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ABSTRACT

Successful submarine operations rely on the performance of
tactical teams who must work under conditions of physiological
and cognitive fatigue. Sleep loss and circadian disruption con-
tribute to fatigue in this setting and, although the effects of this
fatigue have been studied extensively in individuals, little is
understood about how fatigue impacts team performance —
especially in a submarine environment. The present review
provides an overview of the fatigue on submarine teams and is
divided into four main sections:

1) A discussion of factors that should be considered in team
fatigue research.

2) An outline of how sleep and circadian rhythms of submariners
are impacted by submarine-specific factors.

3) A discussion of the known effects of fatigue from sleep loss
and circadian disruption on individual performance.

4) A consideration of how this fatigue impacts team performance.

As the submarine force has recognized the need to protect sub-

mariner sleep and improve team dynamics, it is vital that future

research accounts for the interplay between these two factors.

INTRODUCTION

Although submarine teams share many characteristics
with teams across other domains (e.g., aviation, busi-
ness), the submarine environment presents a number
of unique challenges that set the teams apart. On sub-
marines, team members must work together to make
sound decisions based on incomplete, discontinuous,
and often ambiguous data. For example, while navigating
congested water space, the crew in a submarine control
room must combine data from sound signals picked up
by the sonar operators, plots developed and maintained
by the quartermaster, and a tactical picture compiled
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... it is vital that
we gain an understanding
of the interplay between
fatigue and team dynamics.

by the contact management team to decide whether
it is safe to come to periscope depth. The ship control
team must then bring the submarine up to depth, while
being prepared to quickly dive the boat if periscope
safety sweeps conducted by the Officer of the Deck
reveal any unanticipated hazard. Although the Officer
of the Deck makes the final calls regarding maneuver-
ing of the submarine, this process could not be carried
out without full participation from the team.

However, this team decision-making is challenged
by the physiological and cognitive fatigue often exper-
ienced by submarine crews. Therefore, it is vital that
we gain an understanding of the interplay between
fatigue and team dynamics. Although an abundance of
literature exists on team performance and on how
fatigue affects individual performance, the two research
areas are seldom combined.

The present review provides an overview of fatigue
from sleep loss and/or circadian disruption and their
potential impact on submarine teams. We begin with a
discussion of factors that should be considered for team
fatigue research. We then provide an outline of sleep
and circadian rhythms within the submarine environ-
ment. Particular emphasis is given to how fatigue may
be affected by watchbill structure, the submarine’s lack

of natural light, and the constant motion of the boat.
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Next, we discuss the known effects of fatigue on per-
formance in laboratory and operational settings, and
consider how fatigue might impact team performance.
Unlike the abundant research on the effects of fatigue
on individual performance, there is a striking lack of
research on how fatigue impacts group performance,
and the limited findings are mixed. Knowledge of how
fatigue affects individuals, combined with general
knowledge of teams, allow us to posit that fatigue
it leads to
communication difficulties, social loafing, distracti-

may degrade team performance, as

bility and shared negative emotions. Finally, we end
with a discussion of how teams have been shown to
overcome some of the negative effects of fatigue.
For this review, research was compiled from searches
of Google Scholar, the Defense Technical Information
Center (DTIC), PubMed, and the archive of Technical
Reports from the Naval Submarine Medical Research
Laboratory (NSMRL). Due to the different ways that
researchers throughout the literature define “teams”
(as discussed below), we chose to consider any
research involving two or more individuals working
toward a common goal.

FACTORS TO CONSIDER WHEN STUDYING
TEAM FATIGUE
The literature on team fatigue is relatively sparse [1-4],
and it is often contradictory. As we will discuss through-
out this review, fatigue sometimes brings out the worst
qualities in a team (e.g., social loafing, communication
difficulties, distractions, shared negative emotions),
leading to poorer overall performance. However, team
membership sometimes protects against certain nega-
tive aspects of fatigue, leading to overall better perfor-
mance. This apparent contradiction highlights the im-
portance of careful control of a number of factors when
conducting and interpreting studies. As noted by Barnes
and Hollenbeck [5], the influence of fatigue on a team “is
determined by the task structure, the team’s structure,
and social processes. Thus, in some contexts the
influence of sleep deprivation will not significantly
influence team decision accuracy, and in others it will
have disastrous effects.”

Before we consider how fatigue may impact the
performance of submarine teams, we will begin
with a discussion of the factors that should be taken

into account when designing and interpreting team
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fatigue studies; it should be recognized that many of
these factors may interact with one another.

Defining teams

In team fatigue literature, studies often differ in terms
of how “teams” are defined. For example, Frings defines
a team as a ‘group of people who share common goals,
have a history of working together, and who have know-
ledge of various members’ strengths and weaknesses”
[2]. Whitmore and colleagues do not require that team
members have a history of prior experience and know-
ledge of one another, requiring “two or more indivi-
duals working together toward a common goal in an
interdependent fashion” [6]. Other researchers (e.g., [7])
choose not to explicitly define teams at all, opting
to simply juxtapose group and individual performance.

These differing definitions make it difficult to inter-
pret findings across research studies. For example, con-
sider the difference between teams whose members
come from the same organization and have a history
of working together previously (e.g., [2,8]), and teams
whose members had not met prior to participation
(e.g., [3,9]). Researchers examining surgical teams have
noted that “Factors that promote team effectiveness
such as cohesiveness and the team member’s ability
to anticipate may be more critical to attend to
among ad hoc teams because they lack the frequency
and consistency of working together that advantage
intact teams in this way” [10].

Differences in how teams are defined can manifest
in seemingly conflicting experimental results (e.g.,
[9,11]), as we will discuss below. Such differences
may be attributed to whether team definitions require
interdependent work (e.g., [6,11]) or allow for members
to work independently toward a common goal
(e.g., [9]). It is therefore important that researchers
explicitly define their use of the term “team,” to ensure
that meaningful comparisons can be made across
studies.

Defining fatigue

Equally as important as defining the type of team is
defining the type of fatigue. Fatigue research typically
divides into chronic fatigue (fatigue that accumulates
over time, such as weeks or months receiving five to
six hours of sleep per night) and acute fatigue (fatigue
resulting from short-term sleep loss, such as one night
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of sleep deprivation). In team fatigue research, most
work has focused on acute fatigue. However, even
then, studies are based on inconsistent severity levels
of fatigue. Research has ranged from one night of
total sleep deprivation (e.g., [1,12]) to sleep depriva-
tion lasting in the range of 20 to 30 or more hours
(e.g., [3,6,9,11]). These differences in the amount of
restricted sleep can dramatically alter the conclusions
drawn from research studies. For example, Whitmore
and colleagues [6] measured performance on a syn-
thetic command and control task (Command, Control
and Communication Simulation Training and Research
System; C3STARS) and found that individual, but
not team, performance was degraded after 36 hours
of sleep deprivation. Using the identical C3STARS task,
Chaiken and colleagues [7] also found that a fatigue
effect was not evident for teams after 36 hours;
however, after 48 hours of sustained wakefulness,
fatigue actually had a larger impact on teams than
it did on individuals.

Further complicating the way that researchers define
fatigue is that some studies compound sleep-based
fatigue with other sources of fatigue. For example,
sleep deprivation has been combined with vigorous
exercise (e.g., [2,8]), which can impact cognitive per-
formance in and of itself [13,14]. Sleep-based fatigue
can also interact with time-on-task fatigue, as
illustrated in a recent study examining on-road driving
performance [15]. As research has not explored the
effects of time-on-task fatigue on team performance,
it is not possible to know how time-on-task and
sleep-based fatigue might interact to impact teams.
Similarly, although it is known that changes in the
normal 24-hour (circadian) sleep cycle may lead to
cognitive decrements, both alone and when com-
pounded with sleep-based fatigue [16-18], the impact

of circadian-based fatigue on teams is unstudied.

Choosing tasks

In addition to variations in how teams and fatigue are
conceptualized, many studies employ different types of
tasks to assess performance. One of the major distinc-
tions between task types is independent versus inter-
dependent tasks. In independent tasks, each team
member is theoretically capable of fulfilling his or her
role regardless of how other team members are per-
forming. An example of this is a mathematical prob-
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The interdependency of tasks is important
because it changes the degree
to which team members feel accountable,
thereby potentially changing outcomes.

lem-solving task in which small groups work together
to solve critical-thinking puzzles [8]. In contrast, inter-
dependent tasks require unique contributions from
each group member. For example, Baranski and col-
leagues [11] required teams to assess the threat levels
of radar contacts, with each team member responsible
for the analysis of three unique information items.
The interdependency of tasks is important because
it changes the degree to which team members feel
accountable, thereby potentially changing outcomes.

The cognitive processes underlying chosen tasks can
also impact the outcomes of team fatigue studies. Barnes
and Hollenbeck [5] propose that sleep deprivation will
have a larger negative impact on team problem-solving
than on team decision-making. In individuals, Barnes
and Hollenbeck point out that problem-solving is
affected more by fatigue because it relies more on pre-
frontal cortex brain regions, which are highly sensitive
to fatigue effects. They suggest that this will interact
with team dynamics to magnify the differences in per-
formance between task processes. Specifically, past re-
search has demonstrated differences in how teams re-
spond to tasks with different levels of demonstrability
[5]. When tasks are high in demonstrability, a single
group member can arrive at the correct answer and
easily convince the group to adopt the solution; in
contrast, for tasks with low demonstrability, multiple
team members must independently reach the correct
solution before it is adopted by the team [19]. Therefore,
Barnes and Hollenbeck [5] propose that the strongest
effects of fatigue on team performance will emerge on
divergent problem-solving tasks with low demonstra-
bility. In this case, each individual will struggle at the
task due to effects of fatigue on the pre-frontal cortex.
In the event that an individual reaches a correct solu-
tion, he or she may struggle to convince the team;
moreover, any individual who reaches an incorrect
solution may not be convinced of a correct solution
offered by a teammate.
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Finally, in military settings, it is important to choose
tasks that are operationally relevant and suited to
assess military team performance. In a recent system-
atic review, Lawson and colleagues [20] examined
54 computerized metrics of team performance and
selected seven that they believed to be the most relevant
for military research needs. To our knowledge, only one
of the assessments (Duo Wondrous Original Method
of Basic Airmanship/Awareness Testing; DuoWOM-
BAT) has been used in fatigue-based experiments, and
only data from individual performance has been pre-
sented [21]. Nevertheless, many of these assessments

are likely to be of great utility to team fatigue research.

Choosing baselines

A final consideration for team fatigue research is the
baseline measure used to assess performance. In the
literature, fatigued teams have been compared to
fatigued individuals (e.g., [7,9,11]) and to rested teams
(e.g., [2,8]). Team performance has also been explored
over time, as fatigue sets in (e.g., [1,3,12]). Each of
these comparisons will limit the conclusions that can
be drawn from the research, and should be carefully
designed to optimally answer the research question
being addressed.

FACTORS CONTRIBUTING TO FATIGUE

IN A SUBMARINE ENVIRONMENT

There are a number of factors that likely contribute to
fatigue onboard a submarine. In addition to normal
physiological and schedule-based stressors that may
lead to feelings of tiredness in an individual’s daily life,
the unique environment and high-tempo operational
schedule of a submarine affect the sleep and circadian
rhythms of submariners. As a result, submariners
report experiencing high levels of subjective fatigue.
In a survey of 143 enlisted submariners with at least
one full year of submarine service, more than 45% of
sailors reported feeling physically or mentally tired dur-
ing at-sea watches either “often,” “frequently, or “al-
ways.” Relatedly, more than 60% reported “rarely” or
“never” feeling rested while at sea, in contrast to less
than 15% reporting such negative sleep while on
leave [22].
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Barnes and Hollenbeck propose that
sleep deprivation will have a larger
negative impact on team problem-solving
than on team decision-making.

‘Watchbills

Since the 1960s, United States (U.S.) submarine crews
have operated on a watchbill schedule that consists of
an 18-hour work-rest cycle; for every six hours spent
on watch, submariners are given 12 hours off. This
“6/12” schedule was originally designed to optimize
the number of crew sleep opportunities [23], though
knowledge gained since its inception has shown that
the 6/12 schedule likely does not contribute to
optimal rest for three reasons.

First, the 6/12 schedule was largely based on two
underlying assumptions that have since been found
inaccurate. It was believed that ‘A minimum of 5 hours
sleep is required to enable the individual to maintain an
acceptable level of consistent and reliable performance”
[23]. However, more recent research has reported that
even modest chronic sleep restriction (e.g., six hours
of sleep) can adversely affect neurobehavioral per-
formance [24-26]. It was also believed that “Physical
and psychological recovery from sleep loss is accom-
plished by the acquisition of a normal uninterrupted
sleep period” [23]. It is now understood, however, that
at least two days of unrestricted (eight-hour) sleep
is required to recover from the effects of restricted
sleep, with some neurocognitive functions taking much
longer to return to baseline levels [26-29].

Second, the analytical metrics used to justify the
6/12 schedule were not optimal. Stolgitis used a metric
called “sleep cycle efficiency (SCE),” defined as the ratio
of the average potential daily sleep periods (i.e., sleep
available) to the average daily rest/recreation periods
allotted to a crew member. The SCE for a 6/12 watchbill
(18-hour day) was found to be higher (8.66/9.67=0.895)
than the SCE for a 4/8 watchbill (24-hour day;
5.83/8.67=0.673). However, this statistic was calculated
across four available sleep periods (5-hour, 4.5-hour,
6-hour, and 10.5-hour) over a 72-hour period. While the
average was 8.66 hours of sleep, this was largely driven
by the single 10.5-hour sleep session (the median sleep
obtained was only 5.25 hours). As noted above, a single
sleep session is insufficient to restore accrued sleep debt.
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Finally, the 18-hour schedule fails to account for the
human circadian clock, which coordinates the timing
of physiological processes and behavior (including the
timing of the sleep/wake cycle) with daily environ-
mental changes in the day-night cycle. The human
circadian clock is approximately 24 hours, with an av-
erage duration of 24.2 hours [30-33]. Alertness, per-
formance, sleep, and sleepiness are all regulated
by the circadian clock, and all demonstrate distinct
circadian variation across the 24-hour day [34].

When imposed work/rest schedules do not align
with the internal clock’s near 24-hour period, sleep
disruption can occur. This is because complex and co-
ordinated patterns of activity among brain regions are
under the control of two distinct biological processes
that regulate sleep [35-37]: The internal circadian
clock coordinates the timing of sleep onset and offset,
and a homeostatic process coordinates the pressure to
sleep [38]. When the circadian and homeostatic pro-
cesses are synchronized, the circadian system actively
promotes sleep while homeostatic sleep levels are high,
allowing for non-disrupted, high-quality, restorative
sleep. When these two processes are not synchronized,
however, the clock may inappropriately signal sleep
while an individual is required to be awake and
alert; it may conversely promote alertness when an
individual has the opportunity to sleep. The misalign-
ment between the homeostatic sleep drive and the
internal circadian clock results in circadian disruption
both of which are
associated with increased sleepiness/fatigue levels;

and less restorative sleep,
reduced performance on tasks of alertness/vigilance,
learning, and memory; and poorer health outcomes
[16-18]. Over time, the resulting sleep loss, both acute
and chronic, can adversely affect physiological well-
being [4,18,39], and neurobehavioral and cognitive
functioning [24,40-42].

The 18-hour schedule onboard submarines does not
align with the near 24-hour circadian clock, and thus
results in rotating periods of scheduled sleep and wake
that occur at different clock hours throughout the day-
night cycle. The daily six-hour change in the timing of
sleep from the night before is equivalent to traveling
across six time zones each day, leading to sustained
operational jet lag [43].

In order to protect sailors’ sleep and allow for eight
hours of continuous sleep per night [44], the U.S. sub-
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Over time, resulting sleep loss,
both acute and chronic,
can adversely affect
physiological well-being,
and neurobehavioral and
cognitive functioning.

marine force recently made a 24-hour day the expected
standard under normal operational situations [45]. It is
important to note, however, that even a 24-hour-based
schedule may not ensure that submariners receive opti-
mal levels of sleep. In an at-sea trial of a compressed-
work 24-hour schedule (six hours on/six off; six hours
on/12 off; six hours on/six off; six hours on/24 off),
submariners received about 51 minutes of sleep per
day less than they did on the 18-hour-based schedule,
due to the need to complete collateral work in the in-
tended 12- and 24-hour sleep periods [46]. Even though
this schedule was shown to be physiologically superior
to the 18-hour schedule when tested in a laboratory
setting [47], operational constraints limited its utility
at sea. This points to the need for careful research both
in the lab and at sea before new schedules are imple-
mented, and also highlights the importance of mim-
icking operational constraints in the laboratory to the
greatest extent possible in order to expedite the at-sea
utility of findings. Recent at-sea research has provid-
ed preliminary evidence that two 24-hour schedules
(“straight eights”: three rotating watch sections con-
sisting of eight hours on watch, eight hours of training
and other duties, and eight hours for sleep; and
all-hands awake: three watch sections with staggered
sleep periods permitting the entire crew to be awake
during a single eight-hour period for drills and training
evolutions) provided submariners with more sleep
(and were subjectively preferred) relative to an 18-hour
schedule [43], but further research is needed to deter-
mine which 24-hour schedule best accommodates the
needs of submarine crews.

Lack of natural light

Submariners onboard U.S. Navy submarines are ex-
posed to artificial lighting for up to 12 weeks at a time.
In contrast to the bright light experienced in natural
settings, submarine crews are continually exposed to dim
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lighting levels [48], well below those required to affect
circadian rhythms [49]. This may be problematic, as ex-
posure to daily bright light allows for small adjustments
in the circadian clock and entrainment to the environ-
mental light/dark cycle (for a review, see [50]). When
bright light is received during the daytime, especially
in the morning upon awakening, it helps anchor the
internal clock and reinforces the appropriate timing
of alertness and sleepiness. Conversely, lack of bright
light stimulation during the day can decrease alertness.
Furthermore, when exposure to light occurs during an
individual’s biological night (when the circadian clock
is actively promoting sleep), the clock begins to adjust
to this perceived change in the environmental light/
dark cycle. In either case, or in combination, the result
is circadian misalignment. Onboard a submarine, light-
ing levels are held constant and are not synchronized
with work schedules, leading to difficulties stabilizing
alertness cycles [48].

This lack of optimal light intensity is compounded
by the spectrum of light to which crew members are
exposed. Submarines are currently equipped with
long-wavelength (yellow and red) light sources that
lack short-wavelength (blue) light [51]. As short-wave-
length blue light is most effective at affecting circadian
rhythms (e.g., [52,53]), the lighting environment on
submarines likely fails to promote full alertness, thereby
contributing to the fatigue experienced by crew mem-
bers. Preliminary research suggests that a shift to high
correlated color temperature lighting (that includes
short-wavelength light), in combination with 24-hour
watch schedules, might improve submariners’ behav-

ioral alignment with work and sleep schedules [51].

Motion

A final factor contributing to fatigue in submariners
is the physical motion of the boat. On a submarine,
sailors are in constant movement as the boat travels
(particularly when transiting on the surface or at peri-
scope depth), which can affect the physical and cognitive
well-being of those onboard. In addition to the gastro-
intestinal distress and dizziness associated with motion
sickness [54], sailors may experience sopite syndrome,
characterized by symptoms of fatigue, drowsiness, and
mood changes in response to periods of prolonged mo-
tion [55]. Sopite syndrome can occur independently,
with or without motion sickness [55,56], and may result
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On a neuroanatomical level, sleep deprivation
leads to decreases of brain activity
in both cortical (prefrontal)
and subcortical (thalamic) regions
responsible for alertness, attention
and higher-order cognitive processing.

in drowsiness accompanied by quick shifts from alert-
ness to deep sleep, regardless of the time of day [55-58].
Because sleep deprivation can exacerbate the effects
of motion on the body [59], sopite syndrome may be
of particular concern on submarines where irregular
lighting and watch schedules contribute to sleep loss.

EFFECTS OF FATIGUE ON INDIVIDUAL
PERFORMANCE

Sleep loss and circadian misalignment, like that exper-
ienced onboard a submarine, can disrupt physiological
processes and health, including decreased immunologi-
cal function [60,61], increased obesity and metabolic
disorders (see [62] for a review), and changes to auto-
nomic and endocrine function [63]. While these factors
are clearly important to understand in order to ensure
the well-being of sailors, the effects of sleep loss
and circadian misalignment on cognitive processing
are the most relevant for ensuring that operational
missions are completed safely and successfully.

In laboratory settings, sleep deprivation and/or cir-
cadian disruption can degrade decision-making and
judgment [64,65], visuospatial attention [66], working
memory [67], and logical reasoning [68] (for a review
of fatigue effects see [4,69]). In an operational context,
lack of adequate sleep contributes to errors in automo-
bile driving (as indexed by crashes; for a review see
[70]), marksmanship [71], and accuracy of flight man-

euvers [72], among others.

Fatigue from sleep loss

The driving factor of fatigue due to sleep loss is a build-
up of homeostatic sleep pressure that is hypothesized
to occur from the accumulation of sleepiness-inducing
metabolic byproducts, such as adenosine [37]. During
prolonged wakefulness, adenosine accumulates in

extracellular regions of the basal forebrain, inhibiting
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neurons that promote wakefulness [73]. When sleep of
sufficient duration (recommended seven to nine hours
for adults [74]) is received, adenosine levels are reduced
[73] and sleep pressure is relieved. However, when
adequate sleep is not received, residual adenosine accu-
mulation leads to feelings of grogginess and fatigue.
On a neuroanatomical level, sleep deprivation leads to
decreases of brain activity in both cortical (prefrontal)
and subcortical (thalamic) regions responsible for alert-
ness, attention, and higher-order cognitive processing
[75,76].

One of the most widely studied impacts of fatigue
due to sleep loss has been on vigilance and attentional
stability. In the laboratory, total sleep deprivation
(usually involving 24 hours or more of sustained
wakefulness) and chronic sleep restriction (sleeping
less than the recommended amount for several days
or more) both produce deficits in neurobehavioral
performance. Studies using the psychomotor vigilance
task (PVT) consistently demonstrate slower response
times and increased lapses in attention [24,26,77,78]
compared to a well-rested baseline.

Although most research supports the finding of de-
creased cognitive performance (e.g., decision-making,
working memory) under conditions of sleep loss (for a
review see [79]), much of this work has been conducted
in laboratory settings. Stringent experimental control
ensures that effects can be meaningfully compared
across studies and provides researchers with the greatest
probability of observing effects when they are present;
however, laboratory experimentation may fail to
account for how fatigue affects performance in opera-
tional settings. A review of sleep in the military [80]
noted a reluctance to generalize from laboratory-based
findings to military settings, as it is thought that mo-
tivation and determination will allow operators to
overcome fatigue and continue to perform their required
jobs [81]. It is important to understand, however, that
motivation does not appear sufficient to overcome the
deleterious effects of fatigue. As fatigue sets in, high
levels of subjective effort are required to maintain task
performance [21]; in other words, tired people feel as if
they must work harder to obtain the same outcome.
Moreover, in spite of high subjective effort, sleep-
deprived individuals still underperform their well-
rested peers on cognitive tasks [82,83]. This likely
reflects that sleep loss results in a reduced capacity to
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As fatigue sets in, high levels of subjective
effort are required to maintain task
performance. Moreover, in spite of high
subjective effort, sleep-deprived individuals
still underperform their well-rested peers on
cognitive task. This likely reflects that sleep
loss results in a reduced capacity to perform,
not a loss of willingness to perform

perform, not a loss of willingness to perform [84]. As
a result, an individual’s self-assessment of “fitness for
duty” often does not accurately reflect performance
ability [85]. This is shown in performance decreases
due to fatigue, even in military populations. A sur-
vey of deployed U.S. Forces in Afghanistan found a
significant negative relationship between soldiers’ re-
ported hours of sleep per day and the likelihood of
making a mistake or having an accident during de-
ployment [86]. Other research shows that field-based
tasks requiring consistent, sustained alertness are the
most susceptible to effects of fatigue [87].

Fatigue from circadian rhythm disruption

In addition to fatigue caused by sleep deprivation or
restriction, fatigue can also result from disruption to
the body’s circadian rhythms. Circadian rhythms are
the physiological processes that maintain the body’s
24-hour sleep/wake cycle. Human circadian rhythms
are diurnal, which leads to being awake during the day
and asleep at night. Notably, the circadian rhythm in
alertness reaches its nadir in the early morning, ap-
proximately two hours before habitual wake time [34].
When work and wakefulness are attempted outside of
this diurnal rhythm (such as standing watch overnight
around the circadian nadir in alertness), the situation
may lead to decreased performance [88] and increased
impulsivity [89]. Even shifts in wakefulness as small as
two hours can negatively affect performance [90], as
demonstrated by studies in which sleep time is shifted
but the duration of sleep is preserved. For example, when
a regular eight-hour sleep period (e.g., 2400-0800) was
shifted forward (0300-1100) or backward (2100-0500)
by three hours, decrements in mood and vigilance per-
formance were quantitatively similar to those observed
when total sleep time was decreased by three hours [91].
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Time-on-task fatigue

Even when circadian rhythms are maintained and op-
timal sleep levels are achieved, fatigue can result from
long-lasting involvement on a cognitive task. This phe-
nomenon is often referred to as “mental fatigue” or
“time-on-task fatigue, and emerges when individuals
perform a task requiring sustained vigilance over an ex-
tended period of time. Though time-on-task fatigue is
thought to be distinct from sleep-based fatigue, effects
stemming from the two are qualitatively similar [92],
and time-on-task performance decrements are greatly
exacerbated during sleep deprivation. Like sleep-based
fatigue, time-on-task fatigue can result in both lab-
oratory-based vigilance and executive control errors
[93, 94], and operational errors in areas such as driv-
ing [95, 96], aviation and air traffic control [97,98], and
threat detection [99). Specifically, time-on-task fatigue
can slow reaction time in response to new stimuli
[100,101] and impair operators’ ability to prepare for
future actions [101]. Critically, these performance
decrements are not limited to the task that induces
fatigue, but can extend to secondary tasks that simulate
emergency scenarios [102].

Time-on-task fatigue is directly relevant for a mili-
tary environment, where operators conduct sustained
and continuous missions with little opportunity for
mental rest. Within the submarine force, time-on-task
will likely become more pertinent with the switch to
the 24-hour watch schedule, as submariners may often
stand watches for up to eight consecutive hours. It is
important to note that on submarines, as in most mili-
tary environments, time-on-task demands will interact
with fatigue due to sleep schedules (for a review see
[103]). In fact, most research on military time-on-task
fatigue is conducted within the broader context of con-
current sleep deprivation [104-106]. These potential
interactions, as well as how time-on-task effects are
impacted by the presence of multiple individuals work-
ing together, must all be considered in future research
on submarine crews. To our knowledge, the effects of

time-on-task have not been explored in a team context.

Individual trait susceptibility

Much as individuals are differently susceptible to al-
lergens, susceptibility to impairment from fatigue can
vary from person to person. Van Dongen and colleagues
[107] repeatedly exposed participants to 36 hours of
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sleep deprivation and found substantial differences
in how they performed on a variety of computerized
neurobehavioral assessments (e.g., PVT). However, de-
spite these individual differences in performance under
sleep loss, each person’s performance remained stable
over time. In other words, a person who performed
poorly under the first instance of fatigue experienced
similar decrements when exposed to subsequent sleep
deprivations (see also [108,109]). This trait suscepti-
bility is so strong that, according to Van Dongen and
colleagues [107], variations among individuals can ex-
plain up to 92.2% of the variance in neurobehavioral
outcomes. Moreover, susceptibility to sleep loss does not
manifest only in performance on neurobehavioral mea-
sures — subjective alertness also varies among individu-
als. Interestingly, however, reported levels of sleepiness
do not correspond with behavioral performance [108].

In addition to differential vulnerabilities to sleep
loss and fatigue, people differ in the amount of sleep
required, when optimal sleep occurs (i.e., evenings
or mornings), the perceived quality of sleep received,
and the susceptibility to sleep disorders (e.g., sleep
disturbance, excessive daytime sleepiness, sleep ap-
nea, narcolepsy, parasomnias, insomnia) [110]. These
individual trait-like differences have implications for
military settings, as they imply that not everyone is
capable of adjusting to the demanding sleep-work
schedules that are often present (see also [111]). Future
research is needed to improve methods for identifica-
tion of individuals who are most resilient to performance
impairments resulting from sleep loss and fatigue [110].

EFFECTS OF FATIGUE ON TEAM
PERFORMANCE

It is important to recognize that most tasks performed
in operational settings are not performed by individuals
in isolation. On U.S. Navy submarines, for example,
a team made up of five groups and one individual (or
a “team of teams” [112]) is responsible for successfully
navigating the boat and carrying out tactical operations.
In many situations “Teams have the potential to offer
greater adaptability, productivity, and creativity than
any one individual can offer (e.g, [113,114])” [115],
and as a result have the ability to enhance perfor-
mance outcomes. When teams are fatigued, however,
history has demonstrated that there can be dire conse-
quences. For example, the meltdown of nuclear power

Chabal S, Welles R, Haran FJ, Markwald R



UHM 2018,VOL. 45, NO. 3 - FATIGUE IN A SUBMARINE ENVIRONMENT

plants including Chernobyl and Three Mile Island
have been associated with groups of people working
under conditions of reduced sleep [4], as has the
space shuttle Challenger disaster [4,116].

In spite of the importance of teamwork, little is
known about how team performance is affected by
fatigue [1-3]. It has been noted that even when studies
of fatigue involve groups of individuals, there is often
little discussion of interactions among group members
[4]. Therefore, in the present review, we combine
knowledge of how fatigue affects individuals with
general knowledge of teams in order to draw con-
clusions about what might be most relevant in
a fatigued-team environment.

Negative effects of fatigue on teams
Communication breakdowns. One area in which
fatigue may be particularly relevant for team dynamics
is communication. Under conditions of sleep depriva-
tion, verbal communications are degraded as voice tone
is flattened [117], spontaneous dialogue is decreased
[118], word retrieval abilities are impaired [119], speech
is slowed [120], and interlocutors become less aware of
conversation partners’ ignorance [4]. As Harrison and
Horne [4] note: “All this can impair the accurate trans-
mission of ideas between colleagues and impact con-
versational flow” This is important to consider, as open
communication and dialogue are vital for successful
teams [115], and the submarine force has prioritized
dialogue in the evaluation of submarine watch team
resilience [121]. On an individual level, fatigue has also
been shown to negatively impact mood [122] and in-
terpersonal behavior [123]. This may lead to irrita-
bility, impatience, and a lack of regard for social
conventions, contributing to task and relationship
conflict [5]. Task and relationship conflict lead to decre-
ments in team performance [124].

Changes in communication as a result of fatigue
have been observed in Air Force command and control
personnel [12]. In a simulated sustained command op-
erations task, increased fatigue was associated with
decreases in the number of communications regarding
assets and strategy. Expressions of encouragement
among team members also declined, though this change
did not reach statistical significance. These changes
reduce

in communication structure appeared to

mission effectiveness, as correlations between com-
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Onboard a submarine, negative emotions
arising from fatigue may be compounded
by emotional negativity stemming
from other sources including working
in an isolated environment, overcrowding
and lack of personal space, and even the
constant motion of the boat.

munication variables and objective mission outcomes
(e.g., friendly assets killed by hostile assets) reached
significance only under conditions of fatigue.

Negative emotions
Closely related to communication breakdowns are
decreases in emotional states as a result of fatigue.
As noted previously, fatigue impacts frontocortical
brain regions associated with higher-level cognitive
processing [75,76]. Importantly, many of these regions
also subserve emotional processing and emotionally
based decision-making [125]. For example, the medial
prefrontal and anterior cingulate cortices are involved
with emotional processing and expression [126]; and
the dorsolateral prefrontal cortex is involved with emo-
tional self-regulation [127] (for a review of the neural
substrates of emotion, see [128]). Therefore, fatigue
and sleep deprivation are associated with emotional
effects that can impact interpersonal relationships.

When individuals are fatigued, they have lower emo-
tional intelligence (emotional quotient; EQ) scores,
with specific decrements emerging in levels of empathy
and interpersonal functioning [125]. Optimism and
desire to socialize decrease, which can be accompanied
by increases in anger and aggression (see [129] for a
review). Fatigued individuals may also display more
emotional responses to negativity compared to those
who have received sufficient sleep [130]. Onboard a
submarine, negative emotions arising from fatigue
may be compounded by emotional negativity stemming
from other sources including working in an isolated
environment [131], overcrowding and lack of personal
space [132], and even the constant motion of the
boat (sopite syndrome: [55,56]).

The negative emotional state of even one individual
can affect interactions within a team environment
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through emotional contagion. Emotional contagion is
‘a process in which a person or group influences the
emotions or behavior of another person or group through
the conscious or unconscious induction of emotion states
and behavioral attitude” [133]. When negative emo-
tional contagion is present in a group environment,
there can be adverse ramifications for group dynamics
[134], such as strained leader-member relationships
that result in cynicism and distrust toward the leader
[135]. Therefore, fatigue’s negative effect on an indi-
vidual’s emotions could have far-reaching implications

for the overall performance and well-being of the team.

Social loafing
Another potential negative effect of fatigue in a team
environment is the tendency of group members
to engage in social loafing. Social loafing is the
phenomenon of observed decreases in individual
effort while in the social presence of others [136].
For example, the amount of noise that is made by a
group clapping or shouting in unison does not grow in
proportion to the group [136]. In other words, when
acting as a group member, an individual creates less
noise than he or she would create if acting alone. Social
loafing is not limited to physical efforts, but has also
been observed in cognitive tasks including brainstorm-
ing uses for objects [137] and visual vigilance [138].
Team members are more likely to engage in social
loafing if individual efforts are not identifiable [139].
Fatigue may magnify the propensity for social loafing
[9] and may undermine some of the usual social loafing
countermeasures. For instance, although social loafing
is less likely in cohesive groups [140] as are often seen
on submarine teams, team cohesiveness is no longer
a good buffer against social loafing when members
are fatigued [9]. Such findings emphasize the need
to recognize how the negative effects of fatigue and
social loafing interact, in order to ensure that fatigued
teams perform at optimum levels.

Distractions

Finally, fatigue may interact with the distraction inher-
ent with being part of a team. Research has shown that
having others present during a task creates distraction
(distraction-conflict theory; [141]), which can either
diminish performance by dividing attention between
the task and others, or it can improve performance by
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facilitating increased effort [2]. Because distraction can
lead to either positive or negative outcomes, the result
may be dependent on additional factors such as fatigue.
In fact, research suggests that fatigue leads to atten-
tional problems (rather than increased drive and effort)
when distractions are present. For instance, under con-
ditions of fatigue, the distraction generated by others in
a face recognition task led to poorer individual perfor-
mance, as indexed by a higher rate of false alarms [2].

Using teams to combat negative effects of fatigue

In spite of the negative outcomes that may arise from
interactions between fatigue and team dynamics, there
are also cases in which team membership may miti-
gate some detrimental effects of fatigue. For instance,
when a team member is fatigued, rested members may
be able to compensate for that person’s performance
[5]. This effect is particularly strong when team mem-
bers perceive that the cause of an individual’s poor
performance is outside his or her control [142,143], as
is likely the case for fatigue due to set watchstanding
schedules.

Even when all team members are fatigued, team
membership may be beneficial to performance. In a
study of surveillance threat assessments [11], military
and civilian participants were asked to identify and
classify the threat level of contacts on a radar screen
while acting either individually or in teams of four.
While individuals and teams did not differ in perfor-
mance when well-rested, fatigue had more of a negative
effect when individuals performed alone compared
to when they performed the same task as part of a
team. Similar results were found in a study of cognitive
flexibility during mathematical problem-solving [8]:
Fatigued individuals experienced lower levels
of cognitive flexibility, whereas no detriments due to
fatigue were experienced by teams.

Baranski, et al. [11] and Frings [8] acknowledge that
their findings contradict findings of social loafing
under fatigue [9]. Baranski and colleagues [11] provide
two explanations for this. First, team members felt ac-
countable for their own performance to their team.
Second, because team members were acutely aware of
the fatigue experienced by their cohort, individuals
may have exerted ‘additional effort on the task in order

to ensure group success” [11].
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Indeed, it seems that in some cases being part of
a team may help ‘stabilise performance on a task that
normally would show detriments in performance if com-
pleted alone under sleep deprivation conditions” [3].
In their study of vigilance-based tracking performance,
Pilcher and colleagues [3] found that teams’ perfor-
mances remained stable throughout 30 hours of sleep
deprivation. This is in contrast to performance dec-
rements typically observed in individuals’ vigilance
under conditions of fatigue (e.g., [77,144]).

SUMMARY AND CONCLUSIONS

The present paper has provided an overview of how sleep
and fatigue can impact a submarine team environment.
Fatigue is of particular concern for submariners due to
the structure of watchstanding schedules that conflict
with natural circadian rhythms, the submarine’s lack of
natural lighting, and constant boat motion. These fac-
tors can all interact and lead to fatigue due to circadian
misalignment, lack of sleep, and extended time on task.
Onboard a submarine, where crew members must work
together to safely and successfully execute mission-
critical tasks, this fatigue can have a meaningful impact
on teams’ performance. However, there has not been
much historical precedence for studying fatigue in team
environments, making it difficult for military research-
ers to understand what factors might challenge opera-
tional teams such as submarine crews. As the submarine
force has recognized the need to protect submariner
sleep and improve team dynamics [145,146], it is vital
that researchers understand the gaps in current litera-
ture so that future studies can account for the interplay
between the two factors. This is particularly important,
as a review of submarine mishap reports by the Naval
Submarine Medical Research Laboratory found that
many incidents could be directly attributed to failures
of teams.

As a whole, team fatigue research findings have been
mixed. Some studies outline the negative impacts that
fatigue has on team performance; other studies show
how team settings may mitigate negative effects of
fatigue. This highlights the need for well-designed and
controlled research that accounts for factors including
the type of fatigue studied, the types of tasks investi-
gated, and what measurements are used as benchmarks
for comparisons. Future research should consider these
factors and their implications for submarine teams.
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In spite of the negative outcomes that may
arise from interactions between fatigue
and team dynamics, there are also cases

in which team membership may mitigate
some detrimental effects of fatigue.

For example, an immediate research need is to un-
derstand how the recently-adopted 24-hour schedule
impacts the sleep and fatigue of submariners. While a
shift from 18- to 24-hour days will likely lessen some fa-
tigue concerns due to circadian factors, the necessity of
standing eight-hour watches (as opposed to six hours
on the 18-hour schedule) may exacerbate fatigue due
to extended time on task. It remains unknown which
areas of submarine operations will be most affected by
this change, though the present review suggests that
various team-based tasks will be differentially im-
pacted. For instance, fatigue will likely have a different
effect on control room crewmembers, who work inter-
dependently to compile a tactical picture, than it will on
submariners completing independent (but related)
jobs while conducting machinery room maintenance.
Laboratory and field-based research are needed to de-
termine which teams and tasks onboard the submarine
are most sensitive to the effects of fatigue, so that
performance outcomes can be optimized.
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