HANDS-ON OCEANOGRAPHY

Digging into the Geologic Record of Environmentally
Driven Changes in Coral Reef Development
By Philip M. Gravinese, Richard B. Aronson, and Lauren T. Toth

PURPOSE OF ACTIVITY
This lesson uses data based on real-world geological archives to
guide students toward understanding how climate and oceanographic conditions have impacted coral reef growth over the last
5,000 years. The objective of the lesson is for students to determine the relationship between environmental variability and
coral reef development over millennial timescales. In this activity, students will:
1. Characterize the species composition and condition of coral
reefs from different time periods in the past using cores that
reveal reef architecture
2. Calculate the rate of calcium carbonate accretion (production) of the reefs during those past time intervals
3. Reconstruct trends in past climatic conditions using a mock
data set
AUDIENCE
This lesson is designed for junior and senior high school students,
as well as undergraduates in lower-level biology, marine biology,
environmental chemistry, and oceanography courses. The activities will introduce students to paleoecological relationships associated with chemical variations in the coral skeleton, so the lessons may also be appropriate for courses in the geosciences. A
glossary of terms for educators and students is provided in the
online Notes for the Instructor and student Handout S1.
BACKGROUND
Coral reefs are among the most diverse ecosystems in the world,
providing valuable ecosystem services to coastal communities
by protecting them against wave energy and by contributing
income from tourism and fishing to local economies (Moberg
and Folke, 1999; Williams et al., 1999; Costanza et al., 2014).
Coral reefs are found in tropical and subtropical areas where
water temperatures are generally warm and stable. However, the
growth of coral reefs and the ecosystem services they provide are
threatened by thermal extremes (Hoegh-Guldberg et al., 2007;
Manzello et al., 2008). Seawater temperatures are warming at
most reef locations, increasing the frequency of coral bleaching
(Hughes et al., 2018). Corals bleach following prolonged exposure to stressors, especially warming (thermal stress) combined
with high light intensity. Coral bleaching involves the break-

down of the symbiotic relationship between corals and the
single-celled dinoflagellate algae that live within their tissues.
Corals rely on carbohydrates produced from photosynthesis by
their symbiotic algae for 90% or more of their energetic needs,
meaning that prolonged bleaching can be lethal (Glynn, 1993;
Aronson et al., 2000; Lesser and Farrell, 2004; Anthony et al.,
2007). Anomalously cold seawater temperatures can also cause
bleaching and mortality, a problem for corals living in marginal
environments such as zones where cold water upwells from the
deeper ocean or regions such as Florida that are at the higherlatitude limits for warm-water coral growth (Roberts et al., 1982;
Lirman et al., 2011; Wyatt et al., 2019).
Drivers of Coral Reef Growth: Oceanographic
Variability in the Eastern Tropical Pacific
Environmental variability influences the growth of reef frameworks built by living corals over longer timescales. The oceanographic conditions in the eastern tropical Pacific (ETP) provide a natural laboratory for studying how environmental
variability impacts the development of coral reefs over ecological and geological timescales. On an interannual scale, upwelling impacts reefs in many parts of the ETP, including Pacific
Panamá (Randall et al., 2020; Figure 1). Upwelling in Pacific
Panamá occurs during the boreal winter (December to April),
when strong winds push surface waters offshore, allowing cold
bottom waters that are rich in nutrients to flow toward the surface and exert a cooling influence on shallow-water environments. Temperature variability in Pacific Panamá is also influenced over interannual timescales by the phenomenon called
the El Niño-Southern Oscillation (ENSO), which is the most
significant control on reef development in the region. During
an “ENSO-neutral” year, the trade winds blowing from east to
west confine warmer sea surface waters to the western Pacific.
During an El Niño year, the trade winds weaken, suppressing
seasonal upwelling in the ETP. Alternatively, a La Niña year
causes below-average, cooler sea surface temperatures in Pacific
Panamá because stronger trade winds enhance seasonal upwelling (see https://oceanservice.noaa.gov/facts/ninonina.html for
a visualization of ENSO). Scientists have hypothesized that
coral reef health and growth in the ETP are driven by both seasonal upwelling and ENSO variability (Glynn, 1977; Glynn
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et al., 1992; Toth et al., 2012, 2017; Randall et al., 2020). Coral
reefs located in the Gulf of Panamá have historically experienced strong seasonal upwelling, exposing them to cooler, more
nutrient-rich, more turbid seawater conditions for three to four
months each year, compared with nearby areas such as the Gulf
of Chiriquí, where upwelling is weaker (Figure 1). The cooler
water temperatures, elevated nutrients, and reduced pH levels
that accompany seasonal upwelling are known to reduce coral
growth (Glynn, 1977).
Geological Records Provide a Glimpse into Reefs’ Past
The geological epoch known as the Holocene began about
11,700 years ago, after the end of the last glacial period. In Pacific
Panamá, Holocene coral reefs began growing after rising sea
levels flooded shallow-water environments in the region as early
as 7,000 years ago (Toth et al., 2012, 2017). Some coral reefs in
the ETP preserve complete geological records of their Holocene
development as frameworks of coral skeletons packed in sediments. Scientists take core samples from these reefs to collect the
skeletons of corals that grew in times past (Figure 2), and they
can use techniques such as radiocarbon (14C) dating to determine the times that correspond to different depths within the
cores. The cores are drilled vertically through the reef structure, so younger reef material is recovered from the top of the
core, and older reef material is found at the bottom of the core.
The framework of coral skeletons provides ecological information on which species were growing at different times, as well as
geological and chemical proxies for determining the age, rate of
growth, and environmental conditions that occurred throughout the history of the reefs.
Under normal conditions for reef growth, most coral reefs
in Pacific Panamá are dominated by branching corals of the
genus Pocillopora; however, in more disturbed environments,
the “weedy” coral Psammocora stellata or non-coral organisms

such as coralline algae (red seaweeds that lay down their own
skeletons of calcium carbonate) can become more abundant
(Figure 3). The relative abundance of Pocillopora spp. compared
with other constituents of a reef core can, therefore, provide a
first indication of the past health of a reef. The taphonomic conditions, or degrees of physical degradation, of coral skeletons
preserved in the geologic record provide additional information
about the state of the reef in the past. Coral skeletons remain in
good physical condition if they are rapidly buried after the corals
die, which typically occurs when the reef is actively growing:
new, living coral and fine sediment rapidly cover the dead skeletons. In contrast, when reef growth is interrupted, coral skeletons can remain on the reef surface for prolonged periods and
become eroded, encrusted, or otherwise degraded (i.e., the
taphonomic condition declines; Figure 3). The species composition and taphonomic condition of corals allow scientists to identify distinct layers in the cores that represent periods of active or
interrupted reef growth.
Using Physical and Chemical Evidence from
Coral Reef Cores to Reconstruct Reef Growth and
Environmental Variability
Coral reef accretion in Pacific Panamá was shut down for a
period of ~2,500 years beginning around 4,200 years before
present (yr BP; Toth et al., 2012, 2015). This hiatus in reef accretion in Panamá represents roughly 40% of the reefs’ geologic
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FIGURE 1. Map showing the study location (white dot) in the Gulf of Panamá in relation to the
regional upwelling regimes. The ocean’s coloration depicts sea surface temperatures (SSTs)
during the peak upwelling season in March 2009. The SST map was created using MODIS
Aqua/SST data retrieved from NASA. Gray scale on the Isthmus indicates elevation obtained
from http://srtm.csi.cgiar.org/.
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FIGURE 2. Scientists collect a coral reef core from
Pacific Panamá. The core is manually forced into the
reef framework using adjustable core handles and
a sliding hammer weight (not shown). After the core
has penetrated up to 5 m into the reef, it is capped
and extracted, allowing the cored section of the reef
to be recovered. Photo credit: Richard Aronson

history—they began to grow 6,500 to 7,000 years ago when sea 1,500–1,000 yr BP. To reconstruct the climate and ocean envilevel was high enough to flood areas of the continental shelf— ronmental variability of the reef through time, specialized laband marks the transition from the Middle Holocene to the Late oratory equipment was used to measure strontium-to-calcium
Holocene epoch. By reconstructing past environmental condi- ratios (Sr/Ca), and barium-to-calcium ratios (Ba/Ca). The finetions using a combination of coral taphonomy and geochemis- scale relationships between the two elemental ratios within the
try, scientists determined that the 2,500-year shutdown of coral coral skeletons were then compared to determine the environreef development in Pacific Panamá was most likely the result mental conditions that likely occurred during the lives of the
of increased variability in both the frequency and intensity of corals. Corals record environmental conditions, including temENSO events (Toth et al., 2012, 2015).
perature, salinity, and water chemistry, at the time their skeletal
To study the long-term history of reef development in Pacific material formed. Their chemistry can, therefore, give a chronoPanamá, researchers recovered reef cores from the Gulf of logical history of past environmental change.
Panamá. Each core was divided into 5 cm vertical sections and
Elemental ratios measured in the coral skeletons can prothen the constituents of each section were sorted by species for vide powerful proxies for long-term trends in temperature and
analysis. In each of those sections, the material present was identi- upwelling intensity. Although corals are primarily composed of
fied as (1) Pocillopora, the coral that builds reefs, (2) Psammocora, calcium carbonate, other elements with the same charge (i.e., the
a coral that does not build reefs, or (3) coralline algae that also do alkaline earth metals) can replace Ca2+ in the coral skeleton in
not build reefs. For Pocillopora corals, each skeleton was rated as trace amounts. The degree to which this elemental substitution
being in good or poor taphonomic condition (Figure 3a,c). The occurs depends on the environmental conditions at the time the
scientists used this information to identify layers in the cores that skeleton was laid down by the coral animal. For example, stronwere associated with periods of active reef growth (Figure 3b) tium is substituted for calcium in the skeleton at a higher rate
based on dominance by Pocillopora in good condition, or peri- under cooler temperatures (i.e., higher Sr/Ca ratios are expected
ods during which reef growth was interrupted (Figure 3d), based during cooler time periods and this trend reverses with warmer
on dominance by Pocillopora in poor condition, Psammocora, temperatures). Higher Ba/Ca ratios can represent nutrient influx
and/or coralline algae. Radiocarbon and other dating techniques associated with upwelling of cooler water and terrestrial runwere used to create a chronology for each core. By dividing the off (Toth et al., 2015; LaVigne et al., 2016). El Niño conditions
thickness of each layer of the core by the
time period covered by that layer, rates of
upward reef growth, or vertical accretion,
a
b
Pocillopora
could be reconstructed through time.
For example, the generalized core
shown in Figure 4 is ~400 cm, or 4 m,
long, and represents the reef framework to
a depth of 4 m from the living surface of
the reef. The youngest corals are at the top,
and the oldest corals are at the bottom of
the core. The bottom of the core dates to
6,000 yr BP, and during that time the coral
in the core grew 4 m to the height when
c
d
collected. Based on this knowledge, we
can calculate an average accretion rate for
the reef since 6,000 yr BP as 4 m/6,000 yr,
or 0.67 m/1,000 yr.
Scientists also measured the geochemical compositions of the corals through
time by drilling skeletal fragments of
Pocillopora spp. recovered from differFIGURE 3. Key for identifying the composition and condition of corals and coralline algae
ent positions within a core. The limestone
in a core. (a) Two examples of Pocillopora in good taphonomic condition (<50% erosion or
powder produced by the drill was anaencrustation of the skeleton). Intervals in cores during which Pocillopora skeletons domilyzed for selected elements. This allowed
nate and are in good condition represent times of good coral growth and active reef development (b). (c) Example of core constituents from an interval representing poor coral growth
the scientists to reconstruct environmenand interrupted reef development (d). Such intervals are dominated by Pocillopora skeletons
tal conditions on the reef during three time
in poor taphonomic condition (“Poc. Poor”), Psammocora stellata skeletons (“Psam.”), and/or
periods: 5,000–4,500, 4,000–3,500, and
coralline algae (>50% erosion or encrustation of the skeleton).
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FIGURE 4. Schematic representation of a core of reef framework from
the Gulf of Panamá. Green shading indicates Pocillopora in good taphonomic condition, suggesting intervals of active reef growth. Gray shading
indicates Pocillopora in poor condition, Psammocora, and coralline algae,
all of which suggest time periods of interrupted reef growth. The hiatus
(gray shading) is shown as depth in the reef framework (left) and years
BP (right). Dark gray shading denotes the most conservative time span
for the hiatus, and light gray shows the measured range of the hiatus.
Based on dating of coral fragments, no coral was deposited in the reef
framework until the end of the hiatus, hence, the absence of icons indicating coral in the drawing on the right during most of the hiatus. A key for
identifying coral taphonomic condition is provided in online Handout S1.
Modified from Toth et al. (2012)

are associated with warmer temperatures, lower rainfall, and
decreased upwelling in Pacific Panamá, so a prolonged, El Niñolike period in reef history would be indicated by lower Sr/Ca
and Ba/Ca. Conversely, a prolonged La Niña-like period would
be indicated by higher Sr/Ca and Ba/Ca. These elemental ratios
in the coral skeletons can, therefore, be used as proxies for past
ENSO variability in the ETP.

RESEARCH QUESTIONS AND HYPOTHESES
During this guided-inquiry exercise, students will answer three
research questions about coral reefs in the Gulf of Panamá:
1. How did the taphonomic condition and species composition
of past coral reefs change during the Middle to Late Holocene
(Activity 1)?
2. How did the rate of reef accretion change through time, and
how does it relate to changes in the composition of the coral
reef cores (Activity 2)?
3. What are the relationships among the elemental ratios
and environmental conditions during the Middle to Late
Holocene recovered from the cores (Activity 3)?
Students will formulate hypotheses about how variability in
ocean conditions or climate may have changed coral reef growth
over the last 5,000 years in Activity 1. They will make comparisons of the taphonomic conditions and species compositions
88
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of coral skeletons from three core sections by characterizing
the skeletons under random points. Students will then calculate changes in reef accretion through time in Activity 2, using
“core logs,” which are representations of the three cores analyzed
in Activity 1. Finally, in Activity 3, students will test their predictions about environmental change using mock geochemistry
data: they will correlate hypothetical average elemental ratios
during three time periods with predicted oceanographic conditions associated with changes in ENSO variability and the
strength of upwelling in the Gulf of Panamá.
To ensure that students have a general understanding of the
biology and ecology of coral reefs and ENSO variability, we
encourage teachers to provide background information prior to
completing the lesson, through discussion or a student-led, online
scavenger hunt (e.g., https://oceanservice.noaa.gov/education/
tutorial_corals/ and https://www.noaa.gov/education/resource-
collections/weather-atmosphere-education-resources/el-nino).
If time permits, we encourage teachers to supplement this lesson with other hands-on activities published in Oceanography
that focus on the ecology of corals under environmental changes
(Boleman et al., 2013; Gillikin et al., 2017; Gravinese et al., 2018).
We also recommend that educators explore the global seawater
database with their students to help familiarize themselves with
the relationship between different isotopic ratios and climatic
variability (https://data.giss.nasa.gov/o18data/). We provide a
glossary of terms that students can reference throughout the lesson (see Handout S1).

MATERIALS FOR EACH PAIR OF STUDENTS
Activity 1
Online Student Activity Sheet
Online Handout S1

•
•

Activity 2
Online Student Activity Sheet
Online Handout S1

•
•

Activity 3
Online Student Activity Sheet
Online Handout S1
Mock element materials (see the online Notes for the Instructor)
– Mock trace elements such as a type of candy with differences
in mass (e.g., plain vs. peanut candies)
– Containers to hold the mock trace elements

•
•
•

ACTIVITIES
Pre-Lab Activity
Students should review and compare the environmental and
oceanographic conditions in the Gulf of Panamá under ENSOneutral, El Niño, and La Niña climatic conditions presented
in Table S1 in the Student Activity Sheet. After completing
Table S1, students will answer the pre-lab questions provided.

Pre-Lab Discussion Questions

The instructor can use the following questions/prompts to foster discussions that will help introduce the environmental differences that occur during ENSO-neutral, El Niño, and La Niña
times. We suggest that the instructor first show the students
the following animation or similar ENSO animation to help
guide the student diagrams: https://oceanservice.noaa.gov/
facts/ninonina.html.
1. How do the environmental parameters change in the Gulf of
Panamá among ENSO-neutral, El Niño, and La Niña periods?
2. Create a diagram that explains the environmental changes
that occur during ENSO-neutral, El Niño, and La Niña
conditions.
Activity 1. Reconstructing Changes in Reef Health Using
the Taphonomic Conditions and Species Compositions
of Coral Skeletons in Reef Cores
Suggested Class Time: Approximately 45–65 minutes

During this activity, pairs of students will compare the species
compositions and taphonomic conditions of corals in reef cores
collected from the Gulf of Panamá. Students will be given a set
of digital images of corals and other material from sections sampled in the cores: three images per core, from three cores. Each
core will be sampled at three time points: 1,500–1,000 yr BP,
4,000–2,000 yr BP, and 5,000–4,000 yr BP. Student pairs will do
the following.
1. Use the digital images provided in Handout S1 to identify
the species collected from each time interval for each core
recovered (Figure 4). Each set of images will represent coral
reef conditions at 1,500–1,000 yr BP, 4,000–2,000 yr BP, and
5,000–4,000 yr BP. The photographs are labeled to identify the
individual cores, and the time periods within the cores are
shown.
2. Overlay 15 random points onto each image using a random-
number generator, such as those available in Excel (tutorial:
https://www.excel-easy.com/examples/random- numbers.
html) or Google (Google has a number generator function/
calculator in the search bar), to select which points you will
use. Once the random numbers have been selected, carefully
cut out each of the 15 corresponding squares on the pre-made
numbered core analysis grid we provide in Handout S1.
3. Use the key in Handout S1 to categorize each random point
as falling on (1) Pocillopora branches in good condition,
(2) Pocillopora rubble in poor condition, (3) Psammocora
rubble, (4) coralline algae, or (5) other, which indicates points
that do not fall on core material (these will be excluded from
the analysis). The condition of Pocillopora can best be distinguished by how easy it is to see the corallites (the cups in
which the coral polyps sit, visible as indentations in the surface sculpture of the skeleton): if the corallites are clear and
retain their complex sculpture, the coral is in good condition;
if they are more difficult to distinguish, it is in poor condi-

tion. Note that color of the coral skeleton should not be used
to determine condition.
4. Calculate (1) the average percent of points that are Pocillopora
in good condition, and (2) the average of the sum of points
that are Pocillopora in poor condition, Psammocora, and coralline algae across the three cores for each time period. The
total number of points for calculating the percentages should
be the sum of the four categories above; points that do not
fall on the core constituents listed should not be counted
in the total.
5. Enter the data in Table S2 in the Student Activity Sheet
and use these data to help answer the Activity 1 discussion
questions.
6. Use the data collected in Table S2 to calculate the summary
statistics for each time interval among the three cores and
record the data in Table S3 in the Student Activity Sheet. Be
sure to calculate the average for each time interval. Use the
summary statistics to create a bar graph depicting the temporal differences observed between Pocillopora corals found in
good condition and the sum of the other three categories of
core constituents. After completion, use the data as evidence
for answering the discussion questions for Activity 1.
Activity 1 Discussion Questions

1. What temporal differences did you observe in the species of
the corals present in the cores?
2. How did the corals’ taphonomic conditions change across the
sampling intervals in the cores? Explain.
3. Hypothesize what may have driven the changes you observed.
Explain.
Activity 2. Using Measurements from Reef Cores to
Examine Temporal Changes in Reef Accretion
Suggested Class Time: Approximately 30–45 minutes

In this activity, students will work in pairs and use core logs
(Figure 5) that are based on the actual cores analyzed for species
composition and taphonomic condition in Activity 1. Students
will calculate the length and time span of each layer observed in
each core using the data provided in the graphic. Students will
then use these data to calculate rates of reef accretion during
three time intervals, indicated by the three colors in Figure 5.
Using the accretion rates and information about the composition of the cores in the different intervals (from Activity 1), students will discuss the history of reef health and growth in Pacific
Panamá through time. Student pairs will do the following.
1. Use the core logs provided in Figure 5 to calculate the
length (in cm) and time span (years) of each interval in each
idealized core.
2. Calculate accretion rates for each interval.
3. Enter the data in Table S4 in the Student Activity Sheet.
4. Calculate and plot the average accretion for each of the three
time intervals. Note that although the exact time span of the
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intervals varies among the cores, roughly the same periods in
the history of the reef are represented in all three records.
5. Use the data to answer the discussion questions for Activity 2.
Activity 2 Discussion Questions

1. What changes did you observe among the sections of the
cores? Describe the relationships among the core ages and
core lengths.
2. Which sections of each core had the fastest accretion rate?
The slowest accretion rate? Explain and defend your answer
using your data as evidence.
3. Hypothesize what may have driven the changes you observed.
Explain your reasoning.
Activity 3. Estimating Holocene Environmental
Changes Using Elemental Ratios
Suggested Class Time: Approximately 30–45 minutes

This activity is designed to have pairs of students correlate elemental ratios found within coral skeletons with inferred changes
in the surrounding environment. Student pairs will count and
calculate the ratios of specific elements typically found in the
coral skeletons using a mock data set that simulates and models the average elemental ratios for three time periods, based on
real data from the sampled cores. Each of the elemental ratios—
Sr/Ca and Ba/Ca—used in this activity corresponds to a specific
change in environmental conditions and serves as a proxy for
changes in temperature and upwelling intensity during the life
of the coral. Scientists use the Sr/Ca ratio as a proxy for temperature, whereas the Ba/Ca ratio is representative of nutrient flux
associated with upwelling (Toth et al., 2015).
The teacher should prepare in advance containers filled with
Sr/Ca and Ba/Ca mimics, which are described in the online
Notes for the Instructor. The prepared elemental containers will
represent the average element ratios of coral skeletons recovered from the cores during each time interval: 5,000–4,500,

FIGURE 5. Colors indicate distinct layers in the cores identified based on
differences in the species composition and taphonomy of the core intervals. Ages, in years before present (yr BP) bounding those layers, are
indicated on the left, and the depths of the layers in centimeters (cm) are
indicated on the right. The tops of the cores should be assumed to be
0 cm and 0 yr BP.
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4,000–3,500, and 1,500–1,000 yr BP. The activity will allow students to observe temporal changes in the elemental ratios similar to data recovered from an actual core and provide an opportunity to correlate the changes with environmental conditions
during the life of the coral reef (e.g., upwelling vs. non-upwelling
conditions, warm vs. cold temperatures). We recommend that
the items used as elemental mimics represent the differences
in mass among the elements being analyzed. For example, Ca
has a molecular weight of 40 and could be represented by plain
M&M’s®. Strontium has a molecular weight of 87 could be represented by Peanut M&M’s®. Ba has a molecular weight of 137
and could be represented by Almond M&M’s®. Alternatively, the
teacher could create cardboard cutouts to represent the elemental relationships described above. The teacher should also review
the lecture notes and Activity 1 with the students before beginning Activity 3.
Each student pair will be given three containers representing Sr/Ca and three containers representing Ba/Ca, with one of
each type for each of the three time intervals. This activity is
designed to model the trend scientists observed in the elemental ratios of a core so that students can use the data to infer what
the environmental conditions were like during the lives of the
corals in each interval. Student pairs will do the following for all
three intervals.
1. After sorting the Sr/Ca sample, calculate the ratio of Sr/Ca for
each time interval. Coral skeletons are primarily made of calcium and so several orders of magnitude more Ca would be
expected to be present in a skeletal sample. To avoid having
students count hundreds of Ca mimics, for the purpose of this
lesson we have added a “Ca multiplier” to the actual formula
used to determine the geochemical ratios. The teacher should
be sure to explain to students that the amount of Ca found in
the sample should be multiplied by 10.
2. Calculate the Sr/Ca ratio for each time interval and record the
results in Table S5 in the Student Activity Sheet.
3. After sorting the Ba/Ca samples, calculate the ratio of Ba/Ca
for each time interval in the core.
4. Calculate the Ba/Ca ratio and record the results in Table S5 in
the Student Activity Sheet.
5. Use the geochemical ratios to generate hypotheses about the
environmental conditions that were likely present at each
time interval throughout the sampled core.
6. Revisit the data recorded in the prior activities to draw conclusions about the environmental conditions during each
time interval and record ideas in Table S6 in the Student
Activity Sheet.
7. Before answering the discussion questions, the instructor
should summarize on the board the class’s observations from
the activity.
8. Answer the discussion questions for Activity 3.

Activity 3 Discussion Questions

1. What temporal changes did you observe in the Sr/Ca ratio?
The Ba/Ca ratio?
2. The magnitudes of the observed changes are small, but they
provide a lot of information about past climate. Based on the
small changes observed, what do the environmental conditions you inferred suggest about the impacts of environmental changes on the health and growth of coral reefs in the Gulf
of Panamá? Use the summarized data from the class observations for this activity. Support your answer with evidence
from the lab activities.
SUPPLEMENTARY MATERIALS

The handout, student activity sheet, answer key, and notes for the instructor are
available online at https://doi.org/10.5670/oceanog.2020.113.
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