount of freedom, not only to choose what 
you work on but to spend whatever fraction 
of your time you want on a relatively small 
number of issues, whereas in government 
you don’t have a lot of choice. If you’re in the 
position that I was in, which was the Sci-
ence and Technology Advisor to the Pres-
ident of the United States and the Director 
of the White House Office of Science and 
Technology Policy, you have to be engaged 
in everything that relates to policy issues 
the President is focused on—that means the 
relation of science and technology with the 
economy; with biotechnology and public 
health; with energy, environment, climate 
change; with national and homeland secu-
rity; with environmental conservation and 
protecting the oceans—and so you don’t 
have the luxury of spending as much time 
as you might like on one or two or three 
things.

A Political Symbiosis
by Michael Xie
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Dr. John P. Holdren is the 
Teresa and John Heinz Profes-
sor of Environmental Policy at 
the Harvard Kennedy School 
of Government and Professor 
of Environmental Science and 
Policy at Harvard University. 
During the Obama adminis-
tration, he served as the Di-
rector of the Office of Science 
and Technology Policy and the 
President’s Science Advisor, 
becoming the longest-serv-
ing advisor since its creation. 
Among numerous honors, Dr. 
Holdren was awarded one of 
the first MacArthur Prizes in 
1981 and gave the acceptance 
speech for the Nobel Peace 
Prize on behalf of the Pugwash 
Conferences on Science and 
World Affairs, as the chair of 
the executive committee. HSR 
sat down with Dr. Holdren to 
get his take on the ever-evolv-
ing relationship between the 
scientific world and public 
policy.
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You also have to deal, much more than 
in academic life, with emergencies. Emer-
gencies like the H1N1 flu that material-
ized early in the first term or even before 
that with the economic recession, which 
the Obama administration inherited and 
needed very quickly to figure out how sci-
ence and technology could be applied to 
economic recovery. Then, the Macondo oil 
spill, the Fukushima nuclear accident, the 
Ebola outbreak. These emergencies come 
along when you’re in government, and they 
always tax your ability to do everything else 
you were supposed to be doing and deal 
with the emergency at the same time.

Another big difference is, in academic 
life, you have the fun of having students, 
teaching classes, advising masters and doc-
toral dissertations, and working with post-
docs. The closest thing to that in govern-
ment is when you have fellows and interns 
in offices. You have some interaction with 
younger people who are in the process of 
learning new things and applying them to 
try to influence things for the better, but 
there’s a lot less of that because your oth-
er duties take up so much time. One of 
the principal functions of the university is 
teaching and mentoring, whereas that’s a 
very secondary function in government.

MX: How have you seen science and 
policy traditionally interact and how has 
that evolved over the years?

JPH: The interaction of science and pol-
icy goes back a very long way—certainly, 
to the administration of Abraham Lincoln 
when the National Academy of Sciences 
was founded. The two-way street between 
science and technology for policy—that is, 
how can insights from science and tech-
nology assist in the policy process, and, the 
other side of that coin, how can govern-
ment choices and investments advance the 
state of science and technology in society—
goes back 150 years.

It underwent a major transformation 
during WWII when Franklin D. Roosevelt 
appointed distinguished MIT engineer 
and technical entrepreneur Vannevar Bush 
as director of the new Office of Scientific 
Research and Development in the White 
House. Bush became the first full time sci-
ence and technology advisor to a US Pres-
ident. Most of that advice was on matters 
related to the war, and because science and 
technology for the military had a transfor-
mative effect during the war, Bush had the 
idea that similarly applying science and 
technology to civilian needs could have a 
transformative effect on the whole society. 
He wrote a book at the end of WWII called 
Science the Endless Frontier. It led ultimate-
ly to the creation of the National Science 
Foundation in 1950. There really emerged 
a symbiosis of government academia and 
industry, which was responsible for a large 
part of economic progress made by the 
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If you really want to 
change the world, it’s 
not enough to under-
stand the world bet-
ter. Science is about 
increasing our under-
standing of ourselves 
and our world and our 
universe and how it all 
works, but if you want 
to fix what’s wrong in 
terms of afflictions 
of the human condi-
tion—poverty, disease, 
conflict, and inequi-
ty—then you have to 
be prepared to apply 
those insights about 
how the world works 
and how technology 
works, and you have 
to get into the policy 
debate.
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United States over the ensuing decades. 
The symbiosis involved government pay-
ing for fundamental and early stage applied 
research in the universities and national 
laboratories, then the private sector pick-
ing up the most promising ideas that had 
emerged from that effort and converting 
those ideas into practice. Eric Lander, who 
was my co-chair of the President’s Council 
of Advisors on Science and Technology and 
Eric Schmidt, who was the executive chair-
man of Google, wrote an op-ed piece called 
the “Miracle Machine” about how this sym-
biosis worked and arguing that it was very 
important that we not dismantle the “Mira-
cle Machine” by reducing the government’s 
investments in research and development.

Initially after the war, most of the sci-
ence and technology advice Presidents 
needed from their advisors related to issues 
such as nuclear weapons, early warning sys-
tems, bombers, and missiles, but over time 
as the effects of this “Miracle Machine” be-
came more apparent, the advice that Pres-
idents wanted expanded. In the Clinton 
administration the OSTP had a maximum 
of 66 people. That was bigger than in the 
previous administration, which was bigger 
than in the administration before that. The 
reason it kept growing is that domains in 
which Presidents needed to be paying at-
tention in science and technology kept get-
ting broader.

In the Obama administration, we ulti-
mately had 135 people in the OSTP. I think 
the Obama administration was probably, of 
all modern presidencies, the administration 
most engaged with science and technology 
issues. President Obama understood how 
and why science and technology mattered, 
and so he was very interested in how we 
could use science and technology to ad-
vance society’s interest. We in the Obama 
administration launched a very wide vari-
ety of initiatives in biomedicine and public 
health, a whole set of initiatives on science 
and technology for the economy, initiatives 
on open data, and a whole set of initiatives 
on energy and climate change.

President Obama was seized with the 
proposition that our challenges and op-
portunities were so big and our resources 
so limited that partnership was essential, 
and virtually every one of the initiatives 
was constructed as a partnership with en-
gagement of the government with the pri-
vate sector, universities, and civil society. 
The other thing, which has grown over the 

years, has been international collaboration 
in science and technology. Some of the ear-
liest collaborations internationally were on 
fusion energy in the late 1950s. The areas 
of collaboration expanded subsequently to 
include space, and the International Space 
Station today is a terrific example. One of 
the instructions that President Obama gave 
me at the beginning of the administration 
is to build up further our science and tech-
nology collaborations with China, Russia, 
India, Japan, the European Union, Brazil, 
Korea, and we did that. This dimension of 
science technology and policy being an is-
sue that is international has become very 
pervasive.

MX: How has the changing political 
climate and transition to the Trump ad-
ministration affected the scientific world? 
How much does governmental change af-
fect scientific thought?

JPH: The choice of who is going to be 

the President potentially has quite a lot 
of impact on what the role of science and 
technology in government is going to be 
and what the role of government in sup-
porting science and technology is going to 
be. So far, President Trump has appointed 
a number of people to positions of great 
responsibility who don’t appear to be in-
terested in scientific or technological facts. 
You’ve got people who deny the reality of 
climate change running the EPA and the 
Office of Management and Budget in the 
White House, and people who are at least 
skeptical about the reality of climate change 
running the Department of Interior and 

the Department of Energy. This is abso-
lutely extraordinary in terms of a lack of 
interest in the relevance of science to the 
government decision-making. A lot of the 
science and technology appointments are 
still vacant many many months into the 
administration. You have to assume either 
the administration has been incredibly dis-
tracted by other things or that they’re just 
not very interested in the role of science 
and technology in these departments and 
agencies. I have no successor. There is no 
one that has been nominated to be the Di-
rector of the OSTP, no one who is serving 
as the Assistant to the President for Science 
and Technology.

In addition, the Trump administration 
has proposed budgets that would severely 
cut government investments in research 
and development. One has to hope that the 
Congress, which ultimately appropriates 
the money, will not accept the Trump ad-
ministration’s proposals. Trump’s proposals 
would cut research on energy technology 

by about 50 percent. This is after we com-
mitted in Paris with 19 other countries—
now 21 other countries have joined—to 
double the government’s investments in 
clean energy research and development in 
five years, and now President Trump pro-
poses to cut it in half in one year. President 
Trump proposed to cut the National Insti-
tutes of Health by 20 percent. The Congress 
does not seem inclined to do it, fortunately, 
but cuts at the National Science Foundation 
and cuts at the National Oceanic and At-
mospheric Administration indicate a lack 
of understanding about the role of govern-
ment investments in science.
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The private sector will never invest in very ba-
sic research to the extent that societies need 
and require because the uncertainty is too 
great, the risks of failure too high for the pri-
vate sector to do it. That’s why we’ve had and 
needed this symbiosis between government 
making investments in basic research, taking 
those risks on behalf of all of society because 
what we know from history is that you can’t 
predict which basic research project is going 
to yield big gains.
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President Trump and others around him 
have said, “If research is worth doing, the 
private sector will do it.” This is not actually 
realistic. The private sector will never in-
vest in very basic research to the extent that 
societies need and require because the un-
certainty is too great, the risks of failure too 
high for the private sector to do it. That’s 
why we’ve had and needed this symbiosis 
between government making investments 
in basic research, taking those risks on be-
half of all of society because what we know 
from history is that you can’t predict which 
basic research project is going to yield big 
gains. We know when you look at the whole 
portfolio that some of them are transforma-
tive. Think about the laser, which emerged 
from absolutely fundamental research. The 
people who figured out the laser had no 
idea that 50 years later that lasers would 
be the way we do eye surgery, the way we 
cut metal, the way we copy documents, the 
way we play videos. No private enterprise 
would have invested in all the research 
needed to do that. Even more recently: the 
fracking revolution and all the natural gas 
that has enabled us to displace a lot of coal 
and electricity with much cleaner natural 
gas. The discoveries that enabled that were 
all funded by the federal government. They 
weren’t funded by the energy companies. 
There’s a lot of reason to worry about what 
the current administration is doing. Now, 
we will have to some extent, the private sec-
tor, states, cities, civil society organizations, 
picking up some of the things that the gov-
ernment drops, but the government’s role is 
too important and too costly for all of this 
to be picked up.

MX: Do you think we have enough sci-
entists involved with policy at the current 
time?

JPH: I have said for a long time that it 
would be a good thing if more scientists de-
voted some of their time to thinking about 
the implications of their science, the impli-

cations of technology for society—if they 
spent some of their time explaining to a 
wider audience what they do, why they do 
it, how they know what they know, what the 
implications are for society. In 2007, when 
I was the president of the AAAS, I said that 
I thought scientists and engineers should 
tithe 10 percent of their time, no matter 
what their main focus was, to thinking, 
talking, and writing about the wider impli-
cations of what they do because we have a 
society now where virtually every issue is 
infused with science and technology. We 
need our scientists and technologists to do 
a better job communicating with every-
body else about what those connections 
are. So, the short answer is, we don’t yet 
have enough scientists and technologists 
engaged with public policy. We have a lot—
literally thousands—of scientists participate 
in the studies of the National Academies of 
Science and Engineering and Medicine, ad-
vising the government on different topics. 
The numbers aren’t small but it’s not as big 
as we need it to be. Additionally, we need 
to get better at STEM education, so that 
we have not just assurance that the next 
generation of Nobel Prize winners will be 
educated and trained but that we will have 
the tech-savvy workforce the jobs the twen-
ty-first century increasingly require and the 
science-savvy citizenry that democracy re-
quires if it’s going to work in an era where 
science and technology are infusing virtu-
ally every public policy issue.

MX: What areas of science will be the 
most important for policy and what areas 
of policy will be the most important for 
science in the next few years?

JPH: Many people say that the end of the 
20th century was the start of the age of in-
formation technology and the 21st centu-
ry is going to be the age of biotechnology. 
I think increasingly it’s all of the above. I 
think we’re seeing more and more interac-
tions between biotechnology, information 

technology, nanotechnology, robotics, and 
other fields. We need to have ways to regu-
late these very rapidly moving technologies 
that protect public safety but at the same 
time not stifle innovation. That’s an enor-
mous challenge for policy. A whole array of 
defense technology is going to continue to 
be important: autonomous vehicles, robots 
of various kinds. Information warfare and 
cyber security has obviously become very 
important. We have to figure out what we’re 
going to do to protect privacy in an era 
when all kinds of information can be put 
together to learn things about people’s “pri-
vate business.”

There’s also a great challenge around 
employment. If we have self-driving cars 
and trucks, a lot of people are going to be-
come unemployed. What are those people 
going to do? In the past, we’ve largely suc-
ceeded in inventing new jobs just about as 
fast as old kinds of jobs were made obsolete, 
and so we don’t have a huge unemployment 
rate in this country. But the unemployment 
rate is too high in too many places, and we 
need to worry about technological unem-
ployment, where technologies replace jobs 
faster than jobs are created. Artificial intel-
ligence is also becoming more important. 
There’s lots of specialized artificial intelli-
gence out there already. There are people 
thinking it will become possible, over the 
next several decades, to have a more gener-
alized artificial intelligence. How is that go-
ing to be used? How are we going to benefit 
from its upside while protecting ourselves 
from its downside? These are going to be 
huge policy issues.

Michael Xie ’20 is a sophomore in Lever-
ett House concentrating in Chemistry and 
Physics.

WORKS CITED
[1] J. P. Holdren, personal interview, Oct. 

16, 2017.



We are walking works of art. From 
the delicate brain to the flow of 
blood in our veins, the human 

body is a dense complex system. The sur-
geon is expected to cautiously open this 
living system to mend his or her patient 
before patching the patient up so that the 
machination of the body can resume its 
work. This delicate task has been handled 
quite differently over the ages, and current-
ly, we are in yet another period of change 
due to technological advancements. Visit-
ing previous procedures can elicit an ap-
preciation of the surgical methods that we 
have in this present day.

Even in prehistoric times, people have 
recognized that there are situations when 
one must intrude a patient’s body to treat 
them. Archaeologists have found evidence 
of trephination, the practice of drilling a 
hole into the skull in hopes of treating men-
tal diseases, in remains of humans dating 
back to 6500 BCE.1 Evidence suggests that 
trephination was practiced throughout the 
world. The people who were treated with 
trephination appear to have survived the 
procedure, as many of the skulls seem to 
have started healing after the perforation. 
A possible reason behind this procedure 
may be related to humoralism from ancient 
Western medicine.

As time passed, records describe more 
detailed procedures that revolve around 
the idea of humors. Hippocrates initiated 
historical medicine in ancient Greece, ac-
cording to his disciples who made records 
under him. A common theme in his lec-
tures was humors, four types of liquids that 
can affect one’s personality and well-being: 
blood, phlegm, yellow bile, and black bile.2 

It was believed that when the humors were 
imbalanced, the patient was ill, so medicine 
was diagnosed to balance the liquids by let-
ting out one of them. Trephination, accord-
ing to Galen from the Roman Empire, had 

many risks. So instead, those civilizations 
practiced bloodletting where a hot patient 
with too much blood had to lose some 
blood to balance his or her humors. This 
practice remained popular throughout the 
Middle Ages as people believed that diseas-
es could be washed out of the body if the 
blood containing the disease was drained.3 

There were other surgical procedures by 
the sixteenth century such as amputations, 
which removed infected parts of the body 
before the infection spread. However, pa-
tients would die in pain or from further 
complications if the amputations were not 
quick enough.

Before the advent of anesthetics, am-
putations and other surgeries could cause 
the patient to die in pain, and sooner than 
if the patient had been left unoperated. 
“Time me, gentlemen” is the most recog-
nized quote by Robert Liston, who prac-
ticed completing surgeries in record time.4 
However, the quick job often left patients 
dying on the table or soon after. It took 
until 1846 before William Morton from 
America demonstrated how the anesthetic 
properties of ether can be used to complete 
a dental procedure painlessly.5 Anesthetics 
allowed surgeons to take their time when 
operating, greatly increasing survival rate. 
Anesthesia is commonly used in surgeries 
today.

The evolution of surgery continues as 
surgeons use cutting edge technology to 
make their incisions. To reduce exposing 
the body’s interiors as much as possible, 
some medical centers are employing tech-
nology to aid the surgeon’s accuracy and 
efficiency. The Robotic Surgery Center in 
New York has a machine that magnifies the 
point of interest and allows the surgeon to 
control a small but accurate knife to make 
the least invasive maneuvers.6 Overall, the 
history of surgery depicts stories of how 
procedures become overturned with new 

discoveries. Akin to how Liston’s quick 
sutures were not as important once anes-
thetics increased the time a surgeon could 
spend operating or how trephination dis-
continued once Western civilizations rea-
soned different alternatives, automated 
machines can find and make ideal cuts that 
a skilled human hand would not reliably 
accomplish. Currently, the machines are 
yet another tool a surgeon can use to mini-
mize risks for the patient. Surgery’s history 
of constant innovation is what many fields 
strive to have.

Jeongmin Lee ’19 is a junior in Lowell 
House concentrating in Chemistry.
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 “Heart failure (HF) is a big problem, es-
pecially for African Americans. If you’re 
African American, you’re more likely 
than people in other ethnic groups to get 
HF at a younger age, and you’re more 
likely than others to be hospitalized. Un-
fortunately, African Americans are also 
more likely to die earlier than are other 
people with HF.”1 This quotation comes 
directly from the website of BiDil, a heart 
failure medication marketed specifically 
for African Americans, based on sup-
posed genetic markers. This current drug, 
which insinuates that ‘race’ can influence 
someone’s health, and therefore that 
certain races require different healthcare 
treatment from others, is a recent exam-
ple of the constant involvement of the 
concept of race in science.  However, this 
concept seems to be losing any holding 
it once had. New genomic advancements 
have taught us that race, as a concept, and 
race-based treatments like BiDil, have 
little to no place in modern scientific 
thought. 

The concept of race, in modern under-
standing, began in the Americas with the 
first race-based slave system in the 1600s.2 

Before this, language, religion, and class 
were the primary determinants of a per-
son’s position within society. It wasn’t un-
til the founding of the American colonies 
that race was utilized to determine social 
class.

THE SCIENCE OF PHYSICAL 
DIFFERENCES

However, ideas of physical differences 
are much older. Scientific observations on 

the physical differences between people 
date back to 400 BC, with Hippocrates.3 
Hippocrates advocated that environmen-
tal factors determined the differences 
in human populations. He stated, “The 
forms and dispositions of mankind cor-
respond with the nature of the country.”⁴ 
This thought, though scientifically sound 
at the time, was followed by his equal be-
lief that geographic factors not only influ-
enced physical appearance, but behavioral 
characteristics as well. This represents the 
first notions of prejudice based on geo-
graphic stereotyping alone. This was fur-
ther enhanced by the Middle Ages belief 
in “black sin,” that Africans were descen-
dants of Ham, who was depicted as a sinful 
man, and “his progeny as degenerates.”⁵

Moving into the 17th century, there 
was a distinct increase in the scientific 
study of humans, and a push for natural-
ists to classify humans and their differ-
ences.6 This was the result of a sweeping 
scientific effort at taxonomy by naturalists 
and their desire to categorize all living sys-
tems. Skin color, stature, and food habits 
were all considered in classifications, but 
it was ultimately decided that geographic 
origin was the best determinant of hu-
man differences. However, the concept of 
“race” was yet to be defined.6

The concept of a “country of origin” 
was arguably a positive direction in clas-
sifying human differences, as it simply 
focused on heritage and its impacts on 
physical stature. However, moving into 
the 18th century, the development of the 
Americas was marked by a dramatic in-
crease in the slave trade, leading to a de-
generate approach to this classification.4 
Cultural and political notions favoring the 

concepts of racial superiority tainted ear-
ly scientific discoveries.7 This century was 
marked by the inclusion of behavioral and 
psychological observations of human dif-
ferences, retroactively reflecting the “sci-
entific” views of the Middle Ages.⁷ This 
concept led people to believe that race, 
and its subsequent behavioral traits, were 
innate and unchangeable.

With the rise of taxonomy in science, 
scientists began to believe that humans 
could be categorized into subgroups of 
Homo sapien.4 This is where the concept 
of race truly arose, along with the sugges-
tion of a hierarchy of races, each with dis-
tinct physical, and supposedly behavioral, 
traits. Johann Friedrich Blumenbach is 
credited with defining race in 1779 with 
his division of humanity into five distinct 
racial groups: the Caucasian race, the 
Mongoloid race, the Malay race, the Ne-
groid race, and the American race.8 His 
findings were widely based on cranial re-
search (wherein he evaluated differences 
in the circumference of the head). Inter-
estingly, he held the unpopular view of the 
time that races were equal and that, “there 
is no so-called savage nation known under 
the sun which has so much distinguished 
itself by such examples of perfectibility 
and original capacity for scientific culture, 
and thereby attached itself so closely to the 
most civilized nations of the earth, as the 
Negro.”3 However, his works would sadly 
be misinterpreted, and his definition of 
race later used to enforce the concept of 
innate differences among man.8

FLAWED RACIAL JUSTIFI-
CATIONS

Why Racial Prejudice Isn’t 
Scientifically Sound: 

The Evolving Concept of Race in Science

By Jessica Moore



In the 19th century, there was a move-
ment to shift understanding of race from 
a mere taxonomic use to a biological one. 
This was where racial conflict became 
particularly rooted in scientific thought.9 
Using Blumenbach’s methods, scientists 
Francis Galton and Alphonse Bertillon 
measured shapes and sizes of skulls in or-
der to determine differences in races, ulti-
mately relating these findings to markers 
of intelligence.10 This represented the con-
ceptualization of the idea that one’s race 
could also reflect group differences in in-
telligence and character. Many scientists 
began to assert that these differences were 
obvious, and the concept of race was used 

to dramatically divide groups by culture 
and physical appearance. It is important 
here to remember that this ‘scientific’ be-
lief was widely supported by the political 
agenda of the 19th and 20th centuries, 
which needed a socially acceptable justi-
fication for actions such as the Eugenics 
Movement and wide campaigns of op-
pression and genocide.11 

During the late 20th century and ear-
ly 21st century, tensions rose between 
individuals who believed race generated 
a hierarchy of mankind and those who 
believed in human equality. Further un-
derstanding of DNA and the human ge-
nome led scientists to believe that while 
race, which had been socially accepted as 
the general classification term for differ-
ences between groups of people, was an 
inherited characteristic, most behavioral 
attributes were primarily determined by 
factors such as environment and culture.11 
However, the social construct of race was 
so deeply ingrained that re-evaluating the 
concept of race as one with a truly sound 

scientific basis took much time and con-
vincing.12 In 1978 UNESCO released a 
“Declaration on Race and Racial Preju-
dice,” which declared this important ide-
al: “Any theory which involves the claim 
that racial or ethnic groups are inherently 
superior or inferior, thus implying that 
some would be entitled to dominate and 
eliminate others, presumed to be inferior, 
or which bases value judgments on racial 
differentiation, has no scientific founda-
tion and is contrary to the moral and eth-
ical principles of humanity.”3

Reflecting this ideal, the early 21st 
century has been marked by a period of 
increased research in how environment 

and culture impact behavior over race. 
The Human Genome Project showed that 
the concept of race has limited basis in ge-
netics. Francis Collins, former head of the 
National Human Genome Research In-
stitute, called race a “flawed” and “weak” 
concept that scientists need to move be-
yond.12 Racism and the concept that it 
has a basis in inherited characteristics 
produces bad science, bad healthcare, and 
furthermore, bad human relations.13 

As we head into the next decades of 
scientific development, it is important for 
us to look back on how race has evolved 
in science over time, and to recognize that 
it may not have a place in the sciences any 
longer. We must evolve past the concept 
of race in society, and accept what scien-
tists have coined “geographic ancestry” 
instead as a definer of the physical differ-
ences present in the human population. 
As genetic research has come to show us, 
the basis for which we have justified so 
much prejudice and violence needs to be 
left in history as we take our next steps as 

scientists and influencers into the future. 
The concept of race and its prejudices, 
though a relatively modern construct, has 
no place in modern scientific society.

Jessica Moore ’21 is a freshman in Gree-
nough Hall.
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GEOENGINEERING 
 Turning Back the Climate Change Clock?

Sandip Nirmel

Global warming and climate change 
pose significant threats to the future 
of life on Earth. With temperatures 

increasing by an average of 0.17 °C each de-
cade, scientists have already begun to wit-
ness changes in sea ice melt patterns and 
to witness increased scope of vector-borne 
diseases, among other consequences.1 To 
address these concerns, the United Nations 
convened in 2015 to establish the Paris 
Agreement, a framework for reducing glob-
al greenhouse gas emissions and for slowing 
the global temperature increase. To date, 
170 out of the 197 participant nations have 
ratified the Paris Agreement, which stands 
as the most comprehensive climate change 
framework that the United Nations has es-
tablished to date.2

Although the Paris Agreement has noble 
goals, some members of the scientific com-
munity worry that merely slowing down 
climate change will not be enough to pre-
vent the environment from going “over the 
edge.” These individuals argue for the pro-
active implementation of geoengineering 
mechanisms to reverse some of the most 
crucial environmental changes that have 
taken place thus far. As defined by the 2010 
United Nations Convention on Biolog-
ical Diversity, geoengineering 
mechanisms include “any 
technologies that de-
liberately reduce 
solar insolation 

or increase carbon sequestration from the 
atmosphere on a large scale that may af-
fect biodiversity.”2 Put simply, the general 
goal of geoengineering is to decrease the 
greenhouse effect. This same United Na-
tions Convention published a moratorium 
that prohibits field testing of geoengineer-
ing techniques by any person; on the oth-
er hand, the moratorium allows for “small 
scale scientific research studies that would 
be conducted in a controlled setting.”2 

The obvious ambiguities of the United 
Nations’ geoengineering moratorium have 
prevented any serious enforcement of its 
policies. In 2012, American entrepreneur 
Russ George conducted a unilateral iron 
fertilization experiment off the coast of 
western Canada.3 One of the main purposes 
of this experiment was to determine if the 
influx of iron would help boost the phyto-
plankton population in the area, since iron 
is a vital nutrient for phytoplankton and 
other marine primary producers.3 High-
er phytoplankton population is correlated 
with more photosynthesis, which translates 
to a greater intake of carbon dioxide from 
the atmosphere. So, the hypothesis in this 

case is that seeding the ocean with iron 
leads to greater sequestration and export 
of atmospheric carbon dioxide; this pro-
cess should theoretically help reduce global 
temperatures over the long run by decreas-
ing the amount of carbon dioxide in the 
atmosphere.3 George faced a considerable 
public outcry since he effectively violated 
the United Nations moratorium on geoen-
gineering.3

At this point in time, rather than con-
cerning ourselves with the minutiae of in-
ternational policy, it is much more mean-
ingful for us to debate a more philosophical 
question: Is geoengineering the future of cli-
mate remediation? Geoengineering has only 
recently burst onto the scientific scene, and 
it presents a novel approach towards the 
long-standing issues of global warming 
and climate change. Below, we shall explore 
both sides of the debate and see how geoen-
gineering fits into the evolution of science. 

Advocates of geoengineering general-
ly argue that efforts to simply slow down 
global warming have been fairly unsuccess-
ful, thus necessitating proactive corrective 
action in the form of geoengineering. In a 
seminal paper, Dutch atmospheric chem-

ist Paul Crutzen points out that global 
carbon dioxide emissions would 

need to be reduced by 60-
80% to achieve zero net 

emissions, which is 
largely unfeasi-
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ble.4 Crutzen then discusses the merits 
of spraying sulfur dioxide (SO2) into the 
atmosphere, since SO2 is known to re-
flect solar radiation back out into space, 
thus counteracting the greenhouse effect 
brought about by CO2.

4 There is fairly 
convincing empirical evidence that cor-
roborates Crutzen’s case: following the 
1991 Mount Pinatubo volcanic eruption, 
which released 17 million tons (15.4 mil-
lion metric tons) of SO2, global tempera-
tures dropped by about 0.6 °C the next 
year.5 Although SO2 clearly can have a 
myriad of other side effects on the en-
vironment (e.g. acid rain), we see that it 
can potentially be a powerful tool for re-
versing the current trend of global warm-
ing, if we can find a way to harness it cor-
rectly. With temperatures increasing at 
their current rate, such techniques may 
very well become the only option to keep 
global temperatures at a sustainable level.

Opponents of geoengineering present 
a fairly strong case as well. One com-
mon argument is that geoengineering 
involves excessive meddling with the en-
vironment, which more often than not 
results in environmental damage. As al-
luded to previously, SO2 injection often 
results in acid rain, which arguably has 
far more detrimental effects on the en-
vironment than potential benefits. With 
regard to iron fertilization in oceans, 
some geoengineering skeptics point out 
that massive phytoplankton blooms of-

ten form around seeded areas, disrupting 
the balance of the local food chain and 
sapping other vital nutrients from the 
waters.3 A second oppositional argument 
involves the notion of a moral hazard.6 
Generally speaking, a moral hazard is 
where someone develops a solution to a 
problem, yet the presence of the solution 
makes people think that they no longer 
need to care about the problem and can 
behave as unscrupulously as they please.6 
In the case of geoengineering, the moral 
hazard would be that if the general public 
becomes convinced that geoengineering 
can resolve all environmental issues, then 
the public will no longer care about us-
ing sustainable practices, since they will 
think that geoengineering can reverse all 
future damage that is done to the envi-
ronment. This moral hazard argument 
generally would come into play at the 
policymaking stage, since lawmakers 
would now need to decide how to regu-
late geoengineering practices. 

We thus continue to observe a spirited 
debate about the merits of geoengineer-
ing. This field holds immense promise 
and should be explored; however, the sci-
entific community must take calculated 
steps to make sure that geoengineering’s 
power is harnessed in a manner that is 
beneficial on the whole to all stakehold-
ers. Going forward, we can expect to see 
more discussion and exploration of geo-
engineering in the scientific community, 

as global warming continues to steadily 
progress.

Sandip Nirmel ’21 is a freshman in Thay-
er Hall.
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