OCEAN EDUCATION <

HANDS-ON POST-CALIBRATION
OF IN VIVO FLUORESCENCE USING
OPEN ACCESS DATA

A GUIDED JOURNEY FROM FLUORESCENCE TO PHYTOPLANKTON BIOMASS

By Pierre Marrec, Amanda Herbst, Stace E. Beaulieu, and Susanne Menden-Deuer

PURPOSE OF ACTIVITY

The goal of this activity is to help students become acquainted
with key procedures in oceanographic data acquisition, pro-
cessing, validation, and management. These skills are learned
through using sensor-based underway fluorescence and dis-
crete chlorophyll a (Chl-a) measurements. By encompassing a
wide range of skills necessary for oceanographic research—from
at-sea operations, to precise lab work, to data management—
this activity showcases the diverse learning opportunities that
oceanography offers for educating science and engineering stu-
dents. This activity highlights the critical, yet often overlooked,
steps required to process and validate high-resolution data from
autonomous sensors, such as those mounted on ocean observ-
ing platforms (e.g., research vessels, moorings, gliders), before
utilizing them to investigate relevant oceanographic processes. It
offers students the opportunity to develop proficiency in the var-
ious steps of managing open-access data from diverse sources,
while also introducing them to the principles of findable, acces-
sible, interoperable, and reusable (FAIR) data practices in sci-
entific research (Wilkinson et al., 2016). Additionally, it famil-
iarizes them with the requirements of the Open-Source Science
Initiative (OSSI) for open, transparent, accessible, inclusive,
and reproducible science. Emerging mandates that make fund-
ing availability contingent on open data managing and sharing
procedures make the skills delivered in this activity essential for
researchers and technicians (Kaiser and Brainard, 2023).

AUDIENCE

This manuscript is designed for instructors, serving as a guide
to the various steps involved in sharing this activity with stu-
dents. The intended audience for this project is undergraduates
enrolled in advanced environmental science courses. However,
the activity could be adapted for a less advanced student audi-
ence by focusing only on a subset of the activities (e.g., plot-
ting and interpreting the data). Moreover, the activity is thor-
oughly documented, and all necessary data are provided in

the format required for sequential steps so that instructors can
choose the appropriate starting points for their students. This lab
could also be modified to suit students in a statistics or data sci-
ence course. The project was developed with coauthor Amanda
Herbst as part of her SURFO (Summer Undergraduate Research
Fellowship in Oceanography) REU (Research Experience for
Undergraduates) at the University of Rhode Island Graduate
School of Oceanography (URI-GSO). All the fundamental steps
of this project can be completed using basic computer resources
(e.g., Open Office Calc, Microsoft Excel) and do not require
students to have programming skills. However, it also offers
the opportunity for students to enhance their proficiencies in
coding (e.g., using R, MATLAB, or Python) by automating and
streamlining data management steps. Additionally, this project
could serve as a self-study guide for advanced students who may
not yet be familiar with the procedures and importance of data
quality control and management.

APPROACH

The approach taken in this laboratory is to familiarize students
with the essential steps for accessing, validating, sharing, and
interpreting phytoplankton biomass inferred from the fluores-
cence signal acquired by sensors mounted on different types
of ocean observing platforms. The laboratory session includes
two main activities: (1) accessing both underway fluorescence
and discrete Chl-a measurements extracted from samples col-
lected during oceanographic cruises, and (2) post-calibrating
the fluorescence data with discrete Chl-a concentrations, inter-
preting the results, and publishing post-calibrated data. These
activities were conducted as part of the OCG561 - Biological
Oceanography Laboratory course at the University of Rhode
Island’s Graduate School of Oceanography, taught by coauthor
Menden-Deuer. The graduate students enrolled in this course
came from diverse backgrounds in oceanography, including
physical, chemical, geological, and biological disciplines. The
time allocations provided are approximate, and we encourage
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instructors to adapt both the teaching approach and the struc-
ture of the activities to suit their specific student audiences. The
activity was performed during a single 3-hour laboratory class,
but based on our experience, dividing this activity into two sec-
tions and separate 1.5-hour classes, with at home preparation
taking no more than 1 hour (before each 1.5-hour classes) may
be better suited to student’s learning pace. Below, we present a
suggested structure for the activity, informed by our experience
teaching this lab and by student feedback.

BACKGROUND LECTURE (15 minutes)

Ideally, dedicate lecture time prior to the lab activities to intro-
duce the necessary concepts. Use the background sections pro-
vided as a guide for this session. To help provide context for stu-
dents and instructors without direct experience in oceanography;,
we have included figures in the online supplementary materials
showing R/V Endeavor, the fluorometers installed on the under-
way system, and fieldwork from this project. This foundational
lecture is essential for preparing students for the lab.

SECTION 1 (1 hour of homework, 1.5 hours in class)

The data provided stem from six separate R/V Endeavor cruises.
A few days before the lab session, assign each student a unique
cruise dataset, ensuring one of each of the six cruises is covered
by at least one student. Provide each student with the lab instruc-
tions document, the corresponding .csv file, and the activity
template (all available in the online supplementary materials).
Groups of two to three students can also be considered.

As part of their homework (at most 1 hour), students should
review the instructions for both parts of the activity and work
through the first steps of Part 1 of Section 1. During the lab, the
instructor will guide students through the activity step-by-step,
ensuring everyone is able to complete the assigned tasks.

The instructor has access to all the final templates (in the
online supplementary materials) and formatted example figures
(created in MATLAB) to demonstrate expected results. Students
are encouraged to format their own figures, allowing for student
independence and creativity.

SECTION 2 (1 hour of homework, 1.5 hours in class)
Similar to Section 1, students should complete the steps of Part 1
independently before the lab session. The lab will begin by
reviewing their progress, focusing on the required linear regres-
sion. The instructor will compile students’ results and compare
them to the expected outcomes provided in the supplemen-
tary materials.

The second part of this section involves collaborative group
work, where students combine their results to address the pro-
posed questions. The activity concludes with a group discussion
on the significance of fluorescence data post-calibration, as well
as an exploration of data quality processes, FAIR principles, and
open-access data.
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CLASSROOM DISCUSSIONS

Throughout both activities, we recommend incorporating
“council moments” where the instructor pauses the session to
address proposed questions and facilitate discussions. We pro-
vide sample questions and discussion topics.

BACKGROUND

We are in an era of big data, where high-resolution sensors mea-
sure and transmit information at unprecedented rates, partic-
ularly in the field of oceanography. Oceanographic data come
from a wide variety of sources, including sensors on ships,
observing platforms, and satellites. For these data to be use-
ful and accessible to diverse users, data need to be processed in
ways that adhere to strict scientific standards and made avail-
able as open access through data portals. Formalizing data han-
dling approaches has led to the development of FAIR principles
that make data findable, accessible, interoperable, and reusable
(Wilkinson et al., 2016). We aim to demonstrate that critical
aspects of data validation and management require human-in-
the-loop intervention to ensure that data remain FAIR to the
scientific community.

Oceanic physical parameters (e.g., temperature, salinity,
depth) and biogeochemical parameters (e.g., dissolved oxygen,
bio-optical properties, nitrate, and carbonate system chemis-
try components) are routinely measured using sensors. These
sensors can be deployed on different platforms (research ves-
sels, mooring buoys, profiling floats, gliders) and can generate a
substantial volume of data. Interpreting environmental param-
eters recorded by autonomous sensors can be challenging, and
post-processing is required, even if they have been calibrated by
the manufacturer before deployment. Several factors can make
the manufacturer’s calibration insufficient for ensuring accu-
rate measurements, including sensor drift, mechanical issues,
and biofouling. While manufacturer-calibrated “raw” data offer
valuable insights into the relative changes in a given parame-
ter during deployment, our goal is to demonstrate the critical
importance of post-calibration to obtain accurate absolute val-
ues. These values are essential for making meaningful compar-
isons and supporting oceanographic research. Biogeochemical
parameters, such as dissolved oxygen or chlorophyll a (Chl-a)
fluorescence, provide good examples of the challenges asso-
ciated with post-calibration for research purposes, as they
require human-in-the-loop (HITL) calibration and valida-
tion (Palevsky et al., 2024). Using data obtained directly from
the sensor, with raw voltages/signals converted into parameter
concentrations using manufacturer-provided coefficients and
equations, can lead to erroneous absolute values and interpre-
tations. Therefore, developing and applying robust procedures
for both automated and HITL post-deployment data process-
ing is essential to produce science-ready data from bio-optical
and chemical sensors.



PHYTOPLANKTON

Phytoplankton are photosynthetic single-celled microscopic
algae. They are primary producers that form the base of food
webs in aquatic ecosystems and play a key role in the global car-
bon cycle. Although phytoplankton only make up 0.06% of the
global primary producer biomass, they are responsible for nearly
half of Earth’s primary production (Stoer and Fennel, 2024).
Nearly all marine organisms rely directly or indirectly on the
organic matter or oxygen produced by phytoplankton through
photosynthesis. The key roles phytoplankton play in ocean eco-
systems and global biogeochemical cycles make phytoplankton
an essential component of oceanographic studies, from food
web processes to climate change.

HOW TO MEASURE PHYTOPLANKTON BIOMASS

USING A FLUOROMETER

Chl-a is commonly used as a proxy for phytoplankton biomass,

as all photosynthetically active phytoplankton use Chl-a as a pig-

ment to produce organic matter through photosynthesis. While

Chl-a concentration is relatively easy to quantify, Chl-a should

always be considered cautiously as a proxy for phytoplankton

biomass because of:

= Species Variability. Different phytoplankton species have
varying Chl-a concentrations per unit of biomass (often
expressed as C:Chl-a ratio, Geider, 1987; Smyth et al., 2023).
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= Environmental Factors. Light availability, nutrient concentra-
tions, and other environmental conditions can influence and
rapidly change the amount of Chl-a phytoplankton cells con-
tain (Graft et al., 2015; Jakobsen and Markager, 2016).

= Phytoplankton Physiology. The growth and physiologi-
cal state of phytoplankton can affect Chl-a concentration
(Geider, 1987).

= Other Pigments. Not all phytoplankton rely solely on Chl-a.
Some species use different pigments for photosynthesis, and
pigments can interfere with fluorescence profiles.

Chl-a molecules fluoresce in the red wavelengths (695 nm)
due to higher absorption of light by Chl-a at the 460-470 nm
(blue) wavelength (Figure 1, Ocean Optics Web Book). Therefore,
Chl-a concentration can be quantified by measuring the emitted
fluorescence, with the intensity of the fluorescence signal being
proportional to the concentration of Chl-a pigment. The fluores-

cence intensity is first measured in volts (V) by the fluorometer
and then converted into Chl-a concentration using a set of coef-
ficients from calibrations performed by the manufacturer. Given
the sensitivity of fluorescence to ambient conditions, (e.g., light;
Graff et al., 2015), fluorescence may not be a reliable indicator of
actual Chl-a concentration.

Digression. A demonstration of these principles can be done
with a blue laser (e.g., pointers <$10 online) and a coastal water
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FIGURE 1. (a) lllustration of the chlorophyll a (Chl-a) fluorescence principle and the ]
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(or lake, or any phytoplankton-rich water) sample, or even bet-
ter, with a phytoplankton culture in a test tube. With all human
eyes protected from exposure, point the blue laser at the tube in
the dark, and the Chl-a molecules present in the phytoplank-
ton will be seen to emit red light through fluorescence. Laser
light emission can be harmful to the eyes. Ensure you take pre-
cautions to avoid directing the laser beam toward anyone’s eyes.
Fluorometers used by oceanographers use exactly the same prin-
ciple, with a blue light exciting Chl-a present in natural assem-
blages of phytoplankton and recording the intensity of the red
light thus emitted.

LAB ACTIVITY

MATERIALS AND SKILLS NEEDED

The instructions for the lab activities are provided in the online
supplementary materials. The data required for the lab activi-
ties are also provided in the supplementary materials and are
accessible online through open-access databases and portals. To
facilitate the activities, open-access templates (OpenDocument
Spreadsheet, .0ds) are included in the supplementary materials.
Additionally, .ods files containing the expected results for each
activity are provided to ensure students can complete all tasks,
even if they face challenges with specific steps. Instructors will
also find png-format figures illustrating each activity in the sup-
plementary materials.

Students need individual computers with internet access
and a spreadsheet application, such as OpenOffice Calc (open
access) or Microsoft Excel, to complete the activities. They
should be comfortable using spreadsheet software and familiar
with basic functions like copying and pasting, calculating aver-
ages and standard deviations, creating plots, and performing
linear regressions.

Instructors should be familiar with concepts in oceanogra-
phy (e.g., phytoplankton and fluorescence). While experience
with deploying oceanographic instruments, such as fluorom-
eters, and analyzing the resulting data can be helpful, it is not
required. However, proficiency in data handling and analysis
using spreadsheet software is highly recommended, as students
may encounter difficulties during the activities that require
additional support.

SECTION 1. ACCESSING AND EXPLORING
SENSOR-BASED FLUORESCENCE AND DISCRETE
CHL-A DATA (1.5 hours)

Accessing and working with observational data can be challeng-
ing due to material or geographical constraints that limit data
availability. Here, we aim to familiarize students with openly
accessible oceanographic data and to help them develop skills in
analyzing sensor-based fluorescence and discrete Chl-a data col-
lected as part of the Northeast US Shelf Long-Term Ecological
Research (NES-LTER) project. Students will work with authen-
tic data and learn quality control procedures, with the goals
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of acquiring valuable skills and addressing critical questions
about data quality assurance and the management of obser-
vational datasets.

PART 1. SENSOR-BASED FLUORESCENCE CHL-a DATA
Goal. Access and work with authentic raw underway fluores-
cence data, followed by preliminary interpretation of these data.

Expected Outcomes. Develop familiarity with underway fluo-
rescence data, including the challenges of handling raw datasets
and navigating complex formats, such as date/time. Produce fig-
ures to interpret general patterns in the data and engage students
in critical discussions about the observed trends.

Narrative. Fluorometers that record Chl-a fluorescence are
widely used by the scientific community to estimate phyto-
plankton biomass in water bodies and to investigate the dynam-
ics of phytoplankton communities. Chl-a fluorescence data
can be found on many open access databases. Some examples
from US-based research programs are the University-National
Oceanographic Laboratory System (UNOLS) Rolling Deck to
Repository (R2R), the Environmental Data Initiative (EDI),
the Ocean Observatories Initiative (OOI), and the Biological &
Chemical Oceanography Data Management Office (BCO-DMO).

Here, we use data from six NES-LTER cruises (EN644, EN649,
EN655, EN657, EN661, and EN668) on R/V Endeavor. During
each cruise, a pump located near the ship’s bow collects water
from 5 m below the ocean’s surface through a system of tubing
throughout the ship—called an underway system. Such under-
way systems are present on most oceanographic research ves-
sels. The underway data are recorded along the cruise tracks and
include a suite of navigation (e.g., latitude, longitude, speed),
meteorological (e.g., wind speed and direction, light intensity),
and oceanographic (e.g., temperature, salinity, Chl-a fluores-
cence) data. On R/V Endeavor, some of the oceanographic data
collected are obtained from an underway water flow-through
system that includes temperature and salinity sensors, and two
fluorometers, a WETLabs ECO-FLRTD and a WETStar fluo-
rometer. Fluorescence is measured and recorded every second
along the ship track. The WETLabs ECO-FLRTD reads Chl-a
fluorescence by exciting at a wavelength of 460 nm, the WET Star
fluorometer excites at 470 nm, and both fluorometers read emis-
sions at 695 nm (Figure 1). The raw fluorescence is recorded in
volts (V) and then converted to Chl-a concentration expressed
in units of mg m™ based on a manufacturer calibration using a
scale factor and blanks including pure water and dark counts.
Ship-provided raw underway data are publicly available through
the R2R data portal. Raw underway fluorescence data are
stored within the TSG Sea-Bird SBE-21 datasets, along with
other underway data such as temperature, conductivity, salin-
ity (Sosik, 2019, 2020a, 2020b, 2020c, 2021a, 2021b). These
raw data can be challenging to access because of their formats


https://www.rvdata.us/

(multiple, non-concatenated, .raw files), which are basically text
with separations (e.g., commas, but also tabs) between columns,
and without column headers. As part of the NES-LTER proj-
ect, curated 1-min temporal resolution data, including all nav-
igation and meteorological and oceanographic measurements,
can be accessed through the NES-LTER REST API in a comma-
separated values (.csv) format that also includes all the column

headers. To facilitate access, we provide the underway data as
supplemental .csv files for several cruises as downloaded from
the NES-LTER REST API at the time this article was written.

The data show that the two fluorometers recorded slightly dif-
ferent values during each cruise but generally followed a sim-
ilar pattern (Figure 2 and in online supplementary materials).
During the winter 2021 (February) EN661 NES-LTER cruise,
the WetStar fluorometer was malfunctioning during the first two
days of the cruise, as indicated by the major differences observed
when comparing the two fluorometer values (Figure 2). A clean-
ing of the WetStar fluorometer was performed during the cruise
once the problem was identified, resulting in a better match
of the sensors afterward. We included these data here because
such technical problems occur frequently and highlight the
importance of cleaning oceanographic instruments before each
deployment, and also the importance of real-time monitoring of
the sensors’ displays during a cruise. The difference between the
two fluorometers appears to follow a diel cycle (Figure 2c and in
online supplementary materials), with a larger difference during
daylight hours, highlighting the fact that instruments measuring
the same parameters can produce different data and that those
deviations can be modified by external influences. This diel pat-
tern might be linked to non-photochemical quenching of Chl-a
molecules during the daytime (Marra, 1998; Xing et al., 2012),
when light intensity is high, with one of the instruments being
more sensitive than the other to this process.

PART 2. DISCRETE DATA FOR EXTRACTED CHL-a

Goal. Access and analyze authentic discrete Chl-a data, followed
by preliminary interpretation. Gain familiarity with the dataset
required for Section 2 of this lab activity.

Expected Outcomes. Build an understanding of discrete Chl-a
data, including how they are collected, the uncertainties associ-
ated with discrete sampling, and the quality control procedures
applied. Conduct basic statistical analyses (e.g., averages, stan-
dard deviations) and interpret the resulting data.

Narrative. Discrete Chl-a data have historically been collected
during oceanographic cruises, primarily from water sampled
throughout the water column using Niskin bottles mounted on
a CTD-Rosette. The general procedure for discrete Chl-a mea-
surements involves filtering a known volume of seawater to
retain all phytoplankton cells on the filter, extracting the Chl-a
retained on the filter with a solvent, and then quantifying the
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FIGURE 2. Examples of (a) underway raw fluorescence (in volts, V), and

(b) manufacturer calibrated fluorescence (mg Chl-a m™) recorded by the
WetStar (dark green) and the ECOFI (light green) fluorometers vs. time
during the EN661 Northeast US Shelf Long-Term Ecological Research
(NES-LTER) cruise in winter 2021. (c) Difference of the manufacturer-
calibrated fluorescence signals between the two fluorometers
(mg Chl-a m™3), with light green shaded area representing nighttime (here
defined from 7 p.m. to 7 a.m. local time).

amount of Chl-a in the solvent by fluorescence. Additionally,
high-performance liquid chromatography (HPLC) can be used
to quantify Chl-a concentration. These methods for sampling,
filtering, extracting, and quantifying are relatively simple and
can be performed as a lab activity, depending on resources avail-
able to students.

During NES-LTER cruises, discrete Chl-a samples for the
calibration of the underway fluorometers were collected from
a spigot connected to the underway system so that the samples
contained water that had just run through the two fluorometers
(Menden-Deuer et al., 2022). Additional discrete Chl-a samples
are routinely collected from the Niskin bottles mounted on the
CTD-Rosette at each sampling station at various depths (Sosik
etal., 2023), including at the surface (3-7 m depth). While these
additional data could be used to post-calibrate the underway
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fluorometers, we will focus here only on the discrete under-
way Chl-a data. Before collection, the date and time of sam-
pling were recorded along with the current fluorometer read-
ings. Fifteen to 20 samples were collected on a random timeline
during the cruise, while ensuring collection of half the samples
during the day and about half during the night, to capture the
effects of nonphotochemical quenching (Marra, 1998; Holm-
Hansen et al., 2000). Additional effort was devoted to maximiz-
ing the dynamic range of fluorescence and corresponding Chl-a
concentrations, based on real-time observations of the under-
way fluorescence signals (e.g., during periods of unusually low
or high fluorescence). A collection container with a volume
between 500 mL and 1 L was rinsed three times with underway
water, then filled. Three plastic 152 mL bottles were then filled to
the top with the underway water in triplicates. Immediately after
collection, the entire volume of each triplicate was filtered onto
Whatman GF/F 25 mm filters using gentle vacuum (not exceed-
ing 150 mm Hg) in a light-limited environment to avoid any
degradation of the Chl-a pigments. The filters were then each
placed in glass tubes containing 6 mL of 95% ethanol, capped,
and stored in the dark at room temperature to extract the Chl-a
for approximately 12 hours (£2 hours). After the extraction
period, the fluorescence of the samples was recorded with a
Turner 10AU fluorometer first as is, and then with the addition
of acid to correct for phaeopigments (Wasmund et al., 2006).
The discrete underway sample data were digitized and orga-
nized, then Chl-a concentration, in mg m™ (= pg L"), was cal-
culated using coeflicients obtained from the in-lab fluorometer’s
calibration; this was performed before each cruise based on pure
Chl-a standards (Sigma-Aldrich, from Anacystis nidulans algae).
Each data point was then given a quality flag based on the IODE
(International Oceanographic Data and Information Exchange)
quality flag scheme (IOC, 2013) so that only the highest quality
data would be included in the post-calibration. Discrete under-
way Chl-a data from six NES-LTER cruises are available on the
EDI data portal (Menden-Deuer et al., 2022).

SECTION 2. USING DISCRETE CHL-a TO
POST-CALIBRATE SENSOR-BASED FLUORESCENCE
(1.5 hours)

There can be substantial differences between manufacturer-
calibrated continuous fluorescence data and discrete Chl-a con-
centrations. Manufacturer-calibrated fluorescence values con-
verted to Chl-a concentrations (mg m™) should be interpreted
with caution because the calibration is typically performed
using either pure Chl-a extracts or single-species phytoplank-
ton cultures that may not accurately reflect the local phyto-
plankton community, environmental conditions (e.g., tempera-
ture), or optical properties encountered in the field. Factors
such as species composition, physiological state, light his-
tory, and colored dissolved organic matter (CDOM) can all
influence the fluorescence signal independent of actual Chl-a
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concentration. The optical components of the fluorescence sen-
sor may also be biofouled during deployment. Although this
is minimized by cleaning the sensors before and after each
deployment and by maintaining a high flow rate, any biofoul-
ing can still alter the recorded optical signal. As a result, with-
out cross-validation, these manufacturer-derived values can be
substantially different from in situ Chl-a. Therefore, it is crucial
to acknowledge, correct for, and interpret the uncertainty and
imprecision in in vivo fluorescence data to interpret the fluo-
rescence signal (Cullen, 1982; Falkowski and Kiefer, 1985; Xing
et al,, 2017). To obtain reliable, accurate, high-resolution Chl-a
data from in vivo fluorescence, the continuous fluorometer data
must undergo post-calibration against discrete Chl-a values.
The steps required for this data management are the subject of
this hands-on exercise.

PART 1. PLOTTING SENSOR-BASED CHL-a FLUORESCENCE
VS. EXTRACTED CHL-A CONCENTRATIONS

Goals. Linking sensor-based underway chlorophyll-a (Chl-a)
fluorescence and discrete Chl-a data. Introduce methods required
for post-calibrating sensor-based Chl-a fluorescence data.

Expected Outcomes. Develop familiarity with linear regres-
sion, including the concepts of slope, intercept, and coeflicient
of determination. Understand the significance of linear regres-
sion results and their application in post-calibrating underway
Chl-a fluorescence data.

Narrative. It is now time to compare the discrete Chl-a concen-
trations with the corresponding underway fluorescence values
observed when sampling (Figures 3 and 4). The goal here is to
identify whether both fluorometers are equally well suited to use
for the post-calibration and to identify the coeflicients that will
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FIGURE 3. Raw underway fluorescence (mg Chl-a m~) during the EN661
NES-LTER transect cruise (February 3 to February 7, 2021, winter in the
Northern Hemisphere) from the WetStar (dark green) and the ECO-FI (light
green) fluorometers. The discrete Chl-a concentrations collected in tripli-
cate during the cruise are represented by black dots. Only discrete Chl-a
data with an IODE Quality Flag = 1 (good) are shown. Note the change in
fluorescence from the WetStar fluorometers on 02/05/2021, which cor-
responds to the change observed after the cleaning of the instruments.



be used for the post-calibration of the fluorometer. Some basic
statistical concepts such as linear regression will be introduced.
Note that on most oceanographic cruises, only one fluorome-
ter is available to record underway fluorescence, meaning that
selection of one of two fluorometers is not possible.

PART 2. POST-CALIBRATION TO ESTIMATE CHL-a
CONCENTRATION FROM IN VIVO FLUORESCENCE
Goals. Post-calibrate the underway fluorescence data by apply-
ing the relationships established in Section 2, Part 1, between
the raw fluorescence measurements and the discrete Chl-a con-
centration data. Compare the raw fluorescence values with the
post-calibrated data collected during the three summer cruises
and interpret the resulting figures.

Expected Outcomes. Gain insight into the significance of post-
calibrating raw fluorescence data for analyzing the inter-annual
variations in phytoplankton biomass within a highly dynamic
coastal ecosystem.

Narrative. After identifying the best suited fluorometer, the
goal is to apply the relationship obtained from the linear regres-
sion to the continuous underway measurements for each cruise
(Figure 2 and in online supplementary materials) and ulti-
mately to create a new data package that includes all these post-
calibrated measurements to share with the scientific community.
We also present here an illustration of why post-calibration of
fluorescence data is essential (Figure 5) and invite the students
to interpret the results obtained by comparing post-calibrated
fluorescence among three summer NES-LTER cruises.

When looking at the data from the three summer NES-LTER
cruises together, the first observation is that the fluorescence sig-
nal in 2019 has a much higher magnitude and is more variable
and “noisy” compared to the signals from the summers of 2020
and 2021. Based on the raw fluorescence values, the concentra-
tion of Chl-a was higher, indicating higher phytoplankton bio-
mass in the surface waters of the NES in 2019 than in 2020 and
2021. Additionally, there seemed to be higher concentrations of
Chl-a in surface waters along the 2020 transect than in 2021.

The fluorescence signal in 2019 remains more variable and
higher than during the other two cruises after post-calibration.
Interestingly, while the raw fluorescence data suggested more
Chl-a in 2020 than in 2021, post-calibration revealed that the
Chl-a concentrations were actually very similar. This under-
scores the importance of post-calibration when comparing
fluorescence values from different cruises.

Some essential background information about the oceano-
graphic context of the NES may be helpful for instructors to inter-
pret the data obtained. To support this, we included an introduc-
tion to the seasonal dynamics of the phytoplankton community
in NES waters in a dedicated section of the Lab Instructions doc-
ument, available in the supplementary materials.
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FIGURE 4. Discrete Chl-a concentrations (mg m~) plotted against
the matching fluorescence values from (a) the ECO-FI fluorome-
ter (mg m~3), and (b) the WetStar fluorometer (mg m~3) during the
EN644 summer 2019 cruise (August). The green dashes repre-
sent the line of best fit from a model | linear regression, with the
equation, including the slope and intercept, shown as an insert
on each figure. The shaded green area represents the 95% confi-
dence interval obtained for the linear regression model.

Chl-a concentrations were generally higher in inner shelf
waters (northern half of the transect) than in the outer shelf
waters (southern half of the transect). This difference can be
attributed to the shallower depth and greater influence of coastal
inputs in the inner shelf region, which result in more nutrients
for phytoplankton growth. In contrast, the outer shelf waters are
more oligotrophic, similar to some open ocean regions.

During summer, nitrate (an essential nutrient for phyto-
plankton growth) is completely depleted in the surface waters
of the NES, indicating that phytoplankton growth is likely based
on remineralized nutrients through the microbial loop, favoring
the growth of small phytoplankton cells (Marrec et al., 2021).
However, in the summer of 2019, an intense bloom of large
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3

way fluorescence (mg Chl-a m™) vs latitude. For clarity, only data from the outbound leg of the transect (north to south) are shown.

diatom cells was observed along the transect. This bloom was
comprised of nitrogen-fixing bacteria living in symbiosis with
a diatom species (Hemiaulus), providing the necessary nitrogen
that was not available as nitrate (Castillo Cieza et al., 2024).

We demonstrated that post-calibrating Chl-a fluorescence
values are essential for accurate comparison, as the calibration
substantially altered the estimated Chl-a concentrations. In this
study, we used fluorescence values from different cruises, where
fluorometers either underwent manufacturer calibrations or
were replaced by spare instruments of the same model. A similar
approach can be applied when comparing fluorescence values
from the same study area but obtained from different research
vessels or other platforms such as moorings, CTDs, or gliders.
Without proper post-calibration, raw Chl-a fluorescence values
cannot be reliably compared.

FEEDBACK FROM STUDENTS AND
RECOMMENDATION TO INSTRUCTORS

The exercise described here was repeatedly tested with stu-
dents in class and in self-paced assignments. The major feed-
back from students was that they struggled with obtaining the
data from online repositories in reproducible ways. Different
versions of the same spreadsheet tool interpreted dates and
number formatting differently. To accommodate these chal-
lenges—which could not easily be alleviated as students may
have many different software types and settings—we have
developed a more explicit step-by-step guide and provided
standardized files for each intermediary step, so students can
access properly formatted files for each step and can avoid lack
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of data accessibility or formatting issues. These elements raise
awareness for students as they will certainly encounter similar
challenges related to data management in their own research
or classes. This requirement for troubleshooting often fosters
learning and confidence in the gained competency, as students
overcome obstacles and find solutions independently. As large-
scale open-access databases become increasingly prevalent, the
skills developed through this activity are essential and founda-
tional for many researchers.

STUDENT BENEFITS
Our proposed activity offers students a valuable opportu-
nity to better understand the limitations of relying on raw,
manufacturer-calibrated Chl-a values, and more broadly, on
any biogeochemical data obtained from sensors. This serves
as a general example of working with calibrated instruments.
Data users may assume that fluorescence-derived Chl-a con-
centrations provided by manufacturers represent accurate and
true measurements of Chl-a and possibly by extension, biomass.
However, as demonstrated in this study, this is not the case.
This exercise shows students critical concepts in data valida-
tion and underscores the need for quality control by research-
ers. This is exemplified by differences between fluorometers with
varying specifications that can lead to discrepancies between
nighttime and daytime measurements (Figure 2c). These vari-
ations suggest that non-photochemical quenching (NPQ) of
Chl-a molecules occurs during daylight hours when light inten-
sity is high (Marra, 1998; Xing et al., 2012), with some instru-
ments being more sensitive to this process than others. Ideally,



only nighttime fluorescence data should be used for post-
calibration, while daytime values should be corrected for NPQ
(Carberry et al., 2019). In our case, we show that the NPQ effect
is negligible for our post-calibration. Using discrete data, we
show that the relatively high variance in our calibration is likely
due to the inclusion of both daytime and nighttime data.

Students also engaged with the importance of clarifying what
an instrument measures and what the measurement represents.
The concept of C:Chl ratios is fundamental in biomass assess-
ments in oceanographic studies and plays a key role in student
learning outcomes by highlighting how data or model estimates
are influenced by the conversion factors used. We encourage
educators to engage students in discussions on the deep Chl-a
maximum (DCM) in oligotrophic waters and the effects of
photoacclimation on cellular Chl-a content. The DCM has often
been interpreted in scientific literature and textbooks as a bio-
mass maximum. However, it primarily reflects photoacclima-
tion processes and variations in the C:Chl-a ratio (Mignot et al.,
2014; Cullen, 2015; Maranon et al., 2021). This serves as a crucial
example of why Chl-a should be used with caution as a proxy for
phytoplankton biomass.

Lastly, and this is our central topic, our goal was to empower
students with the formal tools of data science, data manage-
ment, and FAIR practices. A career in data science and man-
agement can represent a career pathway in itself or a bridge to
other professional opportunities for students. Expertise in data
science is highly transferable and can be applied across a wide
range of professional fields, within sciences and beyond. A nota-
ble example is Amanda Herbst, a coauthor of this study, who
after completing a summer internship using the skills covered
here, pursued a Master of Environmental Data Science degree
at the Bren School of Environmental Science and Management
at the University of California, Santa Barbara, and who recently
accepted a position as Environmental Analyst for the New
England Interstate Water Pollution Control Commission
(NEIWPCC) and will be working at the New York State
Department of Environmental Conservation.

Students are exposed to the vast universe of freely available
data and how to handle them. When sourced from data portals
with rigorous quality control procedures and well-documented
metadata, these datasets can be valuable resources for research
and analyses at minimal cost. Many students, researchers, and
institutions face financial constraints when conducting field
studies, which often require expensive platforms (e.g., research
vessels) and instrumentation (e.g., biogeochemical sensors).
By increasing awareness of existing high-quality, open-access
datasets, the oceanographic community could make signifi-
cant advancements. In fact, some long-term observational data-
sets remain underutilized despite being collected, processed,
and stored following state-of-the-art standards (e.g., NSF Dear
Colleague Letters 2024). Leveraging these resources could

greatly enhance our understanding of oceanographic processes.

CONCLUDING REMARKS

The main goal of this contribution to Oceanography’s Ocean
Education article category is to emphasize to students the
importance of proper handling and sharing of post-calibrated
data by publishing it in open-access data portals. All the data
used in this hands-on activity are openly available, allowing
researchers worldwide to access and utilize them. However,
as demonstrated, interpreting raw Chl-a fluorescence has lim-
itations. Therefore, providing the scientific community with
high-quality post-calibrated Chl-a fluorescence data is essential
for advancing research.

An important aspect of sharing high-quality data in open-
access repositories is to include all information necessary for
understanding how the data were acquired and analyzed. This
additional information, known as metadata, includes intel-
ligible and descriptive data product names, precise tempo-
ral and spatial coverage, accurate and complete lists of science
keywords, and concise yet readable descriptions of the data
products. Instrument calibration documentation (e.g., man-
ufacturer calibration) and data analysis workflows are also
crucial metadata components. Publishing open-access data
packages following FAIR principles ensures that the science
is open, transparent, accessible, inclusive, and reproducible
(Wilkinson et al., 2016).

In our case, we created an EDI data package that compiles
post-calibrated underway fluorescence data for six NES-LTER
cruises, spanning from summer 2019 to summer 2021, as part of
coauthor Amanda Herbst’s summer 2021 REU project. The REU
research project included all aspects of the research this exer-
cise drew on, including cruise participation to acquire calibra-
tion data. The NES-LTER Information Management team sup-
ported us in the creation of this data package (Menden-Deuer
et al,, 2022). Essential steps in creating a data package include a
clear description of the methods used to process the data, data
quality checks, and additional metadata to improve findability.
These steps benefited greatly from the experience of data man-
agers, who play an essential role in modern research projects.
Please note that publishing the data package is not included in
this activity, as all sample data are already published, and multi-
ple publications of the same data package are not desirable.

SUPPLEMENTARY MATERIALS
The supplementary materials are available online at https://doi.org/10.5670/
oceanog.2025.314.
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