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PREFACE

In 2018, a working group sponsored by the NASA Plankton, Aerosol, Cloud, and ocean
Ecosystem (PACE) project, in conjunction with the International Ocean Colour Coordinating
Group (IOCCG), European Organization for the Exploitation of Meteorological Satellites
(EUMETSAT), and Japan Aerospace Exploration Agency (JAXA), was assembled with the aim
to develop community consensus on multiple methods for measuring aquatic primary
productivity used for satellite validation and model synthesis. A workshop to commence the
working group efforts was held December 5-7, 2018, at the University Space Research
Association headquarters in Columbia, MD, USA, bringing together 26 active researchers from
16 institutions. In this document, we discuss and develop the workshop findings as they pertain
to primary productivity measurements, including the essential issues, nuances, definitions,
scales, uncertainties, and ultimately best practices for data collection across multiple
methodologies.

Top row, left to right: Solange Duhamel, Mary Jane Perry, Helga Gomes, Maxim Gorbunov, Gemma Kulk,
Greg Silsbe, Roo Nicholson, Rachel Stanley, Patrick Neale, John Marra, Mark Brzezinski, Barney Balch,
Tomonori Isada, Laurie Juranek, SeungHyun Son, Toru Hirawake. Bottom row, left to right: Joaquim Goes,
Ana Fernandez Carrera, Antonio Mannino, Ryan Vandermeulen, Ricardo Letelier, Kimberly Halsey, Priscila
Kienteca Lange, Joaquin Chaves. Workshop participants not pictured: Joe Salisbury, Susanne Craig, Jeremy
Werdell, Paula Bontempi.
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1. Reconciling Estimates of Oceanic Primary Productivity
from Cells to Satellites

Ryan A. Vandermeulen'?, Joaquin E. Chaves'?, Antonio Mannino?
Science Systems and Applications, Inc., Maryland, USA
°NASA Goddard Space Flight Center, Maryland, USA

1.1. Why Are We Doing This?

The measurement of aquatic primary productivity (PP) is central to the quantitative
understanding of the global biosphere, yielding critical insights into the role and magnitude of
carbon, oxygen, and other bioactive element fluxes between the ocean, the geosphere, and the
atmosphere. The accumulation of theoretical, methodological, and technological advances from
this endeavor has led to the development of numerous approaches to measure oceanic PP, all
with the common objective of quantifying the fluxes of reduced carbon into aquatic ecosystems.
While these advances have furthered the understanding of carbon dynamics, from intracellular to
global scales, it is notable that perhaps no single measurement in the suite of significant
oceanographic observations exhibits as much methodological diversity and interpretive
ambiguity (Marra, 2002; del Giorgio and Williams, 2005).

Methods to derive estimates of PP include, but are not limited to, incubations to measure
oxygen gas accumulation/consumption (Riley, 1939; Collins et al., 2018), uptake of radioactive
14C (Steeman Nielsen, 1952), stable '3C (Slawyk et al., 1977; Slawyk, 1979; Hama et al., 1993;
Lépez-Sandoval, 2019), and 30 (Grande et al., 1989), the isotopic composition of atmospheric
and dissolved oxygen ('°0,!70, and '®0; Luz and Barkan, 2009), dilution growth and grazing
incubation experiments (Calbet and Landry, 2004; Landry et al., 2000), underway measurements
of Oo/Ar ratios (Cassar et al., 2009), the use of temporally and spatially integrated time series
from gliders or buoys (Claustre et al., 1999; Nicholson et al., 2008; Alkire et al., 2014), and in
situ methods that use instantaneous kinetic measurements of active fluorescence to derive

primary productivity estimates from electron transport rates (Kolber et al., 1998; Gorbunov and
Falkowski, 2021).

An assessment of the oceanic carbon flux can be attained by the power of the discrete PP
measurements accumulated over years. Still, the capacity afforded by satellite observations of
ocean biomass and its physical environment enable the scaling up of those data into a
comprehensive, global picture (National Research Council, 2008). Notably, no matter how well
characterized, ocean color remote sensing (i.e., measurements of passive water-leaving
reflectance) can only elucidate a limited portion of the multitude of degrees of freedom that
impact daily water column-integrated rates of primary productivity. The combination of field
measurements, modeling efforts, and satellite observations, even if not explicit, is the only viable
path to gauge the rate of marine carbon fixation at a global scale (Brewin et al., 2021). Thus, it is
critical to evaluate model outputs against accurate in sifu measurements from diverse regions
(Saba et al., 2011). Though PP measurements are ubiquitous within oceanographic research, an
unfortunate impact of the variability in methodological approaches is that it can hinder the
interoperability and scalability of existing measurements into synthesis efforts aimed at carbon
cycle modeling and satellite algorithm development.
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The wvarious techniques and approaches used for measuring PP depend on multiple
assumptions and are prone to artifacts that can introduce significant biases between
measurements (Peterson, 1980; Marra, 2002; Regaudie-de-Gioux et al., 2014). Moreover,
variations in results extend beyond the specific parameter used to estimate the rates of carbon
fixation and can often arise from environmental or experimental variability due to temperature
(Eppley, 1972), source and quality of light (Kirk, 2011), filtration (Sharp, 1977), bottle effects
(Worrest et al., 1980), length and type of incubations (Lohrenz et al., 1992), inherent
assumptions about respiration and dissolved losses, the depth of the photic zone (Geider and
Osborne, 1992; Marra 2015), grazing (Laws et al., 2000), regenerated production (Harrison,
1980), quantum yield (Morel et al., 1996), and mixing and air-sea exchange (Duarte et al., 2013),
among a multitude of other factors. Awareness of these uncertainties makes it unsurprising that
results from identical samples analyzed at different laboratories have shown an average
coefficient of variation of 25—40% (Richardson, 1991).

When these uncertainties are not fully quantified or understood, the result is ambiguity in the
interpretation and applicability of data for subsequent global PP model validation. However,
establishing a set of best practices and a better understanding of the assumptions and limitations
of each measurement approach can minimize systematic and random biases. The reasons above
highlight the motivation to develop community consensus on protocols for various PP
measurement approaches and define the uncertainty associated with each type of measurement.
Accurate determination of carbon cycle parameters is central to priorities set by international
space agencies and required for the success of current and future programs producing climate-
quality data from sea-going platforms and spaceborne sensors.

1.2.  One Step Beyond

Notably, the diverse range of measurements covered in this document are resolving an equally
diverse spectrum of specific metabolic processes (see Chapter 2), which can become uncoupled
from one another because environmental factors and taxonomic diversity directly impact the
efficiency with which carbon is fixed and respired, as well as the intermediate pathways
therewithin. These behaviors present formidable challenges when attempting to intercompare
derived rates, as any discrepancies observed between two or more measurements may be real,
methodological, or simply a result of inherent biases associated with the temporal and spatial
scales of measurement (Regaudie-de-Gioux et al., 2014). Differing methods of assessing primary
productivity are rarely, if ever, simultaneously measuring the same quantity or process at the
same spatial-temporal scales (Fig. 1.1), thereby propagating the impacts of the metabolic
disparities and prompting the question: Why issue protocols for a broad set of rate measurements
that represent varying metabolic processes, instead of focusing on one “gold standard”
measurement for validation of models? Is more always better?

In short, each method or approach presented in this volume elucidates distinct processes that
contribute to a holistic and integrated characterization of aquatic microbial energy and carbon
dynamics on Earth. Our primary goal in presenting these protocols is to normalize a variety of
emerging technologies, thus improving our simultaneous understanding of larger-scale spatial-
temporal dynamics and smaller-scale cell physiology, which are intrinsically linked.

11
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Fig. 1.1. Different methods of assessing primary productivity rates in the ocean examine widely varying spatial-
temporal scales and (potentially decoupled) metabolic processes. While integrating across scales can lead to
ambiguity in absolute comparisons between methods and ecosystem processes, each approach yields valid
information that contributes to a comprehensive understanding of microbial energetics and carbon dynamics.

We intend for these protocols to be complementary, not competitive, to this understanding; by
establishing best practices, we may leverage the assets and liabilities of each method. Thus,
beyond establishing standardized best practices, we make every effort to be fully transparent
about the capabilities, limitations, and impacts of the underlying assumptions inherent to each
measurement.

An overarching goal of this effort is to encourage practitioners to consider their measurements
in the context of recent and future advances in ocean color remote sensing technologies and their
subsequent impact on the understanding of primary production and associated ecosystem
modeling efforts. With enhanced observational power gained from emerging sophistication in the
capabilities of these technologies, there will be opportunities to directly validate what we only
now empirically assume. Future geostationary orbits will make possible the measurement of
diurnal changes in standing stocks of chlorophyll a and phytoplankton carbon via backscatter, as
well as changes in absorption efficiency throughout the day (Fishman et al., 2012). Globally
gridded hyperspectral data can yield a better understanding of the distribution of phytoplankton
community composition (Werdell et al., 2019), and thus how taxonomically dependent
physiological variables are parameterized. Multi-angle polarimetry will allow the resolution of
optical and microphysical properties of suspended oceanic particles in a way that may help better
determine the phytoplankton size spectra and particle composition and morphology (Jamet et al.,
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2019). Sensors built with enhanced signal across the electromagnetic spectrum may enable
greater practical use of natural fluorescence line height to help characterize phytoplankton
physiology and nutrient stress (Behrenfeld et al., 2009), and elucidate global estimates of
ultraviolet stress (Lee et al., 2013). Space-borne active remote sensing via Light Detection and
Ranging (LIDAR) can be optimized in such a way to help resolve the three-dimensional vertical
structure of particles within the ocean (Lu et al., 2014) and vertical migration patterns
(Behrenfeld et al., 2019). Future fleets of Bio-Argo floats and other autonomous platforms can
provide greater in situ resolution of bio-optical parameters all around the globe (Johnson et al.,
2009). The growing sophistication of machine learning, genetic programming, and neural
networks can be robustly parameterized and tested as precisely as a laboratory experiment to
help learn about subtle processes and trends in the ocean (D’Alelio, 2020). It is imperative to
examine and incorporate multiple dimensions of field data into the validation stream to
maximize the utility of current and future sensor technologies and computing power. We are
hopeful that these protocols will prove useful in advancing our conceptual understanding of
global carbon dynamics in the ocean.
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2.1.  Overview of Components of Photosynthesis

The marine ecosystem is wholly dependent on the activity of photosynthetic algae. Within
each algal cell, most of the energy derived from light is subsequently used to convert carbon
dioxide into the organic material needed to build cell components (e.g., lipids, proteins, nucleic
acids). Thus, photosynthetic processes are fundamental drivers of the marine carbon cycle.
Furthermore, approximately half of the organic matter produced each day through photosynthesis
is consumed by microzooplankton and other herbivorous grazers, initiating the complex marine
food web. The global impacts of algae make measuring and monitoring their photosynthetic
processes a vital undertaking.

Photosynthesis refers to the biological conversion of light energy into chemical energy, which
fuels cell growth and division. There is no single metabolic step that defines photosynthesis.
Rather, photosynthesis encompasses a range of processes initiated by light absorption by
pigment complexes and the transfer of energy to photosynthetic reaction centers, the site of
electron excitation. In algae, the collection of photosynthetic processes includes light energy
transfer from pigments to the photosynthetic reaction centers, photosynthetic electron transport,
carbon fixation via the Calvin-Benson cycle, nitrogen reduction, subcellular carbon catabolism,
and macromolecular anabolism leading to cell division. Many of the fundamental biochemical
processes and the connectivity of these processes are shared across algae, making it possible to
characterize photosynthetic activities at the community scale.

Note that studies to dissect the tremendous diversity of bacterial and eukaryotic
phytoplankton have revealed that photosynthetic activity is rarely confined to strict
photoautotrophs. This means that although some photosynthetic algae can use light energy to
fuel their growth processes (photoautotrophy), most algae are mixoplankton that can use
dissolved organic carbon or phagocytize microbial prey in addition to photosynthesis. The ability
to consume preformed organic matter ‘subsidizes’ the metabolic needs of mixoplankton. An
extreme example of mixoplankton is kleptoplastidic protists, which lack the genetic capacity to
produce chloroplasts and photosynthetic electron transport chains. Instead, these organisms steal
chloroplasts from their prey and use the stolen machinery for chemical energy generation. In
addition, many photosynthetic algae depend on the uptake of specific organic compounds, such
as vitamins they cannot synthesize (auxotrophy). The spectrum of photosynthetic activities in
aquatic microbes challenges interpretations of primary production because the relative reliance
on photosynthesis vs. heterotrophy varies depending on species and environment (i.e., light or
nutrient availability). Unraveling these various activities is especially important for
understanding how planktonic systems and the broader food web will respond to climate change.
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2.2.  Primary Production: GPP to NCP

Because algae are the base of the marine food web, they are known as the primary producers
of the marine ecosystem. Thus, primary production broadly describes the photosynthetic
activity of algae. Primary production measurements aim to assess the rate at which energy or
carbon is captured in the aquatic system. Akin to monetary accounting, the rate of light energy
absorption by the algal community can be viewed as the gross energy budget that becomes
available for algal growth and division over a period. This valuable ecosystem descriptor is
called gross primary production (GPP). Energy expenditures to carbon metabolism and
respiration cause the remaining energy budget to be less than GPP. The extent to which energy
expenditures deplete GPP in an ecosystem depends on algal physiology and the activity of the
heterotrophic microbial community. The rate of carbon production after accounting for energy
losses and carbon respiration by the entire microbial community is called net community
production (NCP). GPP and NCP describe the two endpoints of the primary production
continuum (Fig. 2.1).

Understanding the approaches used to assess primary production requires a basic knowledge
of the processes by which absorbed light energy becomes chemical energy and is then used by
the cell to fuel growth and division. Here, we define the most used descriptors of primary
production. Different experimental approaches are needed to assess primary production in the
ocean because the methods capture processes that occur across varying spatial and temporal
scales (Fig. 1.1). Method comparisons can reveal a broader understanding of ecosystem function
but need to be interpreted considering time and space integration. Each method and additional
associated considerations such as cost, isotope use regulations, and complementary data needs
are discussed in subsequent chapters (Table 2.1). However, these descriptors are not always
clearly defined in the literature, challenging the interpretation of results. Thus, we hope this
document will assist in the adoption of a common vocabulary for aquatic ecosystem scientists.

The average algal cell in the global ocean funnels about 35% of absorbed light energy to the
photosystem II (PSII) reaction centers where the water-splitting reaction occurs. The remaining
~65% of absorbed light energy is lost as heat or fluorescence (Kirk, 1994; Lin et al., 2016). The
canonical step in photosynthesis uses light energy to extract electrons from water and
simultaneously releases oxygen. The rate of oxygen evolution is thus a measure of the rate of
energy (electrons) captured through the light-harvesting reactions of photosynthesis and is called
Gross Oxygen Production (GOP). It can be expressed as

GOP = GPP — NPQ — F, (2.1)

where NPQ is non-photochemical quenching (NPQ) and F is fluorescence, the two pathways
by which absorbed energy is lost from the cell (see Chapter 9).

The energized electrons are spontaneously passed through a series of electron carriers with
decreasing electrochemical potentials within a membrane, terminating at photosystem 1 (PSI).
This process of photosynthetic electron transport generates a cross membrane proton and
electrochemical gradient that supports the conversion of electrochemical potential energy into
chemical energy (ATP) through photophosphorylation.
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Fig. 2.1. The metabolic processes contributing to the continuum of primary production outlined as a function of solar
energy use. The budgetary constraints on the two endpoints of this continuum, gross primary production, and net
community production, depend on varying factors influencing algal physiology and microbial heterotrophic activity.

19



Like PSII, PSI is surrounded by light-absorbing pigments, which concentrate light energy at
the PSI reaction center, causing electrons to be re-energized to facilitate the reduction of
ferredoxin, the key electron carrier. There are three fates for reduced ferredoxin: (1) it is used to
reduce NADP+ to form NADPH, (2) it returns electrons to the photosynthetic electron transport
chain, leading to continued ATP production, a process called cyclic electron transport, or (3) it
can reduce Oz, which effectively promotes the proton motive force through light-dependent
respiration. For biochemical and biophysical details on photosynthetic electron transport, we
refer the reader to Molecular Mechanisms of Photosynthesis by Robert E. Blankenship (2014).
Most of the chemical energy (ATP and NADPH) derived from photosynthetic electron transport
is used for carbon fixation (CO> reduction into organic molecules).

Gross carbon production (GCP) is the rate at which CO> is converted into organic carbon
by the Calvin—Benson cycle. GCP is generally about 70-75% of GOP, with the difference
between GOP and GCP reflecting losses of energy to rapid O» reduction, a process sometimes
called water-water cycles because water was the source of the electrons delivered to the
photosynthetic electron transport chain and the return of electrons to O2 produces water. These
rapid cycles provide some cell protection from photoinhibition caused by absorption of light in
excess of GCP by allowing for the consumption of excess electrons. Water-water cycles are also
important in maintaining proper balance in the cell’s basic energetic currencies, ATP, and
NADPH. Water-water cycles are also known as light-dependent respiration (LDR) because they
only occur in the light and cause O to be consumed.

Part of the difference between GOP and GCP is due to the use of NADPH and ATP in the
reduction of elements other than carbon, such as the reduction of nitrate to ammonia or sulfate to
sulfur (N/Sreq); this energy sink is generally ~5% of GPP (Halsey et al., 2010). Thus, GCP is
expressed as

GCP = GPP — NPQ — LDR — N /S, o4, (2.2)
GCP = GOP — LDR — N/S,¢4. (2.3)

Some of the organic carbon produced by the Calvin-Benson cycle is broken down to produce
more chemical energy via glycolysis, the TCA cycle, and respiratory electron transport. Net
oxygen production (NOP) is the amount of O> produced after accounting for all O> reduced by
respiration,

NOP = GPP — NPQ — LDR — N/S,.q — DR, (2.4)
NOP = GCP — DR. (2.5)

The last expression shows NOP as the difference between GCP and respiration fueled by
glycolysis (DR). The presence of heterotrophic microbes will further draw down the O>
concentration, and NOP is commonly the measure used to obtain NCP (see below). Another
fraction of the total organic carbon pool is catabolized to fuel the biosynthesis of cell
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components or energy-demanding processes such as DNA replication and cell division. Net
primary production (NPP) is the rate of organic carbon production after accounting for
subcellular carbon catabolism and respiration. By definition,

NPP = POC x 1, (2.6)

where POC is particulate organic carbon, or cell carbon content, and p is cell growth rate,
yielding carbon production per unit time (e.g., C d!). Both terms are challenging to measure in
situ; Chapter 3 focuses on NPP capturing approaches. In addition, the relationships between
GPP, GOP, GCP, NOP, and NPP can vary depending on the environment and species.

The preceding discussion largely centered on the algal cell and key descriptors of the starting
points to aquatic carbon cycling. Of course, algae coexist in nature with a complex microbial
community, with each member taking up and respiring carbon that almost entirely originated
from algal photosynthesis. Thus, in natural aquatic ecosystems, net community production
(NCP) is a valuable descriptor of the carbon production rate that escapes degradation by the
surface microbial community and is thus available for export into the twilight zone. NCP is
commonly estimated by converting NOP determined from oxygen sensors into carbon units
using an empirically derived constant. While simple in concept, the complex milieu of dissolved
organic carbon substrates and the range of bacterial mechanisms employed to interact and
metabolize with these substrates make accurate estimates of NCP a significant challenge in
aquatic ecosystem research. Although not discussed in this volume, net ecosystem production
(NEP) is a descriptor commonly used in terrestrial research, but rarely in oceanography. NEP
was originally defined as the difference between GPP and the sum of autotrophic and
heterotrophic respiration (Woodwell and Whittaker, 1968; Lovett et al., 2006). However, it has
often been used to describe the net accumulation of organic carbon in an ecosystem, accounting
for the abiotic processes that limit or increase the retention of organic carbon in the ecosystem
(Raderson et al., 2002). For example, photodegradation, sea-air emission, and cross-ecosystem
transfers all impact the net accumulation of organic carbon in the ecosystem.

2.3. Interconversions: O, — C via PQ and RQ

A suite of measurements is commonly used to assess primary production. Their value depends
on understanding what step in the primary production continuum is being targeted and how cell
physiology influences energy conservation. Theoretical considerations facilitate conversions
between different measures of primary production. One of the most applied conversions is the
photosynthetic quotient (PQ), which refers to the molar ratio of oxygen produced to CO>
assimilated into biomass. Thus, PQ can be used to convert oxygen production measurements to
carbon production (i.e., the conversion of NOP to NPP). PQ values ranging from 1.0 to 2.25 have
been reported (reviewed in Williams and Robertson, 1991; Laws, 1991). A value of 1.4 is
commonly applied when nitrate is the primary source of nitrogen, while ammonia assimilation
will lower the PQ due to the lower oxidation state of N in NH4+. A range of environmental,
taxonomic, and metabolic factors interact to cause PQ to vary, even within a single species. For
example, algae rich in lipids will have higher PQ values than those that are lipid-depleted, and
carbon composition depends on growth rate. Environments that cause growth to become
imbalanced, such as rapid changes in light intensity, CO2 or oxygen limitation, and iron
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limitation, may also decouple oxygen production from growth, increasing PQ beyond the
canonical value of 1.4.

Another conversion factor to consider is the respiratory quotient (RQ), which refers to the
molar ratio of CO; produced per mole of oxygen consumed. Notably, the RQ varies depending
on metabolic pathways involved and the stoichiometric composition of the primary product. The
RQ value is frequently assumed to be 1.0 (the theoretical value for complete oxidation of a
simple carbohydrate). However, different organic substrates can yield RQ values ranging from
0.13—4, based on their composition (Berggren et al., 2011). For example, substrates rich in lipid
composition undergo both glycolysis and B-oxidation; since the latter process does not yield
CO3, lipid metabolization tends to yield a substantially lower RQ (del Giorgio and Williams,
2005). If we consider a ‘typical’ algal cell containing 40% protein, 40% carbohydrate, 15% lipid,
and 5% nucleic acid (C1H1.700.43No.12P0.0046), it Will yield a theoretical RQ of 0.89 based on
stoichiometry alone (Williams and Robertson, 1991; Hedges et al., 2002); individual
contributions from the above substrates would yield an RQ in the range of 0.71-1.23 (Rodrigues
and Williams, 2001). Of course, natural waters provide a more complicated reality, in which RQ
values measured in situ can fall well below traditional bounds (0.2—0.6; Miinzner and Berggren,
2019), perhaps due to additional complex biochemical processes such as nitrification or methane
oxidation. In addition, not all oxygen-consuming processes are directly linked with organic
production/consumption (such as photorespiration or the Mehler Reaction, one of the water-
water cycles described earlier) (del Giorgio and Williams, 2005). Thus, the RQ will ultimately
vary as a function of cell physiology and environmental factors. Given the relative difficulty in
executing a proper measurement of this value, researchers tend to settle on a constant RQ value
and accept a 20% margin of error (Robinson, 2019).

Finally, myriad methodological considerations can impact primary production and PQ
measurements. It appears that most artifacts are introduced during incubation-based techniques
(e.g., bottle effects, intracellular and intercellular C and N recycling), and some of these are
discussed with mitigating approaches later in this document. Future approaches that take
advantage of incubation-independent measurements (e.g., optics, next-generation ‘omics, dyes
and imaging, growth rate-dependent metabolite pools) will greatly benefit constraining carbon
fluxes on our changing planet.
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Table 2.1

Methods used to measure primary production. For methods not described in this protocol document, the reader is

referred to the literature suggested in column four.

Ecosystem descriptor Abbreviation Methods Chapter, Section, Reference
Gross primary GPP Fluorescence Chapter 9
production
Chlorophyll Chapter 10
Gross oxygen production GOP Triple oxygen isotopes Chapter 7
130, tracer addition; 802 detected by Chapter 4,
membrane inlet mass spectrometry Milligan et al., 2007
(MIMS) Halsey et al., 2010
H>'80 bottle incubations; Chapter 4,
130 detected by isotope ratio mass Bender et al., 1987
spectrometer or MIMS Ferron et al., 2016
Fluorescence flash yields Chapter 9
Gross carbon production GCP C-uptake (short incubation duration; Chapter 3
10-60 min for high biomass regions or
~2 hours for oligotrophic regions)
By difference (GOP - light dependent Chapters 5, 6
respiration)
Net oxygen production NOP Light-dark bottle incubations ('°02) Chapter 5
Oxygen electrodes/optodes Chapter 6
Net primary production NPP C-uptake (24-hour incubation, dawn- Chapter 3
dawn)
Product of cell carbon (Cphyto) and Cphyto: Graff et al., 2012
growth rate (p) m: Landry et al., 1995
N-assimilation rate Eppley et al., 1977
Satellite and optics-derived models Behrenfeld and Falkowski,
1997
Westberry et al., 2008
Silsbe et al., 2016
Fox et al., 2020
Net community NCP O2/Ar ratios Chapter 8
production
Optics or biogeochemical sensor Chapter 10

derived estimates
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3.1. Introduction

This chapter deals with carbon-based primary production measurements using various
incubation methods with the radioisotope '*C and the stable isotope '*C. First, a short history of
the two tracer techniques is provided (Section 3.1.1 and 3.1.2). Supplies and reagents are then
discussed in separate Sections for '*C (Section 3.2.1) and '3C (Section 3.2.2) measurements.
Next is a detailed explanation of shipboard sampling procedures (Section 3.3.1) and the three
different incubation methods that can be used for both '*C and '3C measurements, i.e., in situ
incubations (Section 3.3.2), on-deck, simulated in sifu incubations (Section 3.3.3), and
photosynthesis-irradiance incubations (Section 3.3.4). Sample processing and analysis are
discussed in separate Sections for “C (Section 3.4.1) and '’C (Section 3.4.2) measurements;
these Sections also provide information on the calculation of photosynthetic rates and the
advantages, disadvantages, and caveats of both carbon tracer methods. Section 3.5 discusses the
post-processing of carbon-based measurements, including photosynthesis-irradiance models and
depth-integrated primary production calculations. Additional methods for carbon-based
measurements, including dissolved organic carbon (DOC) production, cell-specific techniques,
and the *C-microdiffusion technique for simultaneous measurement of calcification and primary
production are provided toward the end of this chapter (Section 3.6). Finally, ancillary
measurements that should be collected in addition to '*C and '*C measurements are discussed in
Section 3.7.

3.1.1. History of "*C methods

E. Steemann Nielsen published his “!*C technique” in 1952 (Steemann Nielsen, 1952). He
submitted a first manuscript while conducting measurements aboard the 1950-1952 Galathea
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expedition to illustrate its efficacy, thereby introducing a new means to understand ocean
productivity. '“C had only been discovered about ten years earlier. In the late 1940s, Calvin used
it in his classic experiments on carbon pathways in photosynthesis (Barber and Hilting, 2002).
Steemann Nielsen’s method was to add '*C as labeled sodium bicarbonate to a seawater sample
and, after an incubation period in the light, assay the amount of *C appearing in particulate
matter filtered out of the sample. The rate of photosynthesis was defined as the proportion of '*C
in the organic matter relative to the amount of inorganic '*C added, times the concentration of
dissolved inorganic carbon in the seawater.

The advantage of the '*C method for measuring photosynthetic carbon assimilation in the
ocean is its extreme sensitivity. Earlier methods, notably the analysis of oxygen changes in
incubated samples, cannot discriminate the small changes in O» characteristic of many ocean
regions. The second advantage is the method’s relative facility. It requires, in addition to the
isotope, only a means to separate the particulate matter from the seawater and a means to assay
the radioactivity. Handling '*C at the activities used is safe, requiring no special equipment.
Although on a ship, precautions for all radioisotopes must be taken to ensure the ship itself does
not become contaminated.

The “Carbon-14 method,” as it came to be known, heralded a new era in the study of ocean
productivity. The measurement got to the source of primary productivity in the ocean: the rate of
photosynthesis in phytoplankton. After some early controversy in the 1950s (Peterson, 1980), the
Carbon-14 method became widely adopted; by the 1960s, global maps of primary productivity
based on '*C were being produced for publication (Koblentz-Mishke et al., 1970). One of the
corollaries to the extreme sensitivity to the Carbon-14 method is that it could not be validated or
compared with other measurements. Perhaps that, and the ease with which the measurements
could be made, is why it took a while to recognize significant concerns (Marra, 2002). However,
in the late 1970s, criticisms were being made regarding the effects of incubation, respiration, the
activities of heterotrophs, etc. Some of these concerns persist to this day.

Nevertheless, much progress has been made using the *C method for determining oceanic
primary production. We have identified a series of milestones in its use after its introduction by
Steemann Nielsen (1952):

e 1957: The International Council for the Exploration of the Sea meeting produces the first
map of the productivity of the ocean.

e 1970: Wide publication of the ‘Koblentz-Mishke’ map of ocean productivity (Koblentz-
Mishke et al., 1970).

e 1979-1982: The VERTEX program establishes trace metal clean methods for the
measurement of plankton rate processes in the ocean (Fitzwater et al., 1982).

e 1982-1985: The program Planktonic Rate Processes in the Ocean (PRPOOS) establishes
methodological comparisons among various measures of primary production and identifies
errors associated with other than clean methods.

e 1989-1999: The Joint Global Ocean Flux Study (JGOFS) establishes international
methodological protocols for measuring primary production.
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e 2002: The Plankton Production in Aquatic Environments conference (and book by
Williams et al., 2002) commemorates the 50th anniversary of the introduction of the '*C
technique.

It is important to note the contribution of JGOFS. The program established international
protocols and produced a body of data that used a consistent method over a range of oceanic
conditions (JGOFS 1992).

The '“C method remains the preeminent technique for measuring oceanic productivity.
However, there are now other means of estimating productivity, for example, through
measurements of fluorescence kinetics or the isotopic composition of surface waters.

3.1.2. History of 3C methods

The 3C tracer method, initially developed for phytoplankton cultures by Slawyk et al. (1977)
and later modified by Hama et al. (1983) for natural seawater samples, has been employed to
determine primary production rates of natural phytoplankton communities in a wide range of
environments, including oligotrophic open ocean waters. The '*C tracer method is based on the
same principle as the radioactive carbon (!*C) labeling method (Steemann Nielsen, 1952), where
the sample is enriched (with NaH'*COs), and the uptake of CO»> into particulate organic matter
(POC) is followed, in this case, by tracking changes of the '3C:'?C ratio of POC relative to the
total inorganic carbon pool (Cullen, 2001).

The main difference between both tracer techniques is that we measure a ratio of isotopic
abundances in the sample with the '3C tracer method, while we estimate an absolute amount of
isotope with the '*C tracer method (Collos and Slawyk, 1985). Thus, the '3C tracer technique
requires information on the 3C:'2C of POC before and after the incubation to estimate
phytoplankton photosynthetic rates. Additionally, because mass-spectrometric methods used for
quantifying stable isotopes are generally less sensitive than scintillation counters for radioactive
compounds, the '3C tracer method requires larger sample volumes and incubation times greater
than an hour. Yet, despite the inherent methodological differences, several studies demonstrate a
good agreement between '*C- and '*C-sodium bicarbonate uptake rates (Slawyk et al., 1977,
1979, 1984; Hama et al., 1983; Sakamoto et al., 1984; Collos and Slawyk, 1985; Mousseau et al.,
1995; Regaudie-de-Gioux et al., 2014; Lopez-Sandoval et al. 2018).

The recent introduction of the continuous-flow system of flash combustion for elemental
analysis, coupled with a stable isotope ratio mass spectrometer (EA-IRMS) and the advent of
new laser absorption techniques (e.g., cavity ring-down spectroscopy), make it possible to
measure the isotope ratio of a sample with a small amount of POC (Brenna et al., 1998) and
accurately quantify aquatic primary production by using '*C (Lépez-Sandoval et al., 2019). With
these advances in mass spectrometric methods, the *C labeling method is gaining importance as
a reliable alternative to the '*C method for measuring phytoplankton photosynthetic rates.
Furthermore, because the '°C tracer method does not involve handling radioactive substances, it
is not impacted by the restrictive regulations that are becoming a significant impediment to
radioactive compound use in some countries. Another consideration are the prices of the
different methods. The costs of reagents and consumables for primary production measurements
using 3C is estimated at 270 USD per incubation, assuming that all equipment is available,
compared to 140 USD for *C based incubations (cost estimates are based on price lists from
main suppliers at the time of writing).
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3.2. Supplies and Reagents

Trace metal clean techniques should be used for primary production measurements wherever
possible (JGOFS, 1996; Cutter et al., 2010). This includes following a rigorous protocol for the
cleaning of sampling and incubation bottles (see Section 3.2.1 and 3.2.2) and the use of ultrapure
water (e.g., 18.2 MQ cm, low Total Organic Carbon (TOC)), such as Milli-Q for the preparation
of any reagents. Polyethylene gloves are recommended at all times, from the time of sample
collection to sample preparation prior to incubation and filtration (JGOFS, 1996; Cutter et al.,
2010). Powder-free latex or vinyl gloves can also be used (Cutter et al., 2010, Becker et al.,
2020). The use of a specific glove type should be tested for contamination prior to the
measurements.

3.2.1. ¥C measurements
3.2.1.1. Sampling and incubation bottles

The generally accepted containers for collecting water subsamples before '*C incubation are
10 L opaque polycarbonate (PC) bottles, for example, Nalgene round or rectangular PC Clearboy
bottles with a closure or spigot (2251-0020, 2317-0020; 2322-0020, DS2213-0020; Thermo
Scientific). To prevent any contamination by trace metals that could enhance or diminish
phytoplankton growth (Fitzwater et al., 1982), all sampling bottles are washed with a dilute
solution of trace metal-free non-ionic detergent, followed by thorough rinsing with ultrapure
water, and then soaking in 5-10% HCI solution for more than 24 hours. After that, the bottles are
rinsed at least 3 times with Milli-Q water. Different types of incubation bottles can be used for
14C measurements, depending on the bottle characteristics and the study goals. An overview of
the different incubation bottles is in Table 3.1. Incubation bottle volumes generally range from
10-250 mL, depending on the incubation method (in situ, on-deck, simulated in situ, or
photosynthesis-irradiance curves), available phytoplankton biomass, and expected productivity.
Trace metal clean techniques should also be followed in the use of incubation bottles, i.e., (new
and re-used) bottles are soaked overnight in 5-10% HCI and thoroughly rinsed 3 times with
Milli-Q water before use.
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Table 3.1

Overview of incubation bottles and their characteristics available for the use of *C primary production measurements. Volumes
generally range from 10-250 mL.

Type of bottle or flask UV transparency ! Price Non-contaminating for Comments
($-$89) trace-metals
. Yes, if cleaned properly Contamination with
Polycarbonate bottles Partial $$ with 5-10% HCI DOC possible
Polystyrene cell-culture flasks Partial $ Yes Can be discarded
after use
Polysulfone tissue-culture flasks Partial $ Yes Can be discarded
after use
- . Yes, if cleaned properly Contamination with
Borosilicate glass bottles Partial $3$ with 5-10% HCI Si possible
Quartz bottles Full $$8 Yes
Teflon? bottles Full 883 Yes

! Full transparency typically means > 90% transmission relative to PAR for the UV wavelength range of 280-400 nm. Partial
transparency means there can be some transmission over part or all this range depending on manufacturer formulation and
material thickness, which can vary widely. Percent transmission typically declines going from long to short wavelengths. If the
degree of UV transmission is critical, users are advised to spectrophotometrically scan the actual material under consideration
for use.

2 Teflon is a trademark of the DuPont de Nemours Co.

3.2.1.2. Filters

The selection of filter material, diameter, and pore size used for '*C measurements depends on
the study aim and practicalities, such as the size of the filtration setup. Options include Glass
Fiber Filters (GF/F; ~0.7 pm pore size), polycarbonate or cellulose filters (from 0.2 um pore
size), with 25 and 47 mm being the most-used diameter for filtration funnels. Traditionally, '*C
samples would be filtered onto GF/F (JGOFS 1996) to conform to other methods, but two
drawbacks should prevent the use of this type of filter:

e Retention of autotrophic biomass may be lower than other filters due to the relatively
large pore size of traditional GF/F (~0.7 pwm, Whatman) and GF-75 (0.3 um,
Advantec). This is especially relevant in oligotrophic regions.

e An unknown amount of dissolved organic carbon, likely produced during the
incubation and labeled with '*C, can adsorb to the GF/F (Maske and Garcia-Mendoza,
1994), which makes even GF-75 not suitable for '*C measurements.

Instead, polycarbonate or cellulose filters with small pore sizes (from 0.2 pm) are
recommended. The filter diameter depends on the size of the filtration setup, the incubation
volume, and phytoplankton biomass in the sample, with the idea that 25 mm filters will require
less scintillation cocktail (and therefore produce less waste).
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3.2.1.3. Reagents

The following reagents and chemicals are required for '“C-based primary production
measurements:

e “C Sodium-bicarbonate (NaH'?CO3): Available in sealed glass ampoules containing 1
mCi (37 MBq) or 5 mCi (185 MBq) in aqueous solution from several vendors
(including product NECO86H001MC from Perkin Elmer).

o A high-capacity radioactive CO: absorber: Ethanolamine, Phenethylamine, or
Carbosorb is used to trap '“C labeled CO» for measuring activity in the working
(stock) solution (product 6013721 is available from Perkin Elmer).

e Scintillation cocktail: Different types of scintillation cocktails can be used, including
those that accommodate aqueous solutions (e.g., Ultima Gold XR, Perkin Elmer; Eco-
Lume, MP Biomedicals) or dissolve membrane filters (Ultima Gold MV, Perkin
Elmer). Other scintillation cocktails are suitable for long-term storage (1-2 months) of
samples (e.g., InstaGel Plus, Perking Elmer). Each scintillation cocktail has different
counting efficiencies and quench characteristics, which must be corrected during
scintillation counting (see Section 3.4.1.2).

e Hydrochloric acid (HCI): Fuming 37% or 1 M is used for trace metal clean working
and to vent excess NaH!*COjs after incubation of the samples.

e Sodium hydroxide (NaOH): 1 M is used to control the pH in the working solution and
(optionally) adjust the pH of the incubation samples after acidification.

3.2.1.4. "C working solution

The specific activity of the '*C bicarbonate working (stock) solution depends on the desired
final activity during incubation, which is related to phytoplankton biomass and environmental
conditions (Table 3.2). The NaH!*CO3; ampoule content can be directly (undiluted) transferred to
a non-contaminating, screw-cap Teflon bottle or diluted with Milli-Q water (adjusting the pH to
89 with NaOH) and then transferred to a non-contaminating screw-cap Teflon bottle. An
activity of 100 pCi mL™! is usually a good working solution for various oceanic environments.
The '*C working solution should be stored at 4°C. Note that opening the glass ampoule on ice
(i.e., low temperatures) will prevent excess loss of radioactivity.

Total activity in the working solution is measured each time an experiment is performed.
Approximately 1 uCi of the working solution (10 pL for a working solution of 100 pCi mL!) is
added to a pre-prepared scintillation vial with 100 pL of a high-capacity radioactive CO2
absorber. Scintillation cocktail is added (in the same volume of the incubation samples; Section
3.4.1.1), and the vials are vigorously shaken to mix all reagents. Alternatively, to determine the
total added activity in the incubation samples, a subsample from selected incubation samples
could be collected and added to scintillation vials that contain an empty filter and a high-capacity
radioactive CO» absorber, after which scintillation cocktail is added. Samples can be assayed by
liquid scintillation counting after chemo-luminescence subsides (1-2 hours).

3.2.1.5. Sample enrichment

The seawater sample is transferred to the incubation bottles in the desired volume (2-250
mL), each incubation sample and the dark samples are then enriched with '*C bicarbonate (final
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Table 3.2

Information is provided to determine the final concentration of '“C for in situ, on-deck, simulated in situ, or photosynthesis-
irradiance incubations. As general guidance, the final concentration of '*C in the incubation sample is increased at low
phytoplankton biomass when low photosynthetic rates are expected (for example, due to nutrient limitation or low
temperatures) or when measuring calcification in parallel.

Oceanic region Phytoplankton biomass Final concentration '“C

pCi mL! kBq mL!
Coastal, upwelling High 0.05-0.3 1.85-11.1
Oligotrophic Low 0.1-0.4 3.7-14.8
Polar Regions Variable 0.5-0.6 18.5-22.2

concentration 0.05-0.6 uCi mL ! or 1.85-22.2 kBq mL'; Table 3.2). Alternatively, the total
volume for the incubation (including dark samples) can be enriched with *C bicarbonate and the
enriched seawater samples transferred to incubation bottles afterward. The latter method is more
practical for low incubation volumes (< 10 mL). Monochannel or repeating pipettes with sterile
tips are recommended for enriching samples. After enrichment, samples are gently mixed. All
handling of samples is performed under in situ temperatures (£2°C) and low light conditions.

3.2.2. 3C measurements
3.2.2.1. Sampling and incubation bottles

The generally accepted containers for collecting water subsamples before *C incubation are
10 L opaque polycarbonate (PC) bottles, for example Nalgene round or rectangular PC Clearboy
bottles with closure or spigot (2251-0020, 2317-0020; 2322-0020, DS2213-0020; Thermo
Scientific). To prevent any contamination by trace metals that could enhance or diminish
phytoplankton growth (Fitzwater et al., 1982), all sampling bottles are washed with a dilute
solution of trace metal-free, non-ionic detergent, then thoroughly rinsed with ultrapure water,
and finally soaked in 5-10% HCI solution for more than 24 hours. After that, the bottles are
rinsed at least three times with Milli-Q water.

For 13C in situ and on-deck, simulated in situ incubations, we recommend acid-washed PC
bottles, for example, the Nalgene Narrow-Mouth Square Bottle (2015-series) or Large Narrow-
Mouth Round Bottle (2205-series). Larger volumes (> 1 L) are preferred, but if there are water
budgeting issues, we recommend a volume of at least 0.5 L for shelf waters, 2 L for oligotrophic
waters, and 4 L for ultra-oligotrophic ecosystems. Smaller incubation volumes (e.g., 0.25 L) may
be considered during bloom conditions in coastal eutrophic waters when it is challenging to filter
larger volumes. For '3C photosynthesis-irradiance incubations, non-treated polystyrene culture
flasks and PC bottles are the preferred incubation containers, but tissue polystyrene cell culture
flasks are also acceptable. The volume of the flasks and bottles is typically 250 mL and can vary
depending on the design of the incubator (Section 3.3.4.3). All incubation bottles should be acid
washed and rinsed with Milli-Q water, similar to the procedure described for the sampling
bottles.
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3.2.2.2. Filters

Glass Fiber Filters (Whatman GF/F with ~0.7 pore size) with a 25 or 47 mm diameter are
recommended for all '*C measurements. Advantec™ GF-75 (~0.3 pum pore size) is also
acceptable. All filters should be pre-combusted at 450°C for 4 hours before use (following
IOCCG standard protocols).

3.2.2.3. Reagents

Sodium bicarbonate enriched to more than 98% with the stable isotope *C (NaH'*COs) is
available from a variety of vendors, including Cambridge Isotope Laboratories Inc. (product
CLM-441) and Sigma-Aldrich C. LLC (product 372382). Hydrochloric acid (HCI, fuming 37%
or 1 M) is used for trace-metal clean working and to vent excess NaH'>COs after sample
incubation.

3.2.2.4. 13C working solution

The recommended working solution is prepared by dissolving 0.1 g of !*C-sodium
bicarbonate in 25 mL of Milli-Q water in a 25 mL acid-clean volumetric flask for a final
concentration of 0.047 M. The solution is then transferred to a 50 mL centrifuge tube (e.g.,
62.547.254; SARSTEDT) and kept refrigerated at 4°C (do not freeze) until use.

3.2.2.5. Sample enrichment

A solution of '3C-sodium bicarbonate roughly equivalent to ca. 5-10% of the total dissolved
inorganic carbon (DIC) in the seawater is added to each incubation light and dark bottle. The
amount of '*C-sodium bicarbonate to measure depends on the concentration in the working
solution and the incubation volume. For example, assuming the DIC concentration of a sample is
2081 uM (~25,000 mg C m™), if 1 mL of the *C working solution described above is added to a
0.5 L of seawater by pipette (e.g., Eppendorf, Sartorius, etc.), the atom percentage of '3C in the
total DIC is ca. 5.24% (see the Supporting Information for further details on the calculation
procedure).

3.3. Incubation methods
3.3.1. Shipboard sampling procedure

Following trace metal clean sampling techniques, Niskin-X bottles and silicone tubing should
be cleaned with a 5-10% HCI solution before the cruise or field campaign.. Toxic rubber (nitrile
rubber for O-rings) and metals should not be attached to the Niskin-X bottles to prevent
inhibition of phytoplankton activity during sampling. Viton O-rings generally have less effect on
phytoplankton than nitrile O-rings (Price et al., 1986; Williams and Robertson, 1989; Matsumoto
etal., 2012).

At each station, seawater samples are collected from selected depths using Niskin-X bottles
attached to a CTD rosette. For in situ and on-deck simulated in situ incubations, we recommend
sampling 8 depths distributed through the entire euphotic zone from the surface to ca. 0.2—1% of
incident light at the surface (JGOFS, 1996). For in situ incubations, the sampling and incubation
depths can be evenly distributed or selected according to the profiles provided by the CTD
(density, temperature, fluorescence, and oxygen).
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Before sampling for the primary production incubation, separate samples for dissolved
inorganic carbon (DIC) analysis should be carefully collected directly from the Niskin-X bottles
with a clean silicon tube into 250 mL acid-cleaned and combusted borosilicate bottles (see
Section 3.2.1.1 and 3.2.2.1), leaving a headspace of 1% of the bottle volume to allow for water
expansion. DIC samples are then poisoned with 50—100 pL of saturated mercuric chloride
(HgCl) solution. Glass or quartz bottles are sealed with lightly silicone greased glass stoppers or
some alternate gas-tight fashion and stored in a cool, dark location until analysis. Further details
of the sampling and analytical procedure are described by Dickson et al. (2007). DIC
measurements are particularly important in coastal ecosystems under the influence of river
discharge or by melting sea ice in high-latitude ocean ecosystems like the Arctic and Antarctic
Oceans. If a CO> coulometer system or a closed-cell potentiometric titrator with a pH meter is
unavailable, the less sensitive TOC/TC/TIC analyzer (often used in inland water quality surveys)
could provide a sufficiently accurate estimate of the DIC concentration needed to calculate
primary production. Alternatively, DIC concentration could be empirically calculated by salinity
(Magalhaes et al., 2008), but validation of this approach is essential, especially in low-salinity
coastal and polar waters.

After collecting the DIC samples, collect seawater for the primary production incubation by
gently draining the contents of the Niskin-X bottles into 10 L acid-clean PC carboys after triple
rinsing them. Alternatively, the incubation bottles can be filled directly from the Niskin-X bottles
using acid-washed non-contaminating silicone tubing. If using samples from depth, it is
important to adequately shield the samples from the high irradiance and higher temperatures at
the surface. This can be done by wrapping the 10 L PC carboys with black plastic bags and
transferring the samples into coolers. Sample transfer from the 10 L PC carboys into the
incubation bottles followed by the addition of the '*C or '3C labeled NaHCOj solution is done in
the dark at in situ temperatures (£2°C).

Additionally, triplicate samples for time zero activity should be collected immediately after
the sampling at the station. Details on filtration methods are provided in Section 3.4.1.1 for *C
and Section 3.4.2.1 for '*C methods. It is important to note the exact volume of water filtered for
time zero activity in the '*C method; this will depend on the system studied, but for guidance, a
distinctly-colored filter should contain enough biomass of seston to define the *C:!?C ratio
accurately. Any ancillary measurements (Section 3.7) should also be collected at this time.

3.3.2. In situ incubations

In situ incubations with '*C and '>C are the closest representation of what happens in the
ocean’s euphotic zone and are recommended in the JGOFS protocol (JGOFS 1996). The
advantages of the in situ incubation method are clear, with temperature structure and light quality
being adequately matched during the incubation. As is the case for on-deck, simulated in situ
incubations, there is no need to obtain information on light or temperature at depth. Yet, care
must be taken in the interpretation of results if the physicochemical structure of the water column
changes throughout the day. Similarly, the effect on the photophysiology of incubating
phytoplankton cells at fixed depths should be considered as cells would not naturally remain
static throughout the incubation period. The need for station-keeping near a drifting buoy must
be weighed against other shipboard activities. However, such provisions should be made if
productivity is a major objective for the field campaign.
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3.3.2.1. Time of sampling

Water sampling should be carried out before sunrise if the incubation is conducted from dawn
to dusk (~12—14 hours). If ship operations are not flexible, water sampling can be done at any
time of day and enriched samples can be incubated for 24 hours. In the latter case, it is also
possible to incubate from the sampling time until dusk, assuming linearity in photosynthetic rates
throughout the day, allowing for the calculation of a daily rate. This assumption was tested in
some ocean regions (Maraion et al., 2005), but it should not be considered a universal rule, and
test experiments in specific regions are strongly recommended. A correction factor can be
applied as an alternative (Moutin et al., 1999; Duhamel et al., 2007).

3.3.2.2. Incubation duration

Incubation duration is critical in determining primary production with or without autotrophic
respiration. JGOFS protocols (JGOFS, 1996) initially recommended 24-hour dawn to dawn
incubations, whereas later protocols advised ~12—14 hour dawn to dusk incubations to estimate
net primary production (Marra 2009). Both incubation periods can provide useful information;
comparing the two methods allows for an estimate of autotrophic respiration (Marra and Barber,
2004), which might otherwise not be amenable to direct measurement.

3.3.2.3. Sample incubation

Three light and 1-2 dark bottles are recommended for the incubation at each depth. It is
crucial to fill the bottles with the same volume of water, and the presence of a headspace does
not affect bicarbonate uptake. There are several options for creating dark bottles, including
wrapping bottles in several layers of black electrical tape, duct tape, or aluminum foil or using a
thick, black cloth to prevent light penetration. If aluminum foil is used, bottles should be checked
regularly for damage to the foil since the reflection of light inside the bottles can sustain relevant
primary production.

Once samples have been enriched with '*C- or !*C-bicarbonate, the incubation bottles are
securely hooked by plastic cable ties to the appropriate position of the mooring system in a
coordinated fashion to match each sampling depth. The floats and strobe flash are attached to the
top of the mooring system and weights to the bottom. If the incubation is conducted from dawn
to dusk, the system should be deployed before sunrise and recovered after sunset.

3.3.2.4. On-deck, simulated in situ incubations

On-deck, simulated in situ incubations with '*C and '3C are an alternative to in situ
incubations when, for example, it is not possible to keep near-drifting buoys due to other
shipboard activities (Figure 3.1). On-deck, simulated in situ incubations require information on
light and temperature throughout the water column prior to the start of the incubation, which is
often collected the day before the incubation to allow enough time to adjust the incubator
settings. As with in sifu incubations, care must be taken when interpreting the results if the
physicochemical structure of the water column changes throughout the day.
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Fig. 3.1. An example of an on-deck, simulated in situ incubator with re-circulating water baths (left) and
the incubator covered with blue tarp during the night (right).

3.3.2.5. Time of sampling

Water sampling should be carried out before sunrise if the incubation is conducted from dawn
to dusk (~12—14 hours). If ship operations are not flexible, water sampling can be done at any
time of day and incubated for 24 hours (see Section 3.3.2.1 for more details).

3.3.2.6. Incubation duration

Samples are typically incubated for ~12—14 hours from dawn to dusk or for 24 hours from the
sampling time. The same considerations discussed for in sifu incubations (Section 3.3.2.2) apply
to on-deck, simulated in sifu incubations.

3.3.2.7. On-deck incubator design

Incubator designs for on-deck, simulated in situ incubations can vary, but incubations are
generally carried out in plexiglass containers that represent the water column conditions at each
sampling depth (Fig. 3.1). Temperature in the incubator is regulated by running surface seawater
through the incubator for surface samples and adjusted using recirculating water baths for the
other sampling depths. Light levels reaching the incubation bottles can be adjusted by covering
the incubation containers with a combination of blue and neutral photographic filters (Table 3.3
and Fig. 3.1) or by covering the incubation bottles with neutral density bags (no spectral
correction for lower depths). If bottles are stacked in the incubator, the low irradiances bottles
(1-5% of surface irradiance) are placed on the bottom and the high irradiance bottles (50-100%
of surface irradiance) are placed on the top. During 24-hour incubations, covering the plexiglass
incubators with a heavy-duty thick black cloth or a plastic tarp overnight is recommended to
keep samples shaded, regardless of ship operations and light pollution throughout the night.
Additionally, photosynthetically active radiation (PAR, 400—700 nm) above the surface in the
incubator should be regularly checked—and preferably measured continuously—using a
quantum sensor connected to a data logger (e.g., the LI-190R/LI-1500 system, LI-COR). The
achieved proportion of surface irradiance in the incubator should be checked during the system
setup by comparing incident PAR with the same inside the various incubation containers, which
can be measured using a scalar PAR sensor (for example, a QSL-2100 from Biospherical
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instruments or a US-SQS/L from Walz). This enables adjustment for the effects of reflection
from surfaces near the incubator and refraction through the incubator walls.

Table 3.3

Combination of Lee filters* for simulating the intensity (in percentage of
surface irradiance) and spectral quality of light in an on-deck, simulated in situ
incubator. Note that Lee HT061 Mist Blue filters have high transmission in the
red spectrum, and Lee 724 Ocean Blue filters may be more suitable for use in
open ocean conditions.

% Irradiance # Layers of filter

Lee HT061 Mist Blue Lee 210 Neutral density

100 0

N
o)

AW NN DR WD R W
—_ S O O O O

NN

0.5

* For more details on Lee filters, see
http://www leefilters.com/lighting/colour-list.html

3.3.2.8. Sample incubation

For each sampling depth, 3 light and 1-2 dark bottles are recommended for the incubation. It
is important to fill the bottles with the same volume of water. A headspace in the bottles does not
affect bicarbonate uptake. Still, the incubation bottles will float if the headspace is large, and the
bottles should be ballasted to stay underwater in the incubator. There are several options for
creating dark bottles, including wrapping bottles in several layers of black electrical tape, duct
tape, or aluminum foil or using a thick, black cloth to prevent light penetration. If aluminum foil
is used, bottles should be checked regularly for damage to the foil since reflection of light inside
the bottles can sustain relevant primary production. Once the samples have been enriched with
4C- or BC-bicarbonate, the incubation bottles can be placed in the on-deck incubator for the
chosen incubation time.

3.3.3. Photosynthesis-irradiance incubations

Photosynthesis—irradiance (PE) incubations can provide a means of comparing the
photosynthetic characteristics of marine phytoplankton across different natural populations and
cultured isolates (Bouman et al., 2018). The relationship between photosynthesis and light can be
fitted to different mathematical equations and described by just two parameters, while a third

37



parameter is needed if photoinhibition is present (see Section 3.5.1.2) (Jassby and Platt, 1976;
Platt et al., 1980; Sakshaug et al., 1997). The chlorophyll-normalized PE parameters may be
applied to estimate primary production over large scales by using ocean-color remote-sensing
derived maps of chlorophyll a (Sathyendranath et al., 1995; Antoine and Morel, 1996).

3.3.3.1. Time of sampling

It is recommended to collect samples before noon because photosynthetic parameters may
vary significantly throughout the day, with a maximum at around noon (Babin et al., 1995;
Anning et al., 2000; Behrenfeld et al., 2008). Sample collection later in the day is also possible,
but care must be taken in the interpretation of results and the use of PE parameters in further
analysis as variations in PE parameter estimates could affect the calculation of daily primary
productivity (Isada et al., 2013; Kulk et al., 2020).

3.3.3.2. Incubation duration

Short incubations are preferred, with times ranging from 0.5—1 hour for high biomass regions
and 2-3 hours for oligotrophic regions. Photosynthesis versus irradiance incubations should be
less than 4 hours to prevent the effects of photoacclimation processes (Lewis and Smith, 1983).

3.3.3.3. Photosynthesis-irradiance incubator design

Photosynthesis-irradiance incubations are performed in a photosynthetron, where seawater
samples are incubated against a light gradient. Photosynthetron designs vary to accommodate
different incubation bottle volumes, but all have a light source and a recirculating water bath to
control temperature. Temperatures should be kept within +2°C of in situ temperatures. Different
photosynthetron designs are available in Lewis and Smith (1983), Babin et al. (1994), and
Kyewalyanga et al. (1997). A common incubator design has entirely black Plexiglass walls,
except for the wall facing the light source (Fig. 3.2).

3.3.3.4. Incubator lamp and light gradient

Light sources that provide photosynthetically active radiation (PAR, 400-700 nm) in high
intensities (> 2,000 umol photons m™ s’!; the equivalent to solar irradiance at the sea surface on a
bright sunny day; Mobley 1994) and have a spectrum close to solar irradiance are preferred. A
range of light sources may be used, including tungsten halogen, halogen, metal halide, and
fluorescent lamps (brands include Philips, OSRAM, and ILT; see Bouman et al. 2018 for an
overview). Tungsten halogen lamps are commonly used because they can provide high light
intensities, but their spectrum is heavily weighted toward red and infrared and requires spectral
correction (see Section 3.5.1.1).

A light gradient can be created using neutral density filters (i.e., Lee and Rosco filters, metal
screen, black cheesecloth), either in the incubator or by covering the incubation bottles. The PAR
gradient within the incubators is generally adjusted to range between 1-2,500 pmol photons m™
s for surface samples and between 1-500 umol photons m™ s for subsurface chlorophyll
maximum samples, depending on the oceanic region. The light gradient should contain at least
20 different light levels, with sufficiently low light levels (1/3 of the total) to correctly estimate
a® (Section 3.5.1.2). Three additional places should be available for dark incubations. PAR
reaching the incubation bottles should be measured and regularly checked using a scalar PAR
sensor (for example, a QSL-2100 from Biospherical instruments or a US-SQS/L from Walz).
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PE incubators

A
3

Fig. 3.2. An example of photosynthetron used for photosynthesis-irradiance (PE) incubations with
two incubators connected to a light source and temperature controller; a) shows the complete setup,
b) shows the front of the PE incubators, and c) shows the inside of the PE incubators.

A further refinement in incubator design is the use of one or more types of spectral filters.
Similar to on-deck, simulated in situ incubations, broad-band blue filters like the Lee and Rosco
gel filters are sometimes used to better approximate in situ irradiance (e.g., Bouman et al., 2018).
Despite their appearance, these filters still have high transmission in the red. A more spectrally-
specific approach is to define different regions of the PAR spectrum with interference filters
placed between the lamp and incubation containers, which is most practical when done for small-
volume incubations. Lewis et al. (1985) used a photosynthetron with twelve 25 nm bandpass
filters to define an action spectrum of photosynthesis for open ocean assemblages. On the other
hand, long-pass cut-off filters combined with a full spectrum light source (e.g., xenon bulb) are
used to resolve the spectral dependence of UV inhibition (Cullen et al., 1992; Neale et al., 2014).
Long-pass filters better replicate the spectral variation of UV in the ocean, which should always
be added to a background of high PAR.

3.3.3.5. Sample incubation

Once samples have been enriched with '*C- or '3C-bicarbonate, the light and dark incubation
bottles are placed in the photosynthetron for the chosen incubation time. Turning the
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photosynthetron on approximately 30-60 minutes prior to the incubation is important so the
appropriate temperature and light settings are reached by the start of the incubation.

3.4. Sample Processing and Analysis
3.4.1. C measurements
3.4.1.1. Filtration and pretreatment of samples for analysis

After in situ, on-deck, simulated in situ or photosynthesis-irradiance incubations, the '*C
enriched samples (including dark samples) are filtered and further processed. The selection of the
material, diameters, and pore size of the filters depends on the study aim and practicalities, such
as the size of the filtration setup (details in Section 3.2.1.5). Options include GF/F,
polycarbonate, or cellulose filters, with 25 and 47 mm being the most used diameter for filtration
funnels. Samples can be filtered on standard vacuum filtration rigs (dedicated to radioactive
work only) using low vacuum pressure (< 50 mm Hg or < 0.006 MPa). The entire volume of the
incubation bottles is filtered to measure total or size-fractionated particulate organic carbon
(POC) production. The filtration procedure for measuring dissolved organic carbon (DOC) along
with POC is detailed in Section 3.6.1, with more details in IOCCG (2021).

After filtration, filters are acidified for 24 hours to remove excess '*C-bicarbonate and '“C-
calcium carbonate. To this end, filters can be placed on a tray in open Eppendorf vials or directly
on a tray placed in an enclosed container (for example, a glass desiccator), fuming HCI (1-2 mL,
37%) or 100 uL HCI (1 M) can be added to the filters directly in a scintillation vial. If not
acidified in a scintillation vial, filters are then placed in a plastic or glass scintillation vial (6 or
20 mL, depending on the filter diameter and scintillation counter), and scintillation cocktail is
added. Enough scintillation cocktail should be added to cover the filter (3.5—-10 mL). Vials are
vigorously shaken and stored in the dark for an additional 24 hours before counting.

3.4.1.2. Sample analysis

It is recommended to count samples as soon as possible, at sea or in the field. The activity of
%C is measured using a liquid scintillation counter. Different types of liquid scintillation
counters are available that may have preselected programs for counting '“C in Disintegrations
Per Minute (DPM). Generating a '*C quenching curve is recommended for the specific
scintillation vial, scintillation cocktail, and filter used in the incubation (for example, using the
Perkin Elmer “Internal Standard Kit for Liquid Scintillation Counting”). Samples should be
counted using a dual-ending mode based on time (> 180 seconds) or precision (1% threshold
error).

3.4.1.3. Storage recommendations

Once scintillation cocktail is added, filtered, and acidified, samples can be stored for several
weeks before activity decreases due to the loss of performance of the scintillation cocktail.
Samples can be stored for longer periods (1-2 months) if a scintillation cocktail suitable for long
storage is used (for example, InstaGel Plus, Perking Elmer). Samples should be stored in the dark
and preferably at a low temperature (i.e., 4°C; check specifications of the scintillation cocktail) to
prevent degradation, evaporation, and '*C leakage.
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3.4.1.4. Calculation of photosynthetic rates

Measured '“C activity (in DPM) in all samples of the in situ and on-deck, simulated in situ
incubations are converted to daily rates of primary production (P in mg C m> d'') following
JGOFS protocol (1996)

_ DPMgX1.05XDICXVy
- VsxtXxDPMp

P (3.1)

where DPMs is the activity in the incubation sample (in DPM), Vs is the volume of the
incubation sample (in L), 1.05 is a correction factor for the lower uptake of *C compared with
12C, DIC is the concentration of dissolved inorganic carbon (in mg C m™, approximately 25,000
mg C m™ for oceanic regions), Vr is the volume of the total activity (working solution) sample
(in L), Vs is the volume of the incubation sample (in L), ¢ is time (in d), and DPMr is the total
activity in the working solution sample. For final primary production rates, triplicate values of P
are averaged for each sampling depth and (mean) P values in the dark incubation are subtracted.
The separate reporting of daily primary production rates in the light and dark incubations is often
required by data repositories such as SeaBASS, BCO-DMO, and PANGAEA (see Section 3.8).
If this is not the case, final daily primary production rates at each depth can also be calculated
directly using Eq. 3.1 by replacing DPMs by [DPMs - DPMp] with DPM)p as the (mean) activity
in the dark incubations (in DPM) (Banse, 1993). Daily depth-integrated primary production (mg
C m? d"') can be calculated using the trapezoidal rule (see Section 3.5.2).

For photosynthesis-irradiance incubations, measured '“C activity (in DPM) in each incubation
bottle are converted to chlorophyll @ normalized photosynthetic rates (P? in mg C mg Chl-a™' h')
following

__ (DPMg—DPMp)X1.05XDICXVT
VsXtxChlxDPMT >

pE (3.2)

where DPMs is the activity of the incubation sample (in DPM), DPMp is the (mean) activity of
the dark samples (in DPM), 1.05 is a correction factor for the lower uptake of *C compared with
12C, DIC is the concentration of dissolved inorganic carbon (in mg C m=, approximately 25,000
mg C m~ for oceanic regions), Vr is the volume of the total activity (working solution) sample
(in mL), Vs is the volume of the incubation sample (in mL), # is time of the incubation (in hours)
, Chl is the chlorophyll a concentration of the incubation samples (in mg m™), and DPMr is the
total activity in the working solution sample (in DPM).

3.4.1.5. Calibration, uncertainties, and accuracy

Calibration of '*C measurements is impossible, but they can be compared with results from
other methods, such as O fluxes. There are a few limits on carbon assimilation based on
physiology (Platt and Jassby, 1976; Platt et al., 1980; Sakshaug et al., 1997). For example, it has
been determined that the assimilation number P?, cannot exceed 25 mg C mg Chl-a’ h'
(Falkowski 1981), and higher values should be viewed with suspicion. Another physiological
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limit is provided by the maximum quantum yield of carbon fixation (@), which theoretically
cannot exceed 0.125 mol C mol quanta™ (Platt and Jassby, 1976; Sakshaug et al., 1997). This
value is based on the long-standing quantum requirement for the evolution of oxygen, where it
takes 8 quanta to evolve 1 molecule of Ox.

Scintillation counters have advanced to the stage where their results can be easily accepted.
Standard procedures should be followed to convert counts per minute to disintegrations per
minute and correct for quenching (Section 3.4.1.2).

3.4.1.6. Advantages, disadvantages, and caveats

The advantage of the '*C method is its extreme sensitivity. There are no ocean environments
where the method fails in its usage. The high specific activity of '*C-bicarbonate and the
relatively high concentration of unlabeled bicarbonate in seawater (2.2 mM) allow 'C-
bicarbonate to be added to seawater samples at true tracer concentrations. The high specific
activity also means that '*C incubations can be performed in small-volume samples, allowing
many samples to be processed and treated at once, such as in photosynthesis-irradiance
experiments. Moreover, the specific activity of *C is high enough that single-cell experiments
can be performed with reasonable signal-to-noise, especially when cells can be sorted with flow
cytometers (see Section 3.6.2). The '“C method can also be combined with the radioactive
isotope of phosphorus (**P) (Duhamel et al., 2006), making it possible to measure the carbon and
phosphate uptake by phytoplankton simultaneously. Finally, the '*C method is relatively easy,
and the activity of '*C used in the incubations is safe.

Yet, 4C is a radioactive isotope and employed at orders of magnitude greater than natural
abundances. Therefore, shipboard use requires isolation and care in handling to avoid
contaminating a ship for other natural abundance uses such as radiocarbon dating, circulation
studies, and other geochemical research. The high sensitivity of the '*C technique also translates
to more regulations, difficulties, and costs in the safe handling of radioisotopes in experiments
performed in the natural environment and in waste management. This is particularly true when
shipping radioisotopes and waste across international borders. Research institutes may have a
dedicated health and safety department that can assist in training and handling radioisotopes on
expeditions, with established protocols for monitoring contamination. However, some countries
prohibit or restrict the use of radioisotopes, limiting the use of the *C method in some coastal
and oceanic regions.

There is also the question of what the *C method measures along the scale running from
gross primary production to net community production (Marra, 2002). The '*C method measures
assimilation into particulate matter. Depending on how long the phytoplankton population is
exposed to the isotope, the '*C method will estimate gross (~minutes), net primary (minutes to
hours), or net community production (24 hours). At longer times and at isotope equilibrium, the
14C method can provide an estimate of carbon biomass.

3.4.2. 3C measurements
3.4.2.1. Filtration and pre-treatment of samples for analysis

At the end of the incubation, samples are gently vacuum filtered (< 0.013 MPa) onto pre-
combusted (450°C for 4 hours) GF/F using a set of laboratory-grade glass filter-holder
assemblies following the filtration procedure of the IOCCG protocol series (2021). The glass
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filtration cups are carefully rinsed with filtered seawater to collect all particles in the walls and
rid the sample of excess '*C labeled NaHCOs. The filters are placed in Petri dishes or 2 mL
cryovials and stored at -80°C in a deep freezer or in liquid nitrogen until analysis on land. The
filters are then exposed to fuming HCIl in a fume hood for removing unincorporated '*C-
bicarbonate or incorporated '*C-calcium carbonate, then transferred into pre-combusted (450°C
for 4 hours) glass Petri dishes. Alternatively, ca.100 uL of 10% or less HCI can be added directly
to the filters. The filters are dried for at least 24 hours in a desiccator following this process (Fig.
3.3).

Finally, the filters should be pelletized prior to analysis in the mass spectrometer (Fig. 3.4).
The filter is pelletized in pressed tin capsules (10x10 mm). In this method, a tin capsule is placed
on the sealing device and spread out. Next, the filter is folded in half or three and placed onto the
tin capsule. The filter is then wrapped in the tin capsule using the sealing device. Trimming the
particle-free edge of the filter (non-filtering white area) is also helpful to avoid accumulating
residues on the swarf crucible of the elemental analyzer. The final pellet should be as small as
possible and cylindrical; there should be no holes or breakages in the capsule after pelletizing. As
a rule of thumb, if the pellet fits loosely into a 48 wells plate, it is properly done.

Fig. 3.3. Examples of the pre-treatment of 3C samples with (a) the preparation of HCI in a draft chamber, (b) the
exposure of filter to HCI fume, (c) the DURAN desiccator with Millipore Vacuum/Pressure Pump for desiccating the
filters, and (d) the HCI exposed and dried samples on the pre-combusted glass Petri dishes.
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Fig. 3.4. An example (a-h) for pelletizing filters from '*C incubations with the sealing device (Thermo Fisher
Scientific, product 25209010) and (i-q) trimming the particle-free edge of the filter before pelletizing the
filters.

3.4.2.2. Sample Analysis

Samples can be processed with an elemental analyzer coupled with a stable isotope ratio mass
spectrometer (EA-IRMS) or by using laser absorption spectroscopic techniques (Cavity Ring-
Down Spectroscopy, CRDS). Measuring the particulate organic matter and the '*C:'?C ratio of
the samples can be conducted by both systems, i.e., EA-IRMS or CRDS. There are several
instruments available, including the ANCA-GSL elemental analyzer (Sercon), the Delta V with
Flash2000 and the ConFlo IV (Thermo Scientific), and the CM-CRDS (Picarro, Inc.). We
recommend measuring the carbon content of pre-combusted GF/F (at least three filters) as a
blank.

The CM-CRDS consists of three components: The combustion module (Costech Analytical
Technologies Inc., California, USA), the interface, and the Cavity Ring-Down Spectrometer
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analyzer (CM-CRDS G2201-i, Picarro, Inc., Santa Clara CA, USA). After loading the samples
into the auto-sampler attached to the combustion module, it is important to specify the time that
each sample will be processed. Although the time must be assessed according to the origin of the
samples, 600 seconds is a good starting point (further details in Lopez-Sandoval et al., 2019).

3.4.2.3. Storage recommendations

After filtration, filters can be placed in Petri dishes or 2 mL cryovials and stored at -80°C or
liquid nitrogen until further analysis.

3.4.2.4. Calculation of photosynthetic rates

Photosynthetic rates based on the '3C tracer technique for all incubation methods are
determined using the method of Hama et al., (1983). The isotopic balance of '*C and '?C in the
enriched sample and the '3C in the sample after incubation are as follows

a;s X POC = a,s X (POC — APOC) + a;. X APOC, (3.3)

where a;s is the atom percentage of '3C in the incubated light or dark sample, a.s is the atom
percentage of '°C in the natural sample, aic is the atom percentage of '*C in the total inorganic
carbon (see Supporting Information for calculating the sample enrichment with '*C), POC (in mg
C) is particulate organic carbon in the incubated sample, and APOC (in mg C) is the increase in
POC during the incubation. The ais, ass, and POC were measured by EA-IRMS. The APOC is
then calculated by rearranging Eq. 3.3 for APOC

APOC = POC x &is=ns) (3.4)

(ajc—ans)’
The photosynthetic rate (P in mg C m> h'™ or mg C m™ d!) can be obtained following

__APOC

p=2%xr, (3.5)

txV

where ¢ (in hours or days) is the incubation time, V is the volume filtered (in L or m™), and fis
the discrimination factor of '3C, of which the value is a debated point (see Section 3.4.2.5). This
calculation is made for each incubation bottle and then the triplicate light bottles are averaged.
The mean production values in the light bottles are subtracted by the production value of the dark
bottle (or mean if multiple dark bottles) for each depth. Depth-integrated primary production
within the euphotic layer (mg C m™ d!) is calculated by the trapezoidal rule (see Section 3.5.2).

3.4.2.5. Calibration, uncertainties, and accuracy

Equation 3.5 assumes that the changes in a;s by non-algae carbon during the incubation period
are minimal. However, bacterial uptake and zooplankton grazing during the incubation period
may alter the atom percentage of '’C in the sample, which could affect the calculation of
photosynthetic rates measured with either carbon protocols (Karl et al., 1998; Teira et al., 2001;
Collos et al., 2014). The adsorption effect becomes negligible as sample sizes increase (> 1 L
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samples) (Lopez-Sandoval et al., 2018). Although the enrichment of '*C within the range from
5-15% of total DIC has little effect on the photosynthetic rate (Hama et al., 1983), the fixed
values of discrimination factors (1.02 or 1.025 for the '*C method) could bias the photosynthetic
rate estimate because the carbon isotopic fractionation varies among species and groups of
phytoplankton, cell geometry, and growth condition (Fry, 1996; Popp et al., 1998; Close, 2019).
In practice, the correction factor is usually not applied (i.e., /= 1) because the correction has little
significant effect on the uptake rate compared with '*C methods (Slawyk et al., 1979; Hama et
al., 1993).

3.4.2.6. Advantages, disadvantages, and caveats

A main advantage of the °C method is that it does not pose potential radioactive
contamination and health safety concerns as opposed to the '*C method. Moreover, the '3C tracer
techniques can be combined with other stable isotopes typically used for phytoplankton
physiological rate measurements, for example, with '°N labeled solutions of nitrogenous
nutrients or nitrogen gas (NOs", NO2", NH4", Urea, and N»). The dual stable isotope method thus
permits measurement of not only carbon, but also nitrogenous nutrient uptake rates. Care must be
taken when applying the '3C protocol for dual stable isotope measurements because the
acidification method might affect the analysis of the stable isotope ratios of nitrogen ('°N)
(Brodie et al., 2011a; b). Finally, the larger bottles used in the 1*C method reduce “bottle effect”
problems associated with smaller size incubation bottles typically used in the '*C method.

A disadvantage of using '3C tracer techniques lies in the method’s sensitivity. Since mass
spectrometric measurements of 1*C are less sensitive than scintillation counting of '*C, the stable
isotope technique requires larger sample volumes and longer incubation times than the latter. It is
important to note that this is changing as mass spectrometers are becoming more sensitive.
Additional disadvantages are that the consumable supplies for the EA-IRMS are expensive, and
it require more user training. However, CRDS could overcome these problems (Lopez-Sandoval
et al., 2019).

3.5. Post-Processing
3.5.1. Photosynthesis-irradiance models
3.5.1.1. Spectral correction of incubator light source

The spectral distribution of the incubation light source affects the value of the initial slope of
the photosynthesis-irradiance curve (o), and a correction for the spectral quality is required to
compare results from incubations using different types of light sources (Dubinsky et al., 1986;
Kyewalyanga et al., 1997; Bouman et al., 2018). A correction factor (X) can be used to calculate
a® under a spectrally neutral (“white”) light environment and can be determined by using the
following equation

Xx=2 (3.6)

aL

where ap is the unweighted mean absorption coefficient of phytoplankton and a; is mean
absorption coefficient weighted by the shape of the emission spectrum of the light source
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where E7 is the normalized lamp irradiance spectrum. To obtain spectrally corrected irradiance
levels for each incubation bottle, the irradiance intensity in the photosynthetron is multiplied by
the correction factor X. Further spectral corrections may be necessary to estimate in sifu
photosynthesis at depths for which the ambient light spectrum deviates substantially from white
light (Cullen et al., 2012).

3.5.1.2. Estimation of photosynthesis-irradiance parameters

Photosynthesis-irradiance (PE) measurements can be fitted to a variety of mathematical
equations in which the PE parameters are estimated (Fig. 3.5) (Jassby and Platt, 1976; Platt et al.,
1980). The three-parameter function of Platt et al. (1980) is the most commonly used equation in
the presence of photoinhibition

PEB(E)= PE (1 — exp (—%)) exp (— ﬁPiBE), (3.9)

where P? (in mg C mg Chl-a”' h'') is the chlorophyll a normalized photosynthetic rate, E (in
pmol photons m™ s7!) is the scalar irradiance, P?; (in mg C mg Chl-a’! h'!) is the hypothetical
maximum photosynthetic rate in the absence of photoinhibition, a® (in mg C mg Chl-a™! h’!
[umol photons m™ s!]!) is the initial slope of the PE curve, and A% (in mg C mg Chl-a! h’!
[umol photons m? s!]') is the photoinhibition parameter describing the decrease in the
photosynthetic rate at high irradiance. In the presence of photoinhibition, values of the maximum
photosynthetic rate (P%,, in mg C mg Chl-a™! h™!) can be derived using the following equation

P =P (o) ()" (3.10)
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Fig. 3.5. Photosynthesis-irradiance (PE) curve showing the two biomass-normalized
photo-physiological parameters, the initial slope (o) and the assimilation number (PBm) of
the PE curve.

In the absence of photoinhibition (i.e., #% = 0), the maximum photosynthetic rate is equal to
P%,. Alternatively, a two-parameter hyperbolic tangent function (Fig. 3.5; Jassby and Platt, 1976)
can be used in the absence of photoinhibition

B
PB(E) = PBtanh (";—,f) (3.11)

m

For both functions, the photoacclimation parameter (Ex in umol photons m™? s') can be
calculated as

P

Ee =, (3.12)

The maximum quantum yield of carbon fixation (@, in mol C mol quanta™), which gives the
efficiency of the conversion of light energy into carbon fixation, is derived by dividing & by the
spectrally weighted mean chlorophyll a-specific absorption coefficient of phytoplankton (& )
(see the IOCCG Protocol Series (2018) for more details on a@"», measurements) and multiplying
by a factor of 0.0231 to convert units. Different software packages can be used to perform the
curve fit, including curve fitting modules in Python, R, and Matlab. The R package Phytotools
(Silsbe and Kromkamp 2012; Silsbe and Malkin, 2015) is recommended to calculate PE
parameters (available via www.rdocumentation.org/packages/phytotools/versions/1.0) (Fig. 3.6).
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Example_fit_PE_phytotools (Silsbe & Malkin, 2015)
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Fig. 3.6. Example of curve fitting of photosynthesis-irradiance measurements using the R package Phytotools (Silsbe
and Malkin, 2015), available at https://www.rdocumentation.org/packages/phyto-tools/versions/1.0.

3.5.1.3. Calculation of daily depth-integrated primary production

Primary production measurements using the in situ and on-deck, simulated in situ incubation
methods can be used to calculate daily depth-integrated primary production (P in mg C m? d!)
by trapezoidal integration (Fig. 3.7) (JGOFS, 1996). To obtain total production within a depth
interval, the measured primary production for each pair of depths is averaged and multiplied by
the difference between the two depths. The measurement near the surface is assumed to be
constant up to the surface (0 m), and primary production is integrated to the deepest incubation
depth used (for example, 175 m in Fig. 3.7). The total production within each depth interval is
then summed to obtain the integrated primary production for the entire depth range.
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Fig. 3.7. Example of the trapezoidal integration for estimating daily depth-integrated primary production
for in situ or on-deck, simulated in situ incubations. Primary production (PP) is estimated for each depth
(z) interval, with an example given for 45-75 m, and then summed to obtain primary production for the
entire depth range. PP0-175m for this example is 600 mg C m? d''. Data from the Hawaii-Ocean Time
series (March 1, 2000: hahana.soest.hawaii.edu/hot/.

3.6. Additional Approaches
3.6.1. Dissolved organic carbon production

Dissolved organic carbon (DOC) production by phytoplankton can also be measured with 'C.
Mague et al. (1980) developed the original technique, which has been applied to many systems
since (Karl et al., 1998; Maraion et al., 2004; Viviani et al., 2015; Balch et al., 2016).
Essentially, a subsample of the filtrate from a normal '*C-bicarbonate incubation is further
filtered through a 0.2 pm polycarbonate filter, and the activity of the '*C-DOC filtrate is
measured following the removal of all remaining '“C-dissolved inorganic carbon by acidification
to a pH of 2-3 with 1 N H>SO4 and venting the samples for 24 hours (Mague et al., 1980). What
remains is the non-acid-labile '*C-DOC that passed a 0.2 pm filter. This activity is then
quantified using liquid scintillation counting. Note, however, that the scintillation cocktail must
remain functional with high efficiency following ~50% dilution with acidified seawater. One
cocktail that works well for this application is EcoLume liquid scintillation cocktail (MP
Biomedicals). Polycarbonate membrane filters (0.2 pm pore-size) are preferred for this technique
due to the low levels of adsorption of DOC to these types of filters during the filtration process
as opposed to GF/F that adsorb significant quantities of DOC, subsequently causing
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underestimates in the DOC production (Maske and Garcia-Mendoza, 1994; Karl et al., 1998;
Moran et al., 1999).

3.6.1.1. Cell-specific techniques

The most abundant marine organisms, especially in oceanic gyres and oligotrophic seas, are
small phytoplankton cells (< 5 um, but essentially < 2 um): Prochlorococcus, Synechoccocus,
pico- and nanophytoeukaryotes. These phytoplankton groups cannot be accurately separated
using membrane filters of different porosities, because their respective size range overlaps.
Therefore, the classical size fractionation approach does not allow resolving primary production
by the dominant marine phytoplankters.

Chisholm et al. (1988) first estimated primary production by the newly discovered
Prochlorococcus by “sorting the cells in question after incubation with *C-labeled bicarbonate,
using the cell-sorting capability of the flow cytometer,” while Balch and Kilpatrick (1993) used a
flow cytometer to sort '“C labeled coccolithophores to measure the rate of coccolith formation
(calcification) and coccolith detachment. However, it was not until the pioneering work of Li
(1994) that a new avenue opened to resolve primary production by the smallest but most
abundant groups of marine phytoplankton. Li (1994) used a flow cytometer sorter (FACSort,
Becton Dickinson) to separate groups of phytoplankton labeled with *C by fluorescence-
activated cell sorting (FACS). Quantification of high 'C specific activity per sample (1.85 or 3.7
MBq mL-'; Table 3.4) enabled the author to detect radioactivity in sorted cells based on a signal
of 50 disintegrations per minute (DPM) above background, which was defined as values of the y-
intercept in regressions slope of DPM vs. number of sorted cells. The author concluded, “It is a
significant step toward an important goal in biological oceanography: Namely, the recovery of
the bulk properties of phytoplankton from the details of the properties of the constituents.”
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Table 3.4

Protocols used to measure cell-specific primary production by fluorescence-activated cell sorting (FACS): Seawater
volume and final 14C activity per incubation, sample fixation with paraformaldehyde (PFA, final concentration), cell
concentration before cell sorting, post-sorting filtration, and volume and concentration of hydrochloric acid (HCI) used
to remove unincorporated C after sorting. Pro = Prochlorococcus, Syn = Synechococcus, Peuk =

picophytoeukaryotes, N.D. = Not Determined, N.A. = Not Available.

Reference Sample Total Final  Cell concen- Cell concen- Post-sorting HCl
volume,  activity, PFA  tration for Pro  tration for filtration
mL MBgqmL- (%) and Syn Peuk sorting
! sorting
Bjorkman et 150r40 0.137 0.24  None. N.D. None 500-uL, 2 M
al. (2015) Preserved 2 to
4 mL
Duhamel et 60 0.122 0.5 30 to 50 mL N.D. None 500-uL, 1 M
al. (2018) concentrated
onto 0.2-um
to 4 mL
Duhamel et 70 0.243 2 20 mL ~47 mL None 500-uL, 1 M
al. (2019) concentrated concentrated
onto 0.2-pm onto 0.8-um
to2 mL to 4-mL
Grob et al. 120 0.123 1 N.D. 60 mL 0.8-um N.A., 10%
(2011) concentrated
onto 0.8-pm
to 1.8 mL
Hartmann et 60 0.246 1 20 mL 40 mL 0.2-um for 1 mL, 10%
al. (2014) concentrated concentrated Pro and Syn,
onto 0.6-pm onto 0.8-um 0.8-um for
Peuk
Jardillier et al. 7.8 0.95 1 N.D. None 0.2-um 1mL, 1%
(2010)
Li 1994 20 1.85 or Non  None.3 mL None. 3 mL Yes N.A.,
3.7 e concentrated
Rii et al. 75 0.09 0.24  None. None. None 150-uL, 1 M
(2016a) Preserved 5 Preserved 5
mL mL
Rii et al. 30 0.14 0.24  None. None. None 200-pL, 2 M
(2016b) Preserved 5 Preserved 5
mL mL

Despite the initially successful application of flow cytometric sorting of wild cells labeled
with #C, little work has been done since Li (1994) to quantify cell-specific primary production
using this technique. This is likely due to the requirement of combining high-end instrumentation
(e.g., most benchtop flow cytometers cannot distinguish surface Prochlorococcus from the
background noise) with the use of radioactive material. Additionally, the method requires
specialized user training and the use of expensive isotopes, which are needed to incubate under a
high '*C concentration compared to incubations for bulk or size-fractionated measurements.
Nonetheless, recent advances in flow cytometry sorting offer greater detection sensitivity, sort
purity, and speed (e.g., the BD Influx). Since 2010, the improved instrumentation allowed for
new studies to emerge (Jardillier et al., 2010; Grob et al., 2011; Hartmann et al., 2014; Bjérkman
et al., 2015; Rii et al., 2016a; b; Duhamel et al., 2018, 2019), proving it to be a powerful
approach to characterize the contribution of specific groups of phytoplankton to primary
production and study their growth and metabolism in the wild.

52



3.6.1.2. Incubation and sample preparation for FACS

This method requires high '“C concentrations, so the incubation volume should be kept as low
as possible. However, the choice of volume must also be large enough to account for expected
cell abundances and activities. For example, while Li (1994) used 1.85 or 3.7 MBq mL"! per 20
mL incubation, ~3 mL was sufficient to sort enough cells to detect radioactivity above
background. Recent studies typically added '*C at a final concentration of ~0.12 to ~0.24 MBq
mL! (Table 3.4). Using a "*C concentration in the higher range is helpful in environments where
growth rates are expected to be low because per-cell radioactivity is expected to be lower.

Another way to obtain radioactivity above background in the sorted cells is to sort a larger
number of cells (Table 3.5). Authors typically sort at least three numbers of cells for a given
phytoplankton group per sample (e.g., 50,000, 75,000, and 100,000 Prochlorococcus; 5,000,
10,000, and 15,000 Syrechococcus; and 800, 1,600, and 3,200 picophytoeukaryotes) and use the
regressions slope of DPM vs. number of sorted cells to calculate per cell radioactivity (DPM
cell). It is recommended to select the highest sorting purity mode available on the flow
cytometer (e.g., “1.0 drop single” on the BD Influx or “single-cell” sort mode on the BD
FACSort). However, using stringent sorting parameters to maintain high sorting performance
(Riddell et al., 2015) such as purity (defined as the quality of the sorted sample: Are we
recovering the targeted cells only?) and recovery (defined as the number of particles sorted
relative to the number of original particles to be sorted: Are we recovering the number of cells
targeted?) slows sorting rates.

For instance, it is not unusual to spend at least 30 minutes processing a single sample acquired
from an oligotrophic environment. Consequently, a sample volume larger than 3 mL is typically
needed to sort at least three numbers of cells for several phytoplankton groups from one sample.
This is especially critical for less abundant phytoplankton groups, such as pico- and
nanophytoeukaryotes. Therefore, some authors incubate a larger seawater volume and then

Table 3.5

Number of cells sorted to measure cell-specific primary production by fluorescence-activated cell sorting. Pro =
Prochlorococcus, Syn = Synechococcus, Peuk = picophytoeukaryotes, N.D. = Not Determined, N.A. = Not Available.

Reference # sorted Pro # sorted Syn # sorted PPE
Bjorkman et al. (2015) 25,000 to 200,000 N.D. N.D.

Duhamel et al. (2018) 10,000 to 300,000 10,000 to 300,000 N.D.

Duhamel et al. (2019) 25,000 to 100,000 5,000 to 15,000 400 to 3,200
Grob et al. (2011) N.D. N.D. 8,000 to 35,000
Hartmann et al. (2014) unspecified N.D. N.D.

Jardillier et al. (2010) 3,000 to 18,000 1,000 to 6,000 200 to 1,000

Li (1994) ~50,000 ~10,000 N.A.

Rii et al. (2016a) 30,000 to 200,000 2,000 to 75,000 2,700 to 20,000
Rii et al. (2016b) 25,000 100 to 10,000 360 to 35,000
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concentrate the sample before cell sorting (Table 3.4). Cell concentration is typically carried out
by gentle vacuum filtration (< 100 mm Hg) or using a syringe pump onto a polycarbonate
membrane filter. Filtration is stopped before the filter goes dry, and the filter is transferred to a
cryovial containing a volume of either pre-filtered (0.2 pum polycarbonate filter) seawater
(Fawcett et al., 2011) or the corresponding radiolabeled sample (Duhamel et al., 2018, 2019).
Cryovials are vortexed to dislodge cells from the filter before cryopreservation. It is
recommended to fix the cells using an electron microscopy grade aqueous solution of
paraformaldehyde (PFA) or glutaraldehyde (e.g., Electron Microscopy Sciences) before
concentrating the samples to preserve cell integrity.

When sorting cells, it is essential to monitor the event rate, which is dependent on cell
concentration, to ensure high sorts purity and recovery (Kormelink et al., 2016). The maximum
event rate that a flow cytometer can handle while maintaining high purity and recovery depends
on the instrument nozzle size, sheath fluid, and sample pressure. For example, using the Influx
with a 70-um nozzle, sheath fluid and sample pressure at 30 and 31 Psi, respectively, and the 1.0
drop single sorting mode, an event rate of < 5,000 per second works well to sort
Prochlorococcus and Synechococcus (with the sheath fluid < 10 events per second) (Bock et al.,
2018), although higher event rates can be used to sort less abundant groups, such as
picophytoeukaryotes (Fawcett et al., 2011). While correctly setting up a flow cytometer for cell
sorting is critical, a detailed description of the processes is beyond the scope of this protocol and
can be found in the literature (Shapiro, 2003; Arnold and Lannigan, 2010; Cossarizza et al.,
2017).

3.6.1.3. Post-sorting sample processing

Sorted cells are either collected onto a polycarbonate membrane through gentle filtration and
transferred into a scintillation vial or collected directly into a scintillation vial (Table 3.4). If the
sorted cells are collected in a scintillation vial, they will be diluted in sheath fluid, the volume of
which varies according to the choice of nozzle size and the number of sorted cells. In any case,
the maximum volume in the tube after sorting a population should be kept low, preferably less
than a quarter of the tube volume to allow the addition of hydrochloric acid (HCl) and
scintillation cocktail. Typically, 150 uL to 1 mL HCl 1 M or 2 M are added to the sorted cells to
remove unincorporated '*C (Table 3.4). It is recommended to leave the tubes uncapped under the
fume hood for 24 to 48 hours before adding the scintillation cocktail.

Considering the relatively low activities expected per sorted cells, it is important to use a
scintillation cocktail with very low background levels and high counting efficiency. Moreover, if
the sorted cells are not filtered, they will be diluted in sheath fluid plus HCI. Therefore, selecting
a scintillation cocktail with high water capacity is critical. One cocktail that works well for this
application is Ultima Gold LLT (Perkin Elmer, up to 54% water capacity). Radio-assaying of
samples should be carried out using an ultra-low-level liquid scintillation counter, such as the
TriCarb 2910TR or 3110 TR (Perkin Elmer) or the 1220 Quantulus (Wallac).

3.6.1.4. Controls

Killed controls can be prepared to determine unspecific radioactivity. Typically, a sample is
fixed with PFA at least 15 minutes before adding the radiotracer and then treated as the other
samples. Radioactivity measured in the sorted population is then deduced from radioactivity in
the respective sample (Duhamel et al., 2018, 2019). Some authors omit the preparation of killed
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controls and instead sort calibration beads to estimate unspecific radioactivity. This is especially
handy when sorting cells directly into a scintillation vial to account for radioactivity in the small
volume of seawater associated with the sorted cells (Bjorkman et al., 2015). Fluorescent
reference beads (typically 1-um diameter, Fluoresbrite, Polyscience) are added to each sample
before sorting. Two to four sort streams are collected simultaneously, directly into individual
scintillation vials to separate the microbial cells selected and the fluorescent reference beads. The
radioactivity measured in the sorted beads (DPM bead™") is then subtracted from the radioactivity
obtained from the cells (DPM cell'!). However, the radioactivity measured in sorted killed
controls or beads is typically small and, by nature of measuring low DPM per cell or beads,
generally leads to an overestimation of unspecific radioactivity. Considering that unincorporated
4C-sodium bicarbonate can be removed by acidification, such control can be omitted for the
measurement of cell-specific primary production by FACS (as opposed to the measurement of
cell-specific uptake rates of other molecules). However, it is good practice to prepare such
controls to verify that unspecific radioactivity is negligible.

A set of samples should be incubated in the dark to estimate the contribution of dark CO»
fixation. Although the dark-fixation values are typically close to background, values should be
subtracted from light-mediated fixation rates (Jardillier et al., 2010).

It is recommended to verify sort purity and mean recovery from sorts regularly. Sort purity is
typically calculated as the proportion of sorted events falling into the prescribed gate as a
percentage of the total event rate. In contrast, sort recovery is calculated as the number of target
events recovered as a percentage of the number of positive sort decisions recorded by the
acquisition software (Fawcett et al., 2011; Duhamel et al., 2018). For example, with their FACS
configuration (Influx flow cytometer, 70 pm nozzle, sample and sheath pressure of 28.5 Psi and
27.5 Psi, respectively, event rate < 20,000 s!, coincident event detection of £1 droplet), Fawcett
et al. (2011) obtained sort purity > 95%, and 98.1+1.1% mean recovery from sorts. Alternatively,
sorting recovery has been assessed by filtering subsamples (100, 150, 200, 300, 300, and 450
mL) onto 0.2 um pore size polycarbonate filters, washed twice with ultrapure water and radio-
assayed by liquid scintillation counting and comparing with the sum of activity in the sorted
populations (Jardillier et al., 2010). Preparing spare samples to determine sort purity and
recovery is recommended, but a mixture of calibration beads can also be used. For example,
Zubkov and Tarran (2008) used a mixture of two 0.5 pm beads with different yellow-green
fluorescence to sort one type of beads; the investigators determined that with their FACS
configuration, the sorted material was 99.8% enriched with the target beads and the sorted bead
recovery was 98.8+0.9% (n = 7).

3.6.1.5. Calculation

The activity per liter for different groups of phytoplankton can be calculated as the mean per
cell radioactivity (DPM cell™!) multiplied by the total number of cells in the respective group
(cell L!) and converted to fixation rates as nmol C L™ h™! by their respective specific activities
(DPM mol ') (Bjérkman et al., 2015). The average per cell rate can also be determined (amol C
cell ! h™!). Alternatively, the cell-specific fixation rate (nmol C cell ! h™!) can be calculated by
dividing the radioactivity per cell (DPM cell™!) by the total (bulk > 0.2 um) activity (DPM L)
measured in the same sample and then multiplied by the total fixation rate at ambient DIC
concentration (nmol C L' h™!) (Duhamel et al., 2018, 2019).
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It is important to note that the sum of '*C fixation measured per phytoplankton group
separated by FACS does not necessarily equal the total amount of primary production by the
entire phytoplankton community. Indeed, it would not account for phytoplankton larger than 2 to
5 um. Moreover, as underlined by Li (1994), only small volumes are analyzed, which would
likely not include a proportional representation of the less abundant cells: Typically, larger cells
would be underrepresented. Considering the isometric scaling of phytoplankton photosynthesis
with cell size, despite being less abundant, larger cells tend to contribute more substantially to
primary production on a per cell level, even after normalizing to their biovolume (Duhamel et al.,
2019).

3.6.1.6. Alternative using ">C-sodium bicarbonate

In theory, a similar approach can be taken using incubation with '*C-sodium bicarbonate. For
example, to study group-specific marine nitrogen cycling, authors have incubated seawater with
5N labeled compounds, separated phytoplankton groups by FACS and analyzed the isotopic
composition by mass spectrometry (Casey et al., 2007; Fawcett et al., 2015). Because '*C
detection by mass spectrometry is much less sensitive than '*C detection by liquid scintillation
counting, a greater isotopic enrichment would be necessary, and a prohibitively large number of
cells would need to be sorted (Berthelot et al., 2019). More recently, authors have taken
advantage of the sensitivity of nano-scale secondary ion mass spectrometers (nanoSIMS) to
measure cell-specific incorporation of stable-isotope-labeled substrates (for review, see Mayali
2020), including B3C-sodium bicarbonate (Zimmermann et al., 2015; Berthelot et al., 2019). A
major drawback remains the cost associated with the NanoSIMS instrument (~6 million USD;
Mayali, 2020), which cascades into steep user fees, limiting the number of samples that can be
processed within a reasonable budget.

3.6.1.7. Other methods to measure cell-specific primary production

Photopigment radiolabeling has been used to measure carbon-specific growth rates among
phytoplankton taxa (Redalje and Laws, 1981; Goericke and Welschmeyer, 1993). The method
relies on coupling the *C technique to the separation of diagnostic photopigments by High-
Performance Liquid Chromatography (HPLC; for review, see Paerl, 2007). The method is
tedious and may not be as specific as needed (e.g., co-elution of !*C-labeled colorless
compounds with photopigments; Pinckney et al., 1996). Despite advances in column and
instrumentation technology and improvements in software applicable to data interpretation and
synthesis (Pinckney et al., 2001), this technique has not been broadly applied.

Microautoradiography can also be used to analyze samples incubated with *C to determine
photosynthetic capabilities and rates at the single-cell level (Paerl, 2007). Microautoradiography
has been used in microbial ecology for years (Brock and Brock, 1966). The technique relies on
the detection and microscopic visualization of radiation-sensitive silver halide emulsions reacting
with radioactive organisms that are subsequently processed by standard photographic techniques.
Microautoradiography has been used to quantify primary productivity on a cell-specific basis
(Watt, 1971; Stull et al., 1973; Douglas, 1984). Conveniently, this technique can be combined
with fluorescent in situ hybridization (FISH) to identify target organisms to link the structural
and functional aspects of microbes (Lee et al., 1999; Nielsen and Nielsen, 2005). However,
microautoradiography is time-consuming, requires experience (e.g., detection of false positives),
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is limited by microscopic resolution, and can be prone to interpretational differences among
investigators (Paerl, 2007).

3.6.1.8. Phytoplankton calcification rates

Isotope tracers are useful to directly measure calcification rates in phytoplankton. Typically,
these methods involve adding trace quantities of '*C (as NaH!'*COs3) or ’Ca (as **CaCl.) to bottle
samples that are incubated, and the subsequent incorporation of the isotope into biogenic CaCO3
is then quantified. This approach provides a measure of net calcification over the incubation
period, resulting from biomineralization subtracting dissolution. Radioisotope methods are
highly sensitive and, if used appropriately, can measure extremely low rates of calcification. This
allows relatively short incubation times (hours to days), which is a distinct advantage when
working at sea.

Coccolithophore calcification rates in cultures, mesocosms, and field populations have been
reported using '*C uptake methods in a multitude of studies (Paasche, 1963; Paasche and Brubak,
1994; Balch and Kilpatrick, 1996; Paasche et al., 1996; Balch et al., 2000, 2007; Buitenhuis et
al., 2001; Delille et al., 2005; Poulton et al., 2007, 2013, 2014; Charalampopoulou et al., 2016;
Daniels et al., 2016; Marafion et al., 2016; White et al., 2018) and less frequently using *’Ca
uptake (Van der Wal et al., 1987; van der Wal et al., 1994; Kayano and Shiraiwa, 2009; Fukuda
et al., 2014). Generally, '*C is easier to use than **Ca in coccolithophore calcification rate
experiments because the unincorporated isotope Is more readily rinsed from samples than is
43Ca. A commonly used (but older) technique is to filter two samples that have been incubated
with %C, carefully rinse both filters, fume one filter with acid (as described in Section 3.4.1.1),
and measure the '*C activity of each filter. The fumed filter provides the photosynthetic fixation
of 1*C, while the difference between the two filters is the acid-labile component of “C fixation,
assumed to be calcification. However, the problem with this approach is that calcification is
calculated as the small difference between two large numbers, each with significant error.
Moreover, these errors compound.

3.6.1.9. Microdiffusion method

The microdiffusion method (Paasche and Brubak, 1994) is a highly-sensitive method that
allows the direct measurement of '*C fixation into both particulate organic carbon (POC) and
coccolith particulate inorganic carbon (PIC; aka calcite) in the same sample. Briefly, this method
entails filtration and rinsing of the incubated sample onto a 0.4 pm pore size polycarbonate filter.
The filter is placed on the side of a scintillation vial, a small volume of 1% phosphoric acid is
pipetted to the bottom of the vial, and a small Glass Fiber Filter (GF/F) containing a CO»-
absorbent (KOH or phenethylamine) is placed on the inside of the cap of the vial. The capped
vial is placed on its side and rotated such that the acid covers the polycarbonate filter, dissolving
any labeled particulate inorganic carbon, and the resultant '*CO: is absorbed onto the GF/F with
CO; absorbent. The cap with the glass-fiber filter and CO»> absorbent is transferred to a new
scintillation vial, scintillation cocktail is added, and the activity in both filters is counted for '“C
activity. Routine checks with filter efficiency tests and total isotope recovery tests (Paasche and
Brubak, 1994) are critical to ensure proper application of this method. Incubation times of
coccolithophore calcification experiments that have used radioisotopes typically range from
minutes to a day. Balch et al. (2000) adapted the method further for work on ships by fitting
scintillation vials with rubber septa with hanging buckets. The filter with COz-absorbent is then
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placed in the bucket, septum mounted on the scintillation vial where the cap would usually be,
and the 1% phosphoric acid injected through the rubber septum, past the bucket, onto the sample
filter on the bottom of the vial. The resultant '*C-CO, emitted from the sample filter is then
captured by the absorbent-soaked filter suspended in the bucket.

Blank filter runs are also suggested in calcification experiments using '*C to correct for non-
biological adsorption of radiolabel. Buffered-formalin-killed blanks are most commonly used.
Paasche (1962) reported that such blanks corresponded to < 1% of the calcification in living cells
under conditions of maximum photosynthesis. Further, Paasche (1963) found that the non-
biological isotope exchange measured by buffered-formalin-killed samples accounted for 0.5—
4% of the coccolith calcification at light-saturated photosynthesis, and this blank was
consistently higher in artificial medium than in natural seawater. This finding supports the notion
that the chemistry of CaCOs surfaces is complex, and that formalin may alter this chemistry, at
least under some conditions. However, buffered-formalin-killed blanks provide reproducible
estimates of passive exchange of '*C onto calcite coccoliths. Under conditions of reduced light,
low coccolithophore abundance, or other factors that can result in low values of coccolithophore
calcification rates, care must be taken with processing both blank and treatment filters, owing to
the reduced ratio of sample-to-background signals. Calcification rates determined with isotopes
typically are recorded as mass or moles of C or CaCOs per cell or individual organism, per unit
time (e.g., pmol C cell™! d™). Isotope-derived calcification rates also have been normalized to
chlorophyll in coccolithophore cultures (Balch et al., 2007). The reader is also referred to Fabry
and Balch (2010) for more details on measuring carbon fixation through calcification in marine
phytoplankton.

3.7. Ancillary Measurements

For photosynthesis-irradiance (PE) incubations, the location (latitude, longitude, depth) and
sampling time should be noted along with in sifu and incubation temperatures. To calculate
photosynthetic rates from PE measurements, knowledge of the following variables is required:
Chlorophyll a concentration, dissolved inorganic carbon concentration (Section 3.3.1),
Chlorophyll a specific absorption spectra, and the irradiance spectrum of the light source of the
photosynthetron. Additional measurements, including PAR, salinity, micro- and macronutrient
concentrations, and taxonomic composition and size structure of the phytoplankton community,
could provide valuable information in comparing photosynthetic characteristics of marine
phytoplankton across different natural populations.

3.8. SeaBASS Standardized Fields and Units

Most online repositories require the use of standardized field names and associated units for
submitting data. The NASA Ocean Biology Processing Group (OBPG) maintains a publicly
shared archive of in situ oceanographic and atmospheric data in the SeaWiFS Bio-optical
Archive and Storage System (SeaBASS). Naming conventions for carbon-based primary
production for this repository are available in Table 3.6. Naming conventions for other variables
can be found at https://seabass.gsfc.nasa.gov/wiki/stdfields. Note that different field names and
associated units may be used as standard in other databases.
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Table 3.6

Standardized field names and associated units for carbon-based primary production data currently available in the SeaWiFS
Bio-optical Archive and Storage System (SeaBASS). The field names are not case sensitive.

Field name Units Description

GPP mg/m"3/d Gross Primary Productivity

NPP mg/m"3/d Net Primary Productivity

PP mgC/mgchla/hr Primary productivity

rate_13C uptake bottle mol/L/d, mol L"-1 d~-1 Primary productivity determined using '3C. This field should

include the experiment time (incubation time) " ###hr".

rate_14C_uptake bottle mol/L/d, mol L"-1_d*-1 Primary productivity determined using C. This field should
include the experiment time (incubation time) "_###hr".
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4.1. Overview and History of the H,'30 Incubation Method

The H,'®0 incubation method involves spiking a discrete water sample with '30-labeled water
and measuring the amount of '80'°O that evolves from the splitting of water through
photosynthesis, after the sample is incubated in the light (Bender et al., 1987). This method
provides a direct measurement of gross O production (GOP) that is not affected by respiratory
losses or incubation duration in the open ocean, assuming that the O> produced by
photosynthesis is well mixed with the dissolved Oz pool. This is because the dissolved Oz pool is
large compared to Ox respiration rates. By conducting parallel measurements of net O> exchange
(e.g., as the net change in O; to Ar molar ratios), it is possible to also calculate respiration rates
by difference (Bender et al., 1987, 1999; Grande et al., 1989). Daily GOP (mmol O, m™ d)
using the H>'80 incubation method (**0-GOP) is typically determined for a photoperiod from the
change in the isotope ratio of dissolved O over the incubation period (Bender et al., 1987;
Kiddon et al., 1995)]

_ [**R(02)fina1 = *R(02)initial (4.1)
GOP = |4 5 X [02]initial,
R(H20) — ""R(O2)initial

where '8R(O2)initial and "®R(O2)fna are the initial and final isotope ratios ('%0/!°0) for dissolved
02, [O2]initial is the initial dissolved O» concentration, and '®R(H>0) is the isotope ratio of the
incubation water. Regardless of whether the incubations are conducted between sunrise and
sunset or sunrise to sunrise, Eq. 4.1 provides the daily GOP (as there is no GOP in the dark).

If O> to Ar molar ratios are also measured, the net O> change (NOC) during the incubation
can be simultaneously determined (Bender et al., 1999)

4.2)
(02/Ar)final (
NOC = |2 _ 4| [0,]inis

(05 /Ar)initial [02]initial,

where (O2/Ar)initial and (O2/Ar)fnal are the initial and final O2/Ar ratios. Respiration can be
calculated without the need for a separate bottle incubated in the dark (see Chapter 5 for a
description of the O; light/dark bottle method) as the difference between GOP and NOC,
assuming that photosynthesis and respiration are the only two processes affecting changes in
O2/Ar in the incubation bottle (Ferron et al., 2016). For incubations conducted between sunrise
and sunset, NOC represents GOP minus respiration in the light, allowing an estimate of
respiration under light conditions (Bender et al., 1987, 1999; Grande et al., 1989). However, the
uncertainty (estimated as the coefficient of variation of replicate samples) of NOC and
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respiration values determined this way is typically considerably larger than for '*0O-GOP (Ferron
et al., 2016).

The H»'®0 incubation method was introduced in the 1980s by K. Grande, M. Bender, and
colleagues (Grande et al., 1982; Bender et al., 1987). It is important to distinguish the H»'%0
method from a different O, isotopic tracer method introduced earlier by Brown and colleagues
(Brown, 1953), in which the Oz pool, instead of the water, is labeled with '30. The '30-0;
labeling approach allows one to simultaneously determine photosynthesis and respiration in the
light in phytoplankton cultures and plant leaf samples, with the rate of photosynthesis determined
from the rate of increase in '°0'0, and the rate of respiration calculated from the decrease in
180'%0. The introduction of the H»'8O incubation method allowed a more sensitive and
straightforward implementation of the isotope tracer approach to the study of GOP in natural
oceanic waters. But by the time this method was developed, the *C assimilation method
(Steemann Nielsen, 1952; see Chapter 3) had already become widely used as the standard
primary production method for the oceanographic community. However, the interpretation of '*C
assimilation rates is not straightforward (e.g., Marra, 2002, 2009; Peterson, 1980). In this regard,
studies comparing '30-GOP and '*C assimilation rates (**C-PP) have proven very valuable in
helping interpret what '“C assimilation rates measure (Bender et al., 1999; Bender and Grande,
1987; Gonzalez et al., 2008; Grande et al., 1989; Juranek and Quay, 2005; Kiddon et al., 1995;
Laws et al., 2000; Quay et al., 2010; Timmerman et al., 2021). A number of these comparisons
were part of major collaborative programs, such as PRPOOS and JGOFS, aimed at comparing
and establishing methodological protocols for measuring primary production in the ocean (e.g.,
Bender et al., 1999; Dickson et al., 2001; Grande et al., 1989; Laws et al., 2000; see Chapter 3).
These studies have shown that '*C-PP in 12- to 24-hour incubations typically yields a value
between net community and gross C production (Marra, 2009), but where *C-PP lies in relation
to net community and gross C production depends on phytoplankton community structure,
among other things (Pei and Laws, 2013), net growth rate (Halsey et al., 2011; Pei and Laws,
2014), incubation time (Halsey et al., 2011), and dissolved organic C production (typically not
measured) (Karl et al., 1998). Despite providing a direct measurement of GOP and helping
interpret '*C results, the H»'®0 incubation method has not been used frequently in oceanic studies
and accounts for a small fraction of all oceanic primary production measurements (e.g.,
Regaudie-de-Gioux et al., 2014).

One of the advantages of the H>'%0 incubation method compared to the '“C method is that it
unambiguously measures the gross O» production from the photosynthetic splitting of water. In
addition, the labeled product remains in a well-defined pool (dissolved O2), and the measurement
is relatively insensitive to recycling. However, as with other in vitro approaches, this technique is
susceptible to artifacts associated with incubating seawater in a confined bottle, such as grazer
exclusion and perturbations of the natural environmental conditions (Robinson and Williams,
2005). Another potential caveat of this method is the need to know the photosynthetic quotient to
convert to gross C production. In addition, the H»'®0O incubation method measures gross O
production regardless of the fate of this O and whether it is linked to the fixation of organic C. A
fraction of newly produced O> may be consumed by light-dependent reactions (e.g., Mehler
reaction, photorespiration), which could result in an overestimation of gross C fixation
determined from the H,'®0 incubation method if these processes are ignored (Bender et al., 1999;
Bender et al. 2000; Juranek and Quay, 2005).
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Some analytical challenges that have historically limited the widespread application of the
H,'80 technique to studies of marine primary production are 1) the need for a specialized isotope
ratio mass spectrometer (IRMS), and 2) the handling and analysis of samples for '*0/'%0 are
technically difficult and require highly trained personnel. As stated by Falkowski and Raven
(2007) in their book Aquatic Photosynthesis: “This technique allows a relatively precise
measurement of gross photosynthesis; however, the method is tedious, requires a (bulky and
expensive) mass spectrometer, and hence has not been widely used in studies of aquatic
photosynthesis in nature.” Ferron et al. (2016) recently demonstrated that GOP can be precisely
measured with the H»'®0O incubation method using membrane inlet mass spectrometry (MIMS),
potentially making this method easier to implement and more accessible to the broader
oceanographic community. This novel approach has the advantage of only requiring a relatively
inexpensive quadrupole mass spectrometer (~30-50K USD), which is a small, easy-to-operate
instrument that can be taken to sea. In addition, handling and analyzing samples is technically
easy, as the gases are directly diffused from the water sample into the mass spectrometer without
the need for a gas extraction step.

4.2.  Sample Collection
4.2.1. General precautions

Seawater samples for incubations should be collected to the extent possible using clean
techniques (Fitzwater et al., 1982; JGOFS 1996). Gas-tight ground glass stoppered bottles
(typically between 100 and 150 mL in volume) are most used for incubation. Borosilicate glass
has been widely used for incubations using the light/dark oxygen incubation method (see
Chapter 5), whereas quartz glass bottles are more common when using the '0-H,O in vitro
method. When deciding the type of glass used for the incubation bottles a few considerations are
important. First, quartz bottles are significantly more expensive than borosilicate bottles and
often need to be custom made (quartz boiling flasks with ground glass joints can be an option,
but they often are not sold with stoppers and are relatively fragile). Second, silica-glass can
potentially release significant amount of trace metals during an incubation, even after being
thoroughly cleaned whereas quartz bottles should not release trace metals if properly cleaned
(e.g., quartz filters are suitable for most trace metal analyses, see
https://www.geotraces.org/methods-cookbook/). In this respect, iron additions do not typically
cause changes in productivity during the first 24 hours. Third, quartz glass bottles are more
transparent to the full spectrum of environmental light as borosilicate blocks part of the UV
radiation. This is only relevant when the incubation occurs in situ, as UV is typically blocked by
on-deck incubators. It is important to note that whereas quartz bottles provide a more realistic
environmental light field at each depth, in reality, natural plankton communities do not remain at
the same depth for an entire day, so keeping the “true natural conditions” with static incubations
is not entirely possible, and the phytoplankton communities incubated at the surface might suffer
from photoinhibition during the incubation (Marra, 1978). Regardless of the choice, both
borosilicate and quartz glass bottles are significantly more transparent to the full spectrum of
light than polycarbonate bottles, which are often used when measuring productivity by the '*C or
13C methods.

When selecting the most appropriate sample volume the following should be considered. If a
gas extraction step is conducted (as for the IRMS method), one should consider the minimum
incubation volume needed to allow for transfer of a ~30-50 mL uncontaminated sample (no
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contact with atmosphere) from the bottom of the incubation bottle into the gas sampling flask to
yield enough analytical signal for IRMS determination. Based on experience, the minimal
incubation volume given these constraints is ~100 mL. This constraint is not relevant when using
MIMS (~10 mL would be enough). Another consideration is that small incubation volumes can
discriminate against larger, rare planktonic organisms, biasing rates. On the other hand, larger
volumes require more labeled water, which can be expensive, and handling larger samples.
Previous studies using this method have mostly utilized 100-150 mL sample bottles (e.g.,
Bender et al., 1999; Ferrdn et al., 2016; Grande et al., 1989; Juranek and Quay, 2005; Quay et
al., 2010).

In general, powderless polyethylene gloves are the preferred choice when collecting samples
for primary production. However, their loose fit in the hands can make the sample collection and
preparation cumbersome, in which case powder-free latex gloves are sufficient. Nitrile gloves
should be avoided as they likely contaminate with nitrate.

4.2.2. Pre-cruise sample bottle preparation

The preferred cleaning protocol for the incubation bottles is the same as for '*C and '*C
incubations (see Chapter 3): 1) washing with a dilute solution of trace metal clean detergent, 2)
thorough rinsing with deionized water, 3) soaking in 5-10% HCI solution for over 24 hours, and
4) thorough rinsing with Milli-Q water.

4.2.3. Water sampling

Determining GOP using Eq. 4.1 requires knowing four terms: the initial and final isotopic
ratio (180/'°0) of dissolved O,, the initial isotopic ratio of water (after the spike), and the initial
concentration of dissolved Oa. The initial isotopic ratio of water is determined from the amount
of labeled water added and the calibrated volume of the incubation bottles. It is necessary to
collect initial samples in addition to the incubation bottles for initial and final measurements of
the isotopic ratio for dissolved O». The initial concentration of dissolved O» can be determined
by the Winkler method (Carpenter, 1965) in a separate sample from the in situ dissolved O:
concentration measured by the CTD O; sensor or measured concurrently with the initial isotopic
ratio for dissolved O; if using MIMS (Ferron et al., 2016). The samples are typically subsampled
from a larger container, such as Niskin-type bottles attached to a CTD rosette (see Chapter 3).

4.2.3.1. Incubation samples

The incubation samples are collected by attaching an acid-washed silicone tubing to the spigot
of the Niskin-type bottle and inserting it to the bottom of the glass bottle. Once the water starts
flowing, the bottle and stoppers are rinsed with the seawater sample, and then the bottle is filled
from bottom to top ensuring no bubbles are trapped in the tubing or bottle, overflowing at least
once the volume of the bottle.

Once the incubation samples are collected, these are spiked with '*O-labeled water (e.g.,
Medical Isotopes, > 97% '#0). It is important to make sure not to introduce contaminants (e.g.,
trace metals, macronutrients, etc.) to the incubation bottle with the spike. This can be done by
measuring the concentrations of metals and macronutrients in the stock solution to ensure that
they are below background levels, triple distilling the '®O-labeled water with a sub-boiling
Teflon still (Juranek and Quay, 2005), or conducting experiments to make sure the addition of
the spike does not significantly alter the production rates (Ferron et al., 2016).
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The final target enrichment of the water depends on the expected productivity and should be
calculated during the planning stages of fieldwork. An enrichment of 5-10 %o in the dissolved O2
pool after the incubation is ideal. However, the enrichment may be lower for very low
photosynthetic rates (such as at the base of the euphotic zone). Care should be taken to not
overdose the incubation samples with 8O-spike, particularly if the analysis is by IRMS, since
labs that measure natural abundance oxygen isotopes will be wary of analyzing heavily enriched
samples. The isotopic enrichment of the incubated sample relative to the initial sample is
calculated as

"8R(02)final
8R(02)initial

8§180(0,) = - 1] X 1000. (4.3)

Because the isotopic ratio of the water after the spike is typically not measured but calculated
based on the amount of labeled water added and the calibrated volume of the incubation bottle, it
is important to accurately know the volume of the flask and the volume of added '*O-labeled
water. The fractional abundance ('%0/'°O+'30) of the water after the spike ('®Fyater) is calculated
as

18 18
18F _ Vspike Fspike + Vsample FSMOW (4 4)
water — V V. ’ :
sample + spike

where Vipike and Vsample are the volumes of the spike and sample, respectively, ®Fspike and '8Fyater
are the fractional abundances of the spike and the Standard Mean Ocean Water (SMOW),
respectively. The isotopic ratio of the water (!*Rywaer) can be then calculated as 'Fyater/(1-
18

Fwater)-

A pipette with sterile pipette tips is recommended for spiking the sample. The '30-labeled
water is denser than seawater and will sink to the bottom of the bottle. However, it is essential to
make sure the pipette tip is placed well below the neck of the bottle when spiking the sample and
that the spike is released slowly to avoid creating turbulence in the sample that could bring the
labeled water into the neck area where it can be expelled when the bottle is capped with the
ground glass stopper. After the spike, the samples are gently mixed and kept in the dark until the
incubation starts. A new pipette tip is used for every sample. The handling of the samples is
conducted under low light conditions.

4.2.3.2. Initial samples

The collection procedure for the initial (time-zero) samples depends on whether the analysis is
to be done by IRMS or MIMS. Samples for IRMS analysis are typically collected in pre-
evacuated glass flasks (typically 200250 mL in volume) with a LouwersHanique valve (with
single or double O-ring). The preparation of the flasks is similar to that described for O»/Ar and
triple oxygen isotope gas sampling (see Chapters 7 and 8 for a detailed overview) and includes:
1) dosing flasks with 100 pL of saturated mercuric chloride solution and drying in a vented oven
at 50°C, 2) evacuating them using a vacuum pump to < 102 mTorr, and 3) filling the neck of the
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flasks with CO> (Emerson et al., 1999) and capping them, to avoid contamination with
atmospheric gas through the O-rings during storage before sampling. Extreme care is needed
during sampling to avoid contamination with atmospheric gas bubbles. When possible, the neck
of the flask is flushed with CO> before sampling to dislodge ambient air. While flushing with
CO», a ~1/8” Nylon tube connected to the spigot of the Niskin-type bottle is inserted into the
neck of the flask. When the sample valve from the Niskin-type bottle is open, a water lock is
established with a small volume of seawater, making sure all bubbles in the neck are removed by
tapping the glass valve. Then the glass valve is opened and, while maintaining the water lock, the
flask is filled with a small volume of seawater sample (~50-100 mL). After the valve is closed,
the neck of the flask should be rinsed with distilled water (so that salt crystal accumulation on O-
rings does not contribute to potential leaks), dried to the extent possible by inserting a Kimwipe
and wicking moisture, and the neck filled with CO; to avoid air contamination during storage
until analysis. Sometimes, provisioning compressed CO> gas at very remote ports can be a
challenge; if this is the case, an alternate, but less preferable, storage method is to fill the neck
with distilled water and cap. Note that the latter method is more susceptible to leaks, and samples
should be analyzed as quickly as possible. Leaks across the O-ring would lead to a dilution of
80 label in the flask, hence an underestimate of rates. Initial samples for MIMS analysis are
collected in the same way as the incubation sample and poisoned with saturated mercuric
chloride solution at the start of the incubation to inhibit microbial activity (see Section 4.3.1).

4.3. Incubation

Typically, the samples are collected before sunrise and incubated from pre-dawn to dusk or
for 24 h. In contrast to '*C- and '*C-derived primary production, '%0-GOP is independent of
whether the incubation duration is from dawn to dusk or 24 hours, as there is no splitting of
water in the dark, and the measurement is not affected by recycling. Once the samples have been
spiked, they are incubated, keeping the in situ environmental conditions to the extent possible.
This can be achieved by incubating the samples in situ or simulating the in situ conditions (e.g.,
using on-deck incubators). For a review of incubation methods, refer to Chapter 3. At each
station, samples are collected at different depths within the euphotic zone (8 depths are typically
recommended JGOFS, 1996). For in situ incubations, replicate bottles (at least 3 recommended)
from the same depth are attached to a custom-made rack and deployed at the appropriate depth of
a free-floating mooring array. Keeping the samples in the dark until deployment and after
recovery is important. Therefore, it is recommended that the array deployment and recovery is
conducted before sunrise and after sunset, respectively. Alternatively, the samples can be
incubated in on-deck incubators that simulate the in situ conditions. In this case, information is
needed prior to the start of the incubation regarding the temperature and light conditions through
the water column (Chapter 3).

4.3.1. Termination of the incubation and sample storage

The incubation can be terminated by transferring a subsample from the incubation bottle into
a different gas-tight container and then inhibiting biological activity using a saturated mercuric
chloride solution. Due to its toxicity, it is important to use gloves when dealing with mercuric
chloride (nitrile gloves are recommended for handling mercuric chloride). Transferring a
subsample from the incubation bottle to a different container is done by siphoning from the
bottom of the container, ensuring no air bubbles are trapped in the line. The procedure for the
subsample collection depends on whether these will be analyzed by IRMS or MIMS.
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For IRMS, subsamples are transferred into evacuated pre-poisoned flasks with
LouwersHanique valves, as described in Section 4.2.3.2 and Chapters 7 and 8. Samples are
stored in the dark until analysis. The maximum recommended storage time for gas samples is < 2
months.

When using MIMS, subsamples can be transferred into any gas-tight bottle, for example,
borosilicate crimped-sealed serum bottles (Ferron et al., 2016) or screw cap vials with butyl
rubber septa (e.g., 12 mL Labco Exetainer). The subsample is transferred by siphoning, filling
the serum bottle at low flow from bottom to top, allowing it to overflow. Subsequently, saturated
mercuric chloride solution can be added using a pipette, inserting the pipette tip well below the
neck of the bottle. As the mercuric chloride solution is denser than seawater, it will sink to the
bottom and will not be expelled when the bottle or vial is closed. Alternatively, the mercuric
chloride spike can be added after closing the bottle or vial using a 1-mL syringe (connected to a
needle) loaded with mercuric chloride solution. In this case, a short needle that will act as a vent
is first inserted through the septum or rubber stopper; subsequently, a longer needle connected to
the syringe is inserted and the correct amount of mercuric chloride solution is added to the vial or
bottle before removing both needles. Care must be taken not to inadvertently inject an air bubble
while fixing the sample. Using a pipette is recommended as it avoids the risk of working with
needles while handling toxic mercuric chloride solution and poking through the septum or
stopper, which could potentially become a source of contamination. Once the sample is fixed
with mercuric chloride, it should be gently mixed and stored in the dark until analysis. It is
recommended that water samples for MIMS analysis are measured as soon as possible, as Oz is a
chemically active gas in seawater, ideally within a week of collection.

Alternatively, if using MIMS, the sample can be terminated directly in the incubation bottle
by fixing with mercuric chloride saturated solution. To re-close the bottle with no bubbles, a
ground glass stopper that displaces more water than the one used for incubation is needed.
Conically tapered ground glass joints have standard sizes, so it is possible to buy different
stoppers that match the bottle ground joint neck. For example, a solid or semi-solid stopper with
a flat bottom can be used for the incubation, to then be replaced by a hollow ground glass stopper
with a rounded or pointy bottom. It is important to keep the ground glass stopper in place (e.g.,
using tape) and store the samples immersed in water (to keep the glass ground joint gas-tight by
keeping it wet). This can be achieved by storing the samples upside down inside a
compartmentalized rack with beakers filled with water.

4.4. Isotopic Analysis

The isotopic ratio (*0/'%0) of dissolved O2 can be measured by IRMS or MIMS. Both
approaches can also measure Oz to Ar molar ratios.

4.4.1. IRMS

Samples collected into pre-evacuated flasks are returned to a shore-side laboratory where the
sample is left to equilibrate with the headspace by continuous agitation for 8-10 hours at a
constant, known temperature, which allows 97-98% of the dissolved gases to exsolve (Emerson
et al., 1999). The water flask is then inverted, and sample water is removed from the flask using
a vacuum pump, leaving less than 1 mL of sample water to maintain the exsolved gases in the
headspace. The sidearm of the flask is then rinsed with distilled water, dried, capped with CO»,
and stored until analysis.
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Samples are processed using a high-vacuum gas line that allows samples to be transferred
from the sample flask through several cryotraps to remove water vapor and CO> from the
sample, like the O2/Ar analysis described in Chapter 8. Samples are then admitted to the IRMS,
and the mass/charge (m/z) ratio of '30'°0 (m/z 34) relative to '°0'°0 (m/z 32) is determined for
the sample versus an internal working standard. Typically, an average of 6 measurements are
used to constrain the '*0/!°O value. The '*0/'°0 should be corrected for the O»/Ar of the sample,
as gas matrix effects will affect the ionization efficiencies of oxygen isotopologues differently
(see Chapter 7).

4.4.2. MIMS

A MIMS analyzer consists of a membrane inlet system (Ferrén et al., 2016; Kana et al.,
1994) connected to a quadrupole mass spectrometer (e.g., Pfeiffer HiQuad QMG 700, Pfeiffer
PrismaPlus QMG 220). It is recommended to use a secondary electron multiplier when
measuring m/z 34 (*0'%0). When using MIMS, a fraction of the gases is transferred directly
from the water sample to the mass spectrometer, so no prep steps are needed. It is recommended
to remove water vapor and CO» from the gas stream (e.g., using a cryotrap) as these gases can
affect the ionization, and to maintain the membrane inlet at a constant temperature (as diffusion
across the membrane is temperature-dependent). Calibration can be done by air equilibrating
seawater of known salinity at a given temperature (+ 0.01°) (Ferrén et al., 2016). To calculate the
concentrations of dissolved O, and Ar in the standard we recommend using the solubility
equations of Garcia and Gordon (1992) and Hamme and Emerson (2004), respectively. The
isotopic composition of dissolved O: in the standard can be determined using the solubility
fractionation reported by Kroopnick & Craig (1972). It is recommended to run a standard
periodically while measuring the samples (every ~20-30 min) to account for drift in the signals
(Kana et al., 1994, 2006). Further details can be found in Ferron et al. (2016).

4.5. Accuracy and Uncertainty

As with any other method for measuring primary production, there are no available standards
against which to calibrate '30-GOP, so it is impossible to calculate the accuracy. Instead,
comparing primary production measured by different approaches and ensuring that measured
rates are physiologically plausible are two common approaches to validate primary production
results (see Chapter 3).

The analytical uncertainty in '30-GOP can be estimated by propagating the errors in the
different terms of Eq. 4.1, which are typically assumed to be the standard deviation of replicate
samples. The isotopic ratio of the water after the spike generally is not measured, but when
measured, predicted values agreed with measured ones within 5% (Juranek and Quay, 2005).
The reproducibility of dissolved O> measurements by the Winkler method, measured as the
coefficient of variation of replicate samples, is typically between +0.1-0.2%. The precision for
the isotopic ratio of Oz is typically ~ £0.002% (0.02 per mil) when using IRMS and ~ £0.05%
when using MIMS (Ferrén et al., 2016). The analytical '30-GOP error (typically between + 1—
5%) is typically considerably smaller than the coefficient of variation from triplicate incubated
samples (~10-20%) (Ferrén et al., 2016; Juranek and Quay, 2005).

Daily depth-integrated '*0-GOP (mmol O, m™ d!) for the euphotic zone can be calculated using
the trapezoidal rule, and the standard deviation of the integrated values can be determined
through error propagation (Karl et al., 2021 and Chapter 3).
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5. Light and Dark Dissolved Oxygen Rate Measurements
Using the Winkler Method
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'Rosenstiel School of Marine, Atmospheric and Earth Science, University of Miami, Florida, USA
’National Oceanography Centre, Southampton, UK

5.1. Introduction

Changes in oxygen concentration are directly linked to biological processes. Photosynthesis
produces oxygen, whereas aerobic respiration consumes oxygen and forms carbon dioxide.
Therefore, the quantification of the dissolved oxygen concentration provides us with very useful
information about the balance of the metabolic processes in aquatic systems. At the end of the
19% century, Ludwig Winkler developed a technique to indirectly determine the concentration of
dissolved oxygen in water using a series of multi-step chemical reactions (Winkler, 1888). Four
years later, Natterer applied the technique for the first time to seawater samples (Natterer, 1892).
However, it was not until 1927 that Gaarder and Gran (1927) used it to measure biological
oxygen fluxes. Combining light and dark bottles, Gaarder and Gran measured the production and
consumption of the oxygen dissolved in an enclosed seawater sample with respect to an initial
oxygen concentration. The original method was subject to several limitations during the
manipulation, and sample analysis introduced errors that affected the precision and replicability
between samples—the limitations related to the need to perform the titration on subsamples. The
problem was resolved by the introduction of whole bottle titrations (Carritt and Carpenter, 1966;
Carpenter, 1965) and with the development of automated titration using potentiometric,
amperometric, or photometric end-point detection (Oudot, 1988; Culberson and Huang, 1987;
Williams and Jenkinson, 1982).

The method proposed by Winkler is a multi-step process based on the oxidation of Mn(II) to
Mn(III) by oxygen in an alkaline solution (made up of sodium iodide and sodium hydroxide),
ultimately releasing free diatomic iodine (I2) into the solution. These reactions are visualized by
the formation of a brown-colored precipitate. The I> molecules are directly proportional to the
molecules of oxygen. Therefore, to know the molecules of dissolved oxygen in water, the 1> is
titrated with thiosulphate. The stoichiometric equations for the reactions are

Mn*? +20H" — Mn(OH),

2Mn(OH) 2 + 2 O 2 + HoO — 2MnO(OH) 3 oxidation of Mn(II) to Mn(III)
2MnO(OH); + 2I' + 6H+ — 2Mn"? + I, + 6H20 oxidation of iodide to iodine

L+1— +I3 oxidation of thiosulphate to tetrathionate and
I3 +2 S$2052 — 31" + S406* reduction of iodine complex to iodide ions
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Parallel to the development of the light/dark bottle dissolved oxygen method, the use of the
radiolabeled *C method was introduced to estimate photosynthesis (Chapter 3). The popularity
of the '*C incorporation method can be observed in the vast amount of photosynthesis
measurements collected in a few years, which allowed the construction of detailed maps of
photosynthetic activities in the ocean (Koblentz-Mishke, 1967). Despite the current popularity of
the *C incorporation method, its use is limited to estimating gross and net primary production,
as plankton community respiration cannot be quantified directly (Gonzalez et al., 2008).
Therefore, estimations of plankton community respiration and net community production can
only be made by measuring changes in the dissolved oxygen concentrations of a water sample.

It is important to understand the difference between net primary production and net
community production and their ecological implications to decide which method to use. Net
primary production refers to the gross primary production minus the respiration of the
autotrophs, and therefore represents the rate at which phytoplankton produces biomass. Whilst
net community production is the difference between the gross primary production minus the total
community respiration (autotrophic and heterotrophic respiration). Knowledge of net community
production is necessary to quantify the carbon a system can potentially export. Thus, on an
annual basis, net community production corresponds to the organic carbon biologically produced
in the euphotic layer that can be exported to the deep ocean, a process known as the “biological
carbon pump” (Emerson, 2014).

In this section, we describe the light/dark bottle dissolved oxygen method for measurement of
primary production rates using in situ or on-deck incubations. The method has been employed to
determine the primary production rates of natural phytoplankton communities in a wide range of
environments, including some of the most oligotrophic open ocean waters (Williams et al., 1983,
Grande et al., 1989, Gonzalez et al., 2008, Serret et al., 2015). The method can also be used to
get rates of community respiration below the photic zone (Robinson et al., 2002a, 2002b).

Here we describe how the pre-cruise preparation of chemical solutions needed for the
determination of oxygen concentration of the samples, the options for ship-board automated
titration analysis of the samples, and the setup for in situ and on-deck incubations. Finally, we
give the precision of the rates that can be expected under typical conditions.

5.2. Best Practices for On-Deck/In Situ Incubations
5.2.1. Chemical reagents

Five different reagents are required for the sampling and analysis of the dissolved oxygen
concentration in seawater. All chemicals should be stored in amber glass bottles once prepared to
prevent photooxidation of the reagents. Wear nitrile gloves and safety glasses during the
preparation of the reagent solutions and perform them in a fume hood cupboard.

e Manganous chloride solution (MnClz-4H20, 3 M): Dissolve 600 g of manganous
chloride tetrahydrate (MnClz-4H>0) in a graduated volumetric glass flask containing
500-700 mL of Milli-Q water. Stir until all the crystals have dissolved. The solution may
cool during preparation. Allow it to get to room temperature before making the solution
up to a final volume of 1 L. Manganous sulfate (MnSO4-4H>0, 3M) may be used instead
of the manganous chloride solution. Dissolve 450 g of manganous sulfate tetrahydrate
(MnSO4-4H>0) in a graduated volumetric glass flask containing 500—700 mL of Milli-Q
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water. Stir until all the crystals have dissolved. Allow the solution to get to room
temperature before making the solution up to a final volume of 1 L.

e Solution of sodium iodide (Nal, 4M) and sodium hydroxide (NaOH, 8M): Dissolve
320 g of NaOH in a graduated volumetric glass flask containing 500 mL of Milli-Q
water. This is an exothermic reaction, so it is recommended to cool down the solution by
stirring the volumetric flask inside an ice bath. Once all the compound is dissolved, add
slowly 600 g of Nal and stir until it completely dissolves. It can take several hours. Make
the solution up to a final volume of 1 L. If the solution is not transparent (there are some
tracers of reagents that have not dissolved), filter the solution through a coarse glass fiber
filter to remove the non-dissolved material. If the solution presents a yellowish-brownish
color, discard it, and prepare it again with fresh reagents.

e Sulphuric acid (H2S04, 5M): Slowly add 280 mL of H2SO4 to 650 mL of Milli-Q water.
This is an exothermic reaction and will generate a lot of heat and corrosive gases.
Perform this in a fume hood cupboard and preferably submerge the volumetric glass flask
inside an ice bath to cool it down. Once the solution reaches room temperature, make it
uptolL.

e Sodium thiosulphate pentahydrate (Na:S:03-5H20): The concentration of the
thiosulphate will depend on the volume of the burette of your titration system. The
concentration should be one that allows your titration system to dispense around 80-90%
of the burette volume. For example, for a titration system with 1 mL burette and oxygen
bottles of 125 mL, the typical concentration is 0.2 M. Dissolve 24.821 g of
NaxS203-5H,0 into 900 mL of Milli-Q water. Make the solutionup to 1 L.

e Potassium iodate (KIO3, 0.0100 N): It is important to accurately measure this
compound as it will be used to standardize the thiosulphate concentration. It can be
bought as a prepared solution or be the laboratory. Weigh 0.5 g of KIO3 and dry it in an
oven at 120°C for several hours. Weigh 0.3567 g of the dried KIOs3 to the closest decimal
and dissolve it in 1L of Milli-Q water in a volumetric glass. Use a pipette to add drops at
the end to properly level the meniscus to the line of the volumetric glass.

5.2.2. Sampling and incubation bottles

The most common and generally accepted containers for collecting water samples to
determine dissolved oxygen concentration are 100 mL borosilicate glass bottles. Other volumes
(i.e., from 50 to 500 mL) can be used, but smaller volumes could undersample part of the
plankton population and larger bottles will need more water to be collected, larger incubator
systems, and a larger volume of reagents. Borosilicate glass bottles are not trace metal clean and
remove part of the UV radiation, which could affect the primary production rates (Regaudie de-
Gioux et al., 2014; Garcia-Corral et al., 2016). Quartz bottles can be used instead if the
investigator wants to study the effects of UV radiation on NCP. In this case, the incubator should
not be covered by a polycarbonate blue filter. In general, 100 mL borosilicate bottles are the
preferred option. Bottles and their corresponding ground joint stoppers should be numbered
(engraved numbers or with a water-resistant label). All bottles must be calibrated, and the
volume of each bottle known to +£0.06 mL. As a standard procedure, borosilicate bottles are
calibrated at 20°C. The volume of the bottles (Voote) €xperiment changes with temperature.
Therefore, during the analysis of the sample, it is important to correct for the temperature effect
on the volume by applying the equation
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Vbottle = Vbottle [1 - (l(t - 20)], (51)

where a is the volumetric coefficient of expansion of the glass (3.2 x10°® K ! for borosilicate
glass) and t is the temperature of the seawater sample.

We recommend at least 15 bottles per depth. Five bottles will be fixed before the incubation
(“initial”), five bottles will be incubated in dark (“dark™), and the remaining five will be
incubated under in situ simulated light conditions.

Before sampling, it is a good practice to confirm that all materials needed are in place (bottles,
chemical reagents inside their dispenser bottles, a digital thermometer, the sampling sheet with
the numbers of the bottles written down, and a pencil).

5.3.  Shipboard Sampling Procedure

At each station, seawater samples will be collected from different depths using water samplers
(Niskin bottles) mounted on a rosette system. It is recommended to sample a minimum of 6
depths, preferably 8, through the entire euphotic zone (depth at which the incident irradiance is
1% of surface irradiance). The sampling depths should include the surface depth, the euphotic
depth, the depth of maximum chlorophyll, the depth at the top of the chlorophyll gradient, and
the depth at the bottom of the chlorophyll gradient to properly determine the variability of the
primary production rates (Fig. 5.1). Sampling should be done before sunrise.

Chlorophyll- @ (mg L™

100 ¢

200

Depth (m)

300

Fig. 5.1. Conceptual diagram showing vertical profiles of chlorophyll a fluorescence. In these examples, the grey dots represent
the recommended sampling depths, and the dotted line indicates the position of the euphotic depth.

Acid-clean HDPE carboys are needed to transfer the seawater from the Niskin bottles. The
carboys should be wrapped in black plastic bags to shield the samples from the boat lights. The
transfer of 10 L of seawater from each Niskin to their corresponding acid-clean HDPE carboys is
done by a Tygon or silicon tubing, rinsing the carboys at least three times prior to filling. The
order for the sampling from the carboys into the dissolved oxygen bottles should be from the
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deepest depth to the most surface one. This considers that the water sample from the deepest
depth is colder and has lower oxygen concentration than surface waters.

Seawater is gently transferred from each carboy into the dissolved oxygen bottles using a
sampling tubing, checking that bubbles are not formed and stuck into the tube. Ideally, bottles
should be rinsed by filling them and letting the water overflow for three times the volume of the
bottle. This step may seem wasteful, but it is essential to ensure the accuracy of the method. To
avoid trapping bubbles in the bottle, fill it to the top of the bottle neck. Stoppers need to be rinsed
and carefully placed to their corresponding bottle once all the bottles from the same depth are
filled.

When all the carboys are sampled, it is time to fix the “initial” bottles. First, the temperature is
measured from each bottle. Then, 1 mL of the MnCl, solution followed by 1 mL of the
Nal/NaOH solution are added to each bottle, and the stoppers are replaced carefully without
capturing any bubbles. The bottles are shaken vigorously by inverting them around 30 times. A
second round is done to ensure that the reagents have reacted with all the oxygen. It is
recommended to hold the stopper and the base of the bottle when shaking the bottles, as the
stopper could pop up. The “initial” bottles are stored underwater, whereas the “dark” and “light”
bottles are taken to their incubators. As the “dark” and the “light” bottles are incubated in the
same incubators, the “dark” bottles must be covered to avoid any light inside the bottles. There
are several options to darken them, including taping the bottle with electrical tape, wrapping it in
aluminum foil, or using an opaque cloth. We do not recommend wrapping the bottles in tape as it
can be difficult to check the appearance of bubbles inside the bottles during the incubation.
Aluminum foil can be easily broken, allowing light to bounce inside the bottle. Hence, the
preferred option is to use an opaque cloth/plastic bag.

5.4. Sample Incubation and Incubation Time

The incubation duration for estimating primary production (gross and net) with the dissolved
oxygen incubation is 24 hours and is therefore considered a daily rate. The sampling is
performed pre-dawn, with the incubation set to start during sunrise to contain the light and dark
hours of the day. The oxygen consumption measured in the “dark” bottles represents the
respiration over 24 hours, and it has the inherent assumption that the oxygen consumption in the
light is equivalent to the oxygen consumption in the dark. This assumption was tested with 180
enrichment of dissolved O2 and oxygen microelectrodes. It was found that oxygen consumption
in the light could be greater than in the dark; therefore gross primary production could be
underestimated when applying this method (Grande et al., 1989; Luz et al., 2002; Pringault et al.,
2007; Robinson et al., 2009).

Incubation lasting 24 hours could introduce some biases associated with “bottle effects” that
include changes in the mixing conditions, greater bacterial growth, and increase in grazing,
among others (Robinson and Williams, 2005; Vernet and Smith, 2007; Gonzalez-Benitez et al.,
2019). These biases could influence the respiration rates and therefore net community
production. Yet, despite the potential changes in the community structure of the sample, several
studies have shown a linear decrease in oxygen concentration, indicating that the respiration rate
does not change during the incubation (Biddanda et al., 1994; Smith and Kemp, 2001; Garcia-
Martin et al., 2011).
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5.4.1. In situ incubation

In situ incubations perfectly match the light intensity, spectral quality, and temperature during
the incubation. The incubation system is usually formed by a buoy or a floating device with
weights attached to the bottom and trays with hooks in which to secure the bottles (Fig. 5.2).
Trays should be floating at the depths from which the seawater samples were collected. The
hooks must be designed to hold the bottle stopper in position so the bottles cannot be
accidentally opened during the incubation. It is recommended to lay light bottles on their side so
the stoppers do not block the light.

This incubation implies the necessity to be close to the buoy during the 24 hours that the
incubation lasts. Therefore, it is not very practical for cruises that cover and extensive sampling
area but is ideal for coastal regions and experiments in a small research area.

Fig. 5.2. Pictures of in situ incubations showing the different parts of the incubation system. (A) Floating buoys, (B-C)
Incubation trays with light bottles, (D) schematic diagram of the whole system with 8 trays (numbers indicate 8 different
incubation depths).
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Fig. 5.3 Examples of different on deck incubators (A) cylindrical and (B) plastic boxes with plexiglass lids. Incubators are
connected to water baths that supply water at in situ temperature.

5.4.2. On-deck incubations

On-deck incubations are an alternative to in situ incubations (Fig. 5.3), which require
information about in situ variables, such as light intensity and temperature, to simulate in situ
conditions. As the sampling is performed before sunrise, there is no information about the in situ
light conditions from the sampling day. Therefore, generally, the PAR profile from the previous
day is adopted.

Incubators can have different designs, but overall, the system consists of plexiglass containers
with two connectors, one to pump water into the incubator and the other to let the water out. The
in situ light intensities are adjusted with blue and neutral density filters. There should be as many
incubators as depths sampled, so all the bottles are incubated approximately at their in situ light
conditions. Temperature is controlled by running surface water into the system to the incubators
containing the bottles from the surface depth or from those depths within the thermocline. For
incubators containing bottles from deeper depths, usually at colder temperatures, chilled water is
re-circulated from a chiller system. During night hours, it is recommended to cover the
incubators with opaque plastic or cloth because the ship’s lights could disturb the metabolic
processes.

5.5.  Sample Processing and Analysis

After the in situ or on deck incubations, all bottles (“light” and “dark’) are removed from the
incubators covered with dark plastic bags and taken to the laboratory. It is important to check for
bubbles inside the bottles, as they can introduce biases to the measurements. Fixation is carried
out following the same procedure as for the “initial” bottles described above (Section 2.3),
recording the temperature just prior to the addition of the reagents. Once that all bottles are
shaken, and the solution is uniform, they should be kept underwater in darkness, until the
precipitate settles (usually 1-2 hours). Once the precipitate is settled in the bottom, the bottles
are ready for analysis. It is convenient to proceed with the analysis straight after the settling
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period, which is recommended to be comparable during the different sampling days. However, if
a prompt analysis is not possible, bottles can be stored for many days without a detectable
change in concentration when water seal is maintained (see GO SHIP protocols, https://go-
ship.org/HydroMan.thtml). However, we recommend minimizing the time they are stored as it is
important to avoid temperature changes.

5.5.1. Titration method

There are three titration methods to determine the dissolved oxygen concentration of a water
sample: photometric titration, potentiometric titration, and amperometric titration.

5.5.1.1. Photometric titration

The photometric endpoint detection method involves putting the sample bottle in the path of a
beam of light and measuring the change in absorbance at 360 nm as I» is converted to a colorless
form by adding thiosulfate. An automated version suitable for shipboard primary productivity
use has been described by Williams and Jenkinson (1982). A typical precision of 0.03—0.1% was
claimed.

5.5.1.2. Potentiometric titration

The potentiometric method involves measuring the potential measured across a dual platinum
electrode. The endpoint is detected as a maximum in the change in potential per unit addition of
thiosulfate. An automated version suitable for shipboard primary productivity use has been
described by Oudot et al. (1988). A typical precision of 0.1% was claimed.

5.5.1.3. Amperometric titration

The amperometric method involves applying a potential of 100 mV to a dual platinum
electrode placed into the sample bottle. The endpoint is detected as the point at which the current
goes to zero. The amperometric method is also known as the “dead stop” method. An automated
version suitable for shipboard primary productivity and routine hydrographic work has been
described by Langdon (2010). A typical precision of 0.06% was claimed.

5.5.2. Blank determination

Reagents can contain impurities that may interfere with the reduction-oxidation reactions
involved in the dissolved oxygen analysis. Therefore, it is essential to perform a reagent blank to
quantify the reagents’ contribution to the changes in oxygen concentration. An empty bottle is
filled with 100 mL of Milli-Q water and a stir bar. The reagent components are added in inverse
order to the sampling procedure, mixing in between the additions. First, I mL of the H2SOj is
added, then 1 mL of the Nal-NaOH solution, followed by 1 mL of the MnCl; solution and 1 mL
of the KIO; standard at the end. Sample titration is carried out until the endpoint is reached. Then
another 1 mL of the KIO3 standard is added and titrated again to find a second end point. The
volume of the blank is calculated as V1-V2, where V1 is the volume of thiosulfate used to titrate
the first KIO;3 aliquot, and V2 is the volume of thiosulfate used in the titration of the second
KIOs; aliquot. The blank sampling is repeated with ~5 replicates, and the blank value (Vi) is the
average of the five independent replicates.

5.5.3. Standardization of the thiosulfate

The thiosulphate concentration can change its molarity because of changes in temperature.
Therefore, it is recommended to standardize it frequently, at least once per day of analysis.
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Six empty bottles are filled with 100 mL of Milli-Q water and a stir bar. The reagent
components are added in inverse order to the sampling procedure, mixing in between the
additions. First 1 mL of the H2SO4 1s added, then 1 mL of the Nal-NaOH solution, followed by 1
mL of the MnCl; solution and 10 mL of the KIO3 standard at the end. The sample with reagents
is titrated and the endpoint recorded.

The molarity of the thiosulphate solution is calculated as follows

Minio = Vki03 * Nki103 /(Vstd — Vbik), (5.2)

where Vkios is the volume of KIO3 standard added (mL), Nkio3 is the molarity of standard KIO3
(mol/L), Vg4 is the volume of thiosulfate (mL), and Vyix is the volume of the blank as measured
in the previous section (mL).

The molarity of the thiosulfate solution is determined as the average of the six replicates, and
the standard deviation of the replicates should be lower than 1x10°° (L). If the standard deviation
is higher, additional samples should be considered.

5.5.4. Analysis of the samples

The analysis of the sample can start once the precipitate has settled. It is recommended to
analyze the “initial,” “dark,” and “light” bottles from the same depth in the same batch. In
addition, the precipitate is light-sensitive, so it is a good practice to remove only one or two
bottles at a time for analysis. Any possible remaining water is wiped, the stopper removed, and a
stir bar added into the bottle while taking care that the precipitate is not resuspended. The
precipitate is dissolved by adding 1 mL of H2SO4 into the bottle and gently mixed. The sample in
the bottle is titrated, and the added volume of thiosulfate at the endpoint is recorded. The oxygen
concentration of the sample is then calculated by

[02] (umol/L) = [(¥4) * 10° * (Vsam — Vbik) * Mnio — 7.6x10] / (Viot — Viep), (5.3)

where (%) converts moles of thiosulfate to moles of Oz, 10° converts from moles Oz to
micromoles Oz, Vsam 1s the volume of the thiosulphate used during the titration of the sample (L),
Vyik is the volume of the blank as measured in the previous Section (L), Muio is the molarity of
thiosulphate calculated during the standardization of the thiosulfate (mol/L), Vot is the volume
of sample bottle (L), Vreg is the volume of the reagents used during the fixation of the sample
(0.002 L), and 7.6 x 1078 is the absolute moles of oxygen added with the reagents (Murray et al.,
1968).

If Vki03=0.010 L, Nki0o3=0.010 Equiv/L, V=0.000700, Vpi=0.000001, Minic=0.14306,
Vsam=0.000800, Vot=0.143, Vieg=0.002, 02=202.67 pmol/L.

Titrated samples should be discarded following the regulation of the country. The bottles are
rinsed with deionized water once empty.
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5.6. Calculation of Photosynthetic Rates of Phytoplankton

Measuring changes in dissolved oxygen concentration incubated over 24 hours provide two
different primary production rates: gross primary production (GPP) and net community
production (NCP).

Net community production is estimated as the difference in oxygen concentration between the
average of the replicate “light” measurements and the average of the replicate “initial”
measurements. Community respiration is estimated as the difference in oxygen concentration
between the average of the replicate “dark” measurements and the average of the replicate
“initial” measurements. Gross primary production is calculated as the difference between the
average of the replicate “light” measurements and the average of the replicate “dark”
measurements.

NCP = average [O2]iight — average [Oz]initial (54
CR = average [O2]dark — average [Oz]initial (5.5)
GPP =NCP + CR (5.6)

5.7. Uncertainties/Accuracy

The precision of the oxygen method is estimated to be £10-17 mmol C m? d! based on
averaging the standard error of the means (SEM) obtained in the studies of Williams et al. 1983,
Grande et al. 1989, and Robinson et al. 2009, assuming n=8—10 bottles at each depth. In other
units, the average SEM was +1.4 pg C L' (12 hours) ! and £16 pug C (ug Chla)! (12 hours) !

Regarding the accuracy of the oxygen method, a previous report indicated that the oxygen
method can underestimate NCP by 2—46% in waters where dissolved organic carbon and UV
radiation are high due to the process of photochemical oxygen demand (Kitidis et al., 2014). If
investigators are interested in quantifying the photochemical oxygen demand, we recommend
filtering surface seawater through 0.2 um filters, collecting the water, and filling quartz bottles
using clean silicon tubing. Quartz bottles should be submerged in an irradiated solar simulator
incubator with sea surface water running through it.

5.8. Cleaning Procedures

Silicone tubing and glass bottles should be cleaned with a 5-10 % hydrochloric acid solution
before the start of the cruise. Glass bottles could be also cleaned with a dilute solution of non-
phosphate detergent (i.e., Decon 90) followed by a vigorous rinse with Milli-Q water.
Throughout the cruise, it is important that the silicone tubing is rinsed with 5-10 % hydrochloric
acid plus Milli-Q water every day after using it. However, Milli-Q water could be used to rinse
the glass bottles after the titration if they are going to be used the following day. The regular use
of the bottles can lead to the appearance of yellowish/brownish stains on the inside of the neck of
the bottle and on the stopper. Staining is caused by the accumulation of tracers of reagents in the
grounded areas of the bottle. It is better to remove the stains as soon as they are noticed and not
let them dry or accumulate for long periods, as removal could be more difficult. If stains start to
appear in the neck of the bottle, we recommend adding a small volume of concentrated
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thiosulphate and leaving it for a couple of minutes up to hours. If staining is on the stopper, a
small volume of thiosulphate can be added on top of it, or the stopper can be put in a vase
covered with thiosulphate. Once the stain disappears, the bottle or/and stopper are rinsed with
Milli-Q to remove any remaining thiosulphate, which could bias the measurements.

5.9. Advantages, Disadvantages, and Caveats

All methodologies have strengths and limitations. Therefore it is important to know these and
their potential errors to choose the best method for the research interest and study area. The
Winkler-based light/dark incubation is a very accessible, inexpensive, and precise method to
estimate net community primary production, gross primary production, and community
respiration rates. To achieve high precision, it is important to be meticulous and have high
numbers of “light,” “dark,” and “initial” replicates. The large number of bottles needed implies
collection of large volumes of seawater and long analytical times, which in some circumstances
(i.e., research cruises with a small rosette, high water demands, or low human capability) could
be considered a drawback. The equipment required is easily portable and can be mounted in
land-based laboratories or research vessels. Furthermore, the reagents needed are not radioactive.
Therefore the method can be applied in all laboratories and research vessels and does not require
the presence of a certified radioactive responsible person.

The main limitation of the Winkler-based light/dark incubation method is that rates are
calculated from two single points measured over 24 hours. As mentioned in Section 5.4, the
method assumes linear oxygen consumption in the dark bottles between the two incubation
times. However, if the oxygen consumption is not linear (Gattuso et al., 2002; Pomeroy et al.,
1994), it could underestimate or overestimate the GPP calculation.

The Winkler-based light/dark incubation method has several limitations that are common to
other methodologies. Like any in vitro incubation, the method cannot accurately mimic the in
situ environmental condition. In addition, enclosing a water sample inside bottles could
potentially affect the plankton community structure, which may affect the metabolic rates. This
is a common drawback for all methods that confine seawater samples in bottles (i.e., oxygen
microelectrodes or optodes, '*C tracer method and '*C tracer method) and are not exclusive to
this technique. However, the longer incubation time required for the Winkler-based light/dark
incubation method (24 hours compared to other methods (12 hours for the '*C tracer method)
may amplify the potential biases. Another common caveat is that on-deck incubations may not
receive the same irradiance quantity and quality as in sifu incubations. Thus, the selection of on-
deck or in situ incubations could provide different primary production rates (Barber et al., 1997).
However, there is evidence that primary production rates derived from '*C fixation method in the
northeast Atlantic were comparable when incubated on-deck and in situ (Joint et al., 1993),
suggesting that the choice of the incubation method does not imply a systematic bias.

Despite the method being straightforward, it is important to be meticulous in the procedures
as there are several potential sources of error. We will comment on the most common ones.

e All bottles should be carefully calibrated with their respective stoppers. Stoppers may get
chipped with use, which could cause changes in the bottle volume. If noticed, bottles
should be marked and calibrated again.
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e Before starting the titration, it is essential to shake the bottle containing the thiosulphate
properly and flush the burette and the connecting tubes to remove any possible remains of
thiosulphate leftover from prior analyses. Thiosulphate left from the previous day could
have a different concentration than the thiosulphate inside the dispenser bottle and subject
the first samples titrated to errors.

¢ During the flushing process, checking for air bubbles in the burette and in the connecting
tubes is recommended. The presence of an air bubble during the titration procedure will
affect the precision of the measurement, as the volume of air will be registered as a
volume of thiosulphate. This implies that the volume of thiosulphate dispensed by the
titrator will not be the amount calculated by the software. There are several ways to
remove air bubbles. If the air bubble is in the tip or in the connecting tubes, the easiest
way to remove it is to gently tap the burette tip and connecting tubes while the
thiosulphate is flushing. An alternative method is more appropriate if the air bubble is in
the burette and flows forward and backward through the connecting tubes while flushing
and filling the burette. In this case, it will be necessary to unscrew the upper valve of the
burette very quickly while the air bubble gets flushed out of the burette through the
connecting tubes. It is recommended to do it while wrapping the valve with paper towels,
so the thiosulphate drips onto the towel instead of onto the electrical equipment. If the air
bubble is not easily removed, for example, it forms on the inside surface of the burette,
the easiest approach will be to unscrew the burette from the upper valve and remove the
burette from the dispenser unit. After discarding the thiosulphate from inside the burette,
it should be filled with thiosulphate manually using a clean glass syringe/pipette. Once
filled, it will be connected back to the dispenser unit. In theory, a stuck air bubble that
does not get flushed should not bias the readings. However, it is recommended to remove
it, as it could be released during the titration process and go unnoticed.

e During sample analysis, we do not recommend acidifying more than two bottles at once
as the iodine concentration may decrease due to evaporation and light degradation while
waiting to be analyzed. If two bottles are acidified at the same time, the bottle waiting
should be covered and kept away from the light. In addition, it is crucial to keep the room
temperature as stable as possible, as changes in temperature may facilitate the
evaporation of the iodine while being titrated.

5.10. Ancillary Data Collection

Several environmental data, such as temperature, salinity, light attenuation, and fluorescence,
are fundamental to the application and interpretation of the results for in situ and on-deck
incubations, as explained in Gundersen and Vandermeulen (Chapter 6). First, this information is
needed to choose the sampling depths. Second, temperature and light irradiance information is
essential for the on-deck incubations to select the neutral filters and regulate the temperature of
the water bath system. In addition, oxygen saturation can be calculated as a function of
temperature and salinity (Garcia and Gordon, 1992). Changes in the oxygen saturation in the
initial bottles compared to the in situ oxygen saturation may affect the microbial community and
interfere with the estimations of the metabolic rates, especially in the undersaturated deep
sampling depths.
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6.1. Introduction

In this section, we describe the best practices for estimating gross and net community
production (GPP and NCP) and community respiration (CR) rates derived from optode sensors
that continuously measure dynamic luminescence quenching of dissolved oxygen (DO) within a
controlled volume. Incubation bottles retrofitted with an optode sensor can be deployed in situ or
used in vitro in laboratory experiments or deck-board incubations. The optode technology is
relatively new to aquatic sciences and has only recently been used in CR studies (Warkentin et
al., 2007; Wikner et al., 2013; Lehner et al., 2015) and combined measurements of NCP and CR
(Vandermeulen, 2012; Collins et al., 2018).

Early optode technology in aquatic biology (Klimant et al., 1995) was not commercially
available and was primarily aimed at replacing the use of microelectrodes (Revsbech et al., 1980)
in benthic sediments. The “microoptrode” (Klimant et al., 1995), later renamed “micro-optode”
(Glud et al., 1999a), was essentially a foil matrix attached to the tapered tip of an optical glass
fiber cable. The micro-optode was first used to follow oxygen developments in microbial mats
and benthic sediments in shallow waters and to create micro-depth profiles of oxygen in deep-
water sediments (Glud et al., 1999a, 1999b). So far, the optode sensor foil is only supplied by
one manufacturer (PreSens GmbH, Germany). In recent years, the same optode foil has been
built into commercially available oxygen sensors, such as “sensor spots” or “planar optodes”
from the same manufacturer (Tengberg et al., 2006; Warkentin et al., 2007).

Some of the greatest advantages to the optode technology, are that it does not utilize oxygen
molecules (e.g., like the Clark electrode) and that it measures DO continuously. The DO optode
sensor consists of a unique hydrophobic silicone foil embedded with a platinum porphyrin
compound that illuminates (red fluorescence) when excited by a blue or green LED light. The
DO molecules interfere with the fluorescence characteristics of the foil membrane (dynamic
luminescence quenching) in proportion to its concentration (and temperature) in water (Tengberg
et al., 2006). Thus, DO concentration can be measured non-invasively through internal
monitoring of the luminescence in the sensor foil. The foil is sensitive to direct sunlight and is
therefore stabilized in an analyte-permeable matrix to shield it from UV light. However, this
poses a challenge to gas diffusion and response times since a more effective coating necessarily
means less permeability. A lot of effort in recent years has been put into improving the response
time in optodes (initially estimated at 15-30 seconds) by improving permeability of the
protective coating. Macro-sensors with optode technology today (Table 6.1) have similar
response times to conventional DO sensors (e.g., the Clark electrode).
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Table 6.1

Reported DO-optode macro-sensors showing type of sensors, precision, accuracy, and response time. Type of sensor calibration and applications are also listed.

Reference Sensor Precision Accuracy Response Calibration Application

(uM) (*=uM) time (s)
Tengberg et al. AADI 3830, 3930 0.5-1 <5&<2 45 2-point & n=30 In situ measurements
2006
Uchida et al., 2008  AADI 3830 12 10 21 2-point In situ measurements
Vandermeulen, AADI 3830 0.6 NA <30 2-point In situ NCP, CR incubations
2012
Wikner et al., AADI 3830 0.3 4.2 25 2-point In vitro CR incubations
2013
Collins et al., 2018  AADI 4531D <1 8 <30 2-point In situ NCP, CR incubations
Vikstrom et al., AADI 4330 0.2 5.8 NA N=12 In vitro CR incubations

2019

AADI = Aanderaa Data Instruments; NA = not available
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This chapter presents an overview of commercially available, standalone optode sensors
(Table 6.2), where only a subset can be reasonably retrofitted to incubation containers. Wikner et
al. (2013) and later Vikstrem et al. (2019) used Aanderaa Data Instruments (AADI) optodes and
measured CR in 1 L glass bottles in the dark (Fig. 6.1A). The original micro-optode (see above)
has also been retrofitted (Fig. 6.1B) and can now measure CR in the nanomolar range in natural
seawater (Lehner et al., 2015). The first light-dark in sifu incubations were reported by Collins et
al. (2018) using AADI optodes retrofitted to large volume polycarbonate chambers (2.6 and 5.7
L) that were lowered and closed at depth (Fig. 6.1C). Vandermeulen (2012) mounted an AADI
optode inside a 1 L polycarbonate bottle for in situ surface deployments (Fig. 6.1D). Below we
discuss the use of two in sifu optode incubators: One automated system for in situ sampling and
direct NCP and CR measurements (Collins et al., 2018) and one manually sampled incubator
used in daylight surface waters in a turbid estuary in the northern Gulf of Mexico
(Vandermeulen, 2012).

Table 6.2

List of commercial vendors (alphabetical order) that offer optode technology.

Vendor Product

Aanderaa Data Instruments, Norway Oxygen Optode (3830, 3930, 3975, 4330, 4835, 4831)

Alec Electronics Co., Japan

Franatech GmbH, Germany

HACH, USA

Ocean Optics, USA

PreSens, Germany

Precision Measurement Engineering Inc., USA
PyroScience GmbH, Germany

Sea & Sun Technology GmbH, Germany
SeaBird Scientific, USA

Unisense A/S, Denmark

YSI-Xylem, USA

RINKO series, RINKO-profiler, AAQ-RINKO
Model D-Opto

Luminescent Dissolved Oxygen (LDO) sensor
FOXY Fiber Optic Oxygen Sensor

Optical O2 sensors

miniDOT Logger, miniDOT Clear Logger
FireSting O2 Optical Oxygen Meter

Fast SST-DO oxygen sensor

SBE 63 Optical Dissolved Oxygen Sensor

O2 Microoptode

YSI 6150 Reliable Oxygen Sensor (ROX)

There are several benefits to optode sensor incubations, such as ease of use, near-continuous,
non-intrusive readings of oxygen levels, and the ability to subsample water samples from the
incubation bottle (e.g., for microscope counts or biogeochemical parameters) upon termination of
the incubation period. Fast repetitive oxygen sensors, such as the DO-optode, are also ideal for
kinetic measurements (e.g., light response curves) on a time scale that cannot be reached with
other conventional batch incubation methods for NCP and CR measurements (i.e., the light/dark
bottle method). Continuous oxygen measurements in natural seawater incubations in situ clearly
demonstrate that DO-optodes are highly responsive to fast environmental changes such as
photosynthetic active radiation (PAR, Fig. 6.2).
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Fig. 6.1. Examples of DO-optodes used in in vitro and in field incubations. (A) Wikner et al. (2013) measured CR in
vitro using an Aanderaa Data Instruments (AADI) 3833 oxygen optode, (B) (Lehner et al.,, (2015) created a
Luminescence Measuring Oxygen Sensor (LUMOS) for in vitro CR measurements in the nanomolar range, (C) Collins
et al. (2018) retrofitted water samplers with AADI 4531 DO-optodes for in situ sampling and NCP and CR
measurements, and (D) Vandermeulen (2012) retrofitted an AADI 3835 optode to an incubation bottle for in situ NCP
and CR measurements. All images are reprinted in accordance with the authors and publisher’s terms of use.
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Fig. 6.2. Changes in DO concentration (solid line) and subsurface photosynthetic active radiance (PAR, dotted line)
measured in the Mississippi Sound on July 21, 2011 (Vandermeulen and Gundersen, unpubl.). Zooplankton > 200 um
was gently removed from a surface water sample and incubated in a polycarbonate bottle retrofitted with an AADI 3835
DO-optode and a gimballed magnet stirrer (see Fig. 6.3 for details). The DO incubation bottle and data logger were
mounted on a PVC frame (Fig. 6.1D) and fitted with a HOBO Pendant® sensor (UA-002-08, Onset Computers) that
recorded incident PAR at 0.25 m depth during the incubation.

6.2. Best Practices
6.2.1. Sensor accuracy and precision

Most DO-optodes are calibrated from the manufacturer (multiple-point calibrations), but we
recommend the user regularly recalibrate the foil membrane sensitivity. The DO-optode is
commonly calibrated by exposing the sensor to oxygen-free (anoxic) and completely gas-
saturated (100%) conditions in a two-point calibration. Zero DO concentration can be obtained
by adding sodium sulfite (5% w/v conc. With trace amounts of cobalt (II) chloride as a catalyst)
or sodium dithionite to tap water (e.g., Warkentin et al., 2007, Staudinger et al., 2018). Air-
saturated water can be obtained by shaking a bottle of water vigorously (Staudinger et al., 2018),
but we prefer to bubble air through the tap water using an aquarium pump for about 1 hour. By
then, the tap water is oversaturated and will have to sit for an equal amount of time to equilibrate.
Most commercial software used with DO-optodes have a two-point calibration, but some studies
(e.g., Tengberg et al., 2006; Vikstrom et al., 2019) have opted for multiple-point calibrations
(n=30 and n=12, respectively) to improve accuracy (Table 1). Tengberg et al. (2006) used a 30-
point calibration curve of their DO-optode and managed to improve accuracy from < 5 pmol O>
L to <2 pmol Oz L! deviation. They concluded, however, that most in situ applications (e.g.,
productive coastal waters) show DO gradients on a much larger scale and hence, a two-point
batch calibration should be sufficient (Tengberg et al., 2006). In general, low accuracy is not
detrimental to DO-optode incubations as we often follow short-term time-course developments
of oxygen (relative change over time) in a closed container. The precision of a DO-optode,
however (Table 6.2), as demonstrated below, is inherently crucial to short-term NCP and CR
determinations. Historically, NCP and CR measurements in low-production environments have
been a challenge to conventional sensors.
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Table 6.3

A guide to estimating required incubation time to resolve metabolic rates (NCP, CR) based on optode sensor precision. Table
shows estimated minimum incubation length needed to gain sufficient signal to noise at different precision levels with the DO-
optode. A higher biomass signal relative to sensor noise enables the resolution of shorter-term changes in derived rates.

Precision (pumol O2L'h!)

0.2 0.5 1 2
NCP, CR
(umol O2 LTh!) Minimum incubation length (h)
Oligotrophic waters 0.1 4 10 20 40
Shelf areas 1 0.4 1 2 4
Coastal waters 5 0.08 0.2 0.4 0.8
Eutrophic waters 10 0.04 0.1 0.2 0.4

A significant signal-to-noise ratio would require a large plankton biomass, as is most often the
case in highly productive waters (Table 6.3). In open ocean oligotrophic waters, rate
extrapolations from long-term incubations are often necessary to get significant NCP or CR
rates. Note, as discussed in Section 6.2.8, post-processing binning procedures can be used to
reduce the inherent noise of the optode but comes at the cost of reduced confidence in the
derived rate (resulting from a lower number of samples) and lower temporal resolution (negating
one of the primary advantages of optode technology). The precision of the DO-optode sensor
(e.g., the AADI optode at 0.2 pmol Oz L!; Tengberg and Hovdenes, 2014) is in the same order
as the precision of widely accepted Winkler titrations (£ 0.06-0.12 umol O> L™!; see Langdon
and Garcia-Martin, Chapter 5), with the added benefit of continuous measurements. The latter
range was estimated by assuming 0.03% precision for photometric titrations, 0.06% precision for
amperometric titrations, and a generic DO concentration level of 200 pmol O, L. In this
chapter, we argue that a 2-point batch calibration of the DO-optode (and an accuracy of <5 pmol
0, L) is sufficient to estimate GPP, NCP, and CR rates in a closed incubator.

DO-optodes appear to be stable (months to years), but after only 2—3 days of continuous
deployment, the optode signal may drift due to the appearance of biofouling (Tengberg et al.,
2006). Stirring (e.g., by a magnetic stirrer inside an incubation bottle) does not affect the optode
sensor itself (Klimant et al., 1995), but a DO-optode used on a profiling platform shows pressure
hysteresis (approximately 4% per 100 m) that is fully recoverable at the surface (Tengberg et al.,
2006). Temperature and conductivity affect the gas solubility of the foil membrane and hence,
measured in situ DO concentrations; this should be accounted for in calculations and the
expression of results (Uchida et al., 2008). All DO-optodes therefore depend on ambient
temperature, conductivity, and depth readings for accurate results. The AADI optode only has a
temperature sensor attached to the sensor casing and requires a separate input value for
conductivity (salinity) to get accurate DO concentrations. This is not a major issue with in vitro
incubations, where a separate reading of salinity, using an independent conductivity sensor, can
be entered at the beginning of the incubation. In instances that also require in sifu readings (e.g.,
the Collins et al. (2018) setup in Fig. 6.1C) in a changing environment where salinities can vary,
independent and concurrent conductivity readings are necessary to get accurate AADI DO-
optode concentrations. Accuracy of the DO-optode (Table 6.1) is now well documented
(Tengberg et al., 2006; Uchida et al., 2008, Wikner et al., 2013; Vikstrom et al., 2019) and
comparable to determinations by the Winkler titration method (Winkler, 1888; Carpenter, 1965;
Strickland and Parson, 1972). Since DO-optodes provide stable readings over long periods
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(months to years), we consider inaccurate recalibrations and biofouling the two most significant
sources of error for these sensors in field applications.

6.2.2. Response time

The optode’s ability to respond to abrupt changes in DO concentrations (usually calculated as
the time it takes to go from zero oxygen to 65% or 90% of DO saturation) is defined as the
response time (tes, too). Manufacturers are usually reporting the response time in pure oxygen gas
solutions and at optimal temperatures (20-25°C) to claim optimal response for their product
(from fractions to 10—15 seconds); these are rarely achieved in situ at suboptimal temperatures.
Response times reported in the literature (Table 6.1) are therefore often found to be longer since
they are estimated in a liquid solution and at lower temperatures. Due to a relatively slower
response time than, e.g., the Clark-electrode in water (2—10 seconds), the DO-optode initially
appeared less suited for profiling applications. However, the DO-optode has frequently been
applied in fixed and moveable buoy platforms where the response time is less critical as DO
concentrations are measured continuously on longer time scales. Since the response time
depends on temperature and oxygen dissolution over a permeable foil membrane (Bittig et al.,
2014), the protective layer of black silicone used to protect against ambient light and optical
interference from the surrounding water (Klimant et al., 1995) may slow the response time. A
thinner layer would give a faster response time but comes with the risk of making the sensor
unstable. Improvements to the oxygen gas diffusion of the silicone coating and, in some cases,
combined with the use of a water pump in a closed space void of ambient light, imply that
optodes are comparable to other conventional DO sensors in profiling applications.

6.2.3. The incubation bottle

The choice of an incubation chamber is an important consideration when measuring changes
in dissolved oxygen concentrations in a controlled volume. Polymer materials are advantageous
because they are more robust than glass in standing up to dynamic sea conditions and
deployments. However, most available polymers are not transparent to the whole specter of
natural sunlight and the ones that are (e.g., acrylic and polycarbonate) may still have PAR
attenuation issues (see below). Polymers can also be a source of dissolved organic carbon (DOC)
and other volatile compounds that may influence the incubation, and this is best remedied by
repeated acid-soaking of the incubation bottle ahead of use. Air-dry polymers are also permeable
to gas and, if not preconditioned, they can leak (desorb) dissolved oxygen into the water sample
and compromise metabolic rate measurements (Wikner et al., 2013). It is also possible that
oxygen may get absorbed by the polymers used inside incubators (e.g., stoppers or the acetal
casing of some optode sensors) if the sample is not preconditioned, which may compromise
measurements by artificially removing oxygen from the water sample. Stevens (1992) measured
desorption of polymer materials and found that nylon, acetal, and polyvinylchloride (PVC)
released the least amount of oxygen. Acrylic and high-density polyethylene (HDPE) were more
permeable, while polycarbonate and Teflon bottles showed the highest gas permeability.
Incubator bottles made of polymers should therefore be “preconditioned” by soaking them in
water at a similar DO concentration and temperature to in situ conditions (minimum 24 hours) to
expel air-saturated oxygen from the dry material. However, the use of these polymers inside
incubation bottles should be minimized or completely avoided when assessing extremely low
biological rates (e.g., in hypoxic environments or oligotrophic waters). It is also recommended
that a test is performed using sterilized (autoclaved) tap water to check for non-biological drift of
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the DO-optode (i.e., gas absorption or desorption of dissolved oxygen) over a time course like
the one intended for the actual incubation. Glass bottles are less robust but have no gas
permeability issues and, for NCP measurements, only quartz glass show minimal attenuation
over the entire spectrum of visible light.

Beyond permeability, incubation bottles can also impact the quality of light in optode
incubations. Most polymers and borosilicate glass (e.g., Pyrex) are opaque to UVB radiation and
may underestimate the impact of UV stress/photoinhibition on metabolic rates (Gala and Giesy,
1991; Regaudie-de-Gioux et al., 2014). Quartz bottles are most transparent to UV radiation, but
this may not be so important if neutral density (or blue) filters are used to cause UV attenuation
in deck-board incubations (e.g., Robinson et al., 2009). If photoinhibition processes are the focus
of your study, quartz bottles should be used without UV-attenuating filters. We find that quartz
bottles retrofitted for optodes are hard to come by and most likely will have to be custom-made
for this purpose. Therefore, it may be more practical (and inexpensive) to use polymer containers
(e.g., PVC or polycarbonate bottles) for in situ and deck-board incubations.

Note that the incubation bottle containing the optode must be impermeable to gas/water
exchange at the incubation time. When creating a seal between removable parts, avoid using
nitrile O-rings or any organic leaching material (e.g., rubber stoppers or rubber cords in Niskin
bottles) that can adversely impact biological rates (Williams and Robertson, 1989; Matsumoto et
al., 2012). We recommend the use of Viton O-rings and non-toxic stoppers (never silicon
stoppers) for incubation bottles. Before use, the incubation bottles and sealing material should be
washed with a dilute solution of trace meta—free, non-ionic detergent, followed by thorough
rinsing with purified (Milli-Q) water that has been sterilized. Both sensors and bottles should be
left soaking in sterile Milli-Q water to desorb for at least 24 hours prior to use.

6.2.4. Sample water collections

Sample water should be collected immediately before the incubation takes place, and great
care should be taken to avoid introducing air bubbles when filling the incubation bottle. Collins
et al. (2018) collected water directly in situ using a timer to close the PHORCY'S incubator (Fig.
6.1C). The benefit of direct sampling in situ, immediately followed by an in situ incubation in
the same bottle, is that the body of water is left undisturbed. However, there is no way to
prescreen the incubation water to remove larger zooplankton (see details below).

The most common way of collecting sample water is by using a Niskin-type water sampler
that can be fired at discrete depths. Non-toxic O-rings should be used in the sealed water
samplers (e.g., the original Niskin bottle with stainless steel spring or the relatively new Niskin-
X) or other similar equipment used for collecting Winkler titration samples. The benefits of
using water samplers are that sample water can be size fractionated. Still, there are challenges to
collecting water at depth that is subsequently processed at the surface (e.g., the sudden change in
temperature, pressure, and dissolved oxygen concentration) that may inadvertently change the
water’s physical characteristics.

A third option is to only collect surface water to avoid the sudden change in temperature,
pressure, and dissolved oxygen concentrations by using a large volume bucket (Vandermeulen,
2012) or a Niskin-type water sampler. If a large volume bucket is used (10-20 L), the incubation
water can be prescreened directly by reverse filtration (Vandermeulen, 2012), and the incubation
bottle filled by lowering the entire bottle directly into the sample water (use long gloves). For
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diurnal (sunrise to sunset) or 24-hour diel incubations, sample water should be collected before
first light (ideally 1 hour before sunrise). For daily NCP and CR estimates, the incubator bottle
should be deployed before sunrise and retrieved after sunset. If this is not possible, great care
should be taken to avoid abrupt changes in temperature (work fast), and the water sample should
not be exposed to direct sunlight prior to in situ deployment (use a tent or canopy for dim light
conditions).

6.2.5. Sample volume and prescreening

Incubation bottle size has, in principle, no limit for DO-optode incubations. Wikner et al.
(2013) opted for no prescreening of their samples, as the literature suggests that most respiration
(99-100 %) can be accounted for by cells < 200 pm (Robinson and Williams, 2005 and
references therein). However, in coastal waters in spring, when there is a high abundance of
mesozooplankton (> 10 individuals L), there is a good chance that larger zooplankton can be
included in the incubation chamber (Wikner et al., 2013). Therefore, if the study aims to also
include mesozooplankton, or even macrozooplankton, we recommend using natural seawater in a
large incubation bottle (>> 2 L) and no prescreening of the sample. On the other hand, if you are
looking at small-scale processes, including the most abundant micro- and nano-plankton, we
suggest a smaller incubation bottle (e.g., 1 L) where individuals > 200 pm (predominantly meso-
and macrozooplankton) have been separated by gentle, reverse filtration (see Vandermeulen,
2012 for details).
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Fig. 6.3. DO-incubator retrofitted with an AADI 3835 oxygen optode mounted inside the lid of a 1L polycarbonate
centrifuge bottle. The optode was attached to an In-Situ Instruments Troll 9500 data logger. A magnetic stir bar was
mounted in a gimble suspension attached to the bottom of the PC bottle to avoid heterogeneity in the bottle during
incubations. The stir bar was rotated by a magnetic stirrer (70 rpm) positioned immediately outside the bottom of the
incubation bottle. To avoid contamination from oxygen trapped in the Teflon insert and the PC bottle itself, the unit was
soaked in tap water in near-in situ temperature for a minimum of 48 hours before incubation. From Gundersen and
Vandermeulen (unpubl.).
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6.2.6. In situ incubations

Most DO-optodes are standalone units designed for long and short-term in situ deployments
in the water column, or short-term monitoring of benthic DO profiles in sediments (Table 2).
Therefore, most units are not specifically designed for an incubation chamber that requires gas-
tight conditions. Some of the available AADI available are relatively small units with a bulkhead
mount for the sensor platforms used by the company. So far, they are the design most used in in
situ incubations (Fig. 6.1C and 6.1D).

An in situ DO-incubator can be retrofitted with an optode mounted inside the incubation
chamber lid or another point in the chamber that can be sealed (e.g., Fig. 6.3). Collins et al.
(2018) opted for a complete in situ system (Fig. 6.1C) with polycarbonate incubation bottles (5.7
L usable volume) fitted with DO-optodes. The PHORCY'S incubation bottles automatically open
and close at designated time intervals. This solution enables undisturbed in sifu incubations of
whole seawater samples, where CR (dark bottle) and NCP (clear bottle) are measured
simultaneously. The PHORCYS is also equipped with an array of other sensors keeping track of
environmental parameters that may influence measured NCP and CR (CTD, external DO-optode,
2pi PAR sensor, beam transmissometer, chlorophyll fluorometer). Vandermeulen (2012)
retrofitted a DO-optode in a polycarbonate bottle (Fig. 6.3) that was mounted on a surface float
(Fig. 6.1D). Early in situ incubations revealed that more stable, homogenous readings were
achieved by a slowly rotating magnet stirrer (Fig. 6.4). The unit was soaked in tap water at room
temperature for a minimum of 48 hours prior to each incubation to avoid desorption (Stevens
1992). The surface float, equipped with a HOBO sensor (temperature and PAR), was deployed
manually at sunrise (Vandermeulen, 2012).
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Fig. 6.4. Changes in DO concentration in a PC incubation bottle (see Fig. 6.3 for details) where the magnet stirrer (70
rpm) stopped working. The incubator (Fig. 6.1D) was quickly retrieved, batteries replaced, and the unit was covered in
double layers of heavy-duty aluminum foil for the dark incubation (CR) as the stirrer was restarted. From Vandermeulen
and Gundersen (unpubl.).
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DO-optodes are prohibitively expensive compared to BOD bottles and Winkler titrations.
Since we are still in an exploratory phase of in situ incubations with DO-optodes, we have no
data on replicate in situ optode incubations. Collins et al. (2018) solved this by estimating the
standard error of the linear regression as a measure of uncertainty, combined with an adjusted
degree of freedom. However, as they also point out, this approach does not fully account for
biological variance between incubation bottles from in situ patchiness (see Appendix in Collins
et al., 2018 for details). The variability between replicate incubation bottles may exceed optode
accuracy and precision faster, especially in highly productive waters with high biological
activity. Therefore, replicate incubation volumes > 1 L that are not prescreened for larger
swimmers (mesozooplankton) may have an even greater potential to develop differently and
express differing NCP or CR rates than <200 um incubations.

6.2.7. Time-course incubations

Collins et al. (2018) measured NCP and CR rates simultaneously in sub-Arctic open ocean
waters using the PHORCYS incubator (Fig. 6.1C) over a wide range of incubation times (10-94
hours). Similarly, Gundersen and Vandermeulen (unpubl.) determined NCP from in situ light
incubations (2—4 hours), immediately followed by a short dark incubation to determine
instantaneous CR (0.2—0.3 hour), in a strongly eutrophic estuary in the northern Gulf of Mexico
(Fig. 5). The continuous recordings of DO in both these incubations, showed that rates of NCP
are typically not linear throughout a day (Fig. 6.5; Collins et al., 2018).
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Fig. 6.5. NCP and CR measured in the Mississippi Sound on September 13, 2010. Surface seawater was collected at
sunrise using a 20 L bucket, and zooplankton > 200 um was gently removed by gently lowering another bucket with a
200 um Nytex screen in the bottom. The < 200 pm incubation water was collected in a PC bottle retrofitted with an
AADI 3835 optode and a gimballed magnet stirrer (see Fig. 6.3 for details). The DO incubation bottle was mounted on a
PVC frame (Fig. 6.1D) for approximately 2.5 hours at 0.25 m depth (NCP). The unit was quickly retrieved, wrapped
with double layers of heavy-duty aluminum foil, and redeployed for a 15 min dark incubation (CR). Sensor sampling
frequency was 0.03 Hz (blue markers) two significantly different periods of production were identified (NCP-1, NCP-2),
and one rate of dark respiration (CR) was calculated. In a separate test, an incubator was filled with sterilized water (DO
blank) but showed no uniform sensor drift (0.3 pmol L).
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These changes could result from changes in incident irradiance or in situ temperature. DO-
optode readings (which are temperature sensitive) can be slightly off with abrupt changes in in
situ temperature. Also, abrupt response in community photosynthesis to changes in incident
irradiance (PAR) is well documented in the literature and previously in this chapter (Fig. 6.2).
Therefore, differences in the rate of DO may change rates of NCP and CR throughout a day and
hence, should be considered when calculating daily metabolic budgets. Gross primary production
(GPP) is calculated from NCP and CR (GPP = NCP + CR). During periods of low
photosynthesis (e.g., at low incident irradiance), DO concentrations in the light incubated bottles
may show no net changes when GPP equals CR (NCP = 0). Collins et al. (2018) and Fig. 6.4
show that in some cases, the optode signal in the light-incubated bottle may show a decrease in
DO concentrations with time (NCP < 0), but as DO consumption in the dark incubated bottle will
be equal or greater than in the light bottle, the calculated GPP rate will still be zero or positive.
These observations only emphasize the importance of accurate CR (dark bottle) estimates in
daily GPP determinations.

6.2.8. Incubation length

Contrary to BOD incubations and Winkler DO-titrations, optodes can measure short-term
changes in the DO concentration in the order of minutes to hours (e.g., Fig. 6.5). This is partially
a function of a high sampling rate (n) of continuous measurements, which clusters values more
around the true population mean compared to incremental values, reducing the standard
deviation, and thus enabling an increased capability to resolve subtle rate changes. However, this
enhanced utility is highly dependent on the level of ambient biological rates. For example, in
oligotrophic waters where GPP often is balanced by daytime CR, longer incubation times may be
required to overcome the sensor sensitivity. To illustrate the impacts of this sensitivity, we
modeled two constant linear rates of oxygen evolution (0.1 and 2.0 umol O2 L-1 h-1) and
introduced controlled random Gaussian noise bounded by various manufacturer precision levels
of 0.2-2.0 umol O2 L-1 (Fig. 6.6). At low rates of oxygen evolution (Fig. 6.6A) that are
indicative of extremely oligotrophic waters (Williams et al., 2004), only the highest precision
measurements (< 0.5 pmol O2 L-1) can resolve linear rates over 12 hours. If the preservation of
a high sampling rate is not a priority for the incubation, the incremental averaging of output
values in post-processing can work to increase the relative precision of the optode, assuming that
the noise component of the signal is purely random. However, there are additional limitations
and uncertainties to consider when doing this. Using the modeled time series, Fig. 6.7 shows the
standard error of several linear regressions as a function of data points averaged for various
optode precision levels. This demonstrates how much data must be averaged to achieve various
levels of equivalent precision performance. For example, according to Fig. 6.7, a sensor with a
precision of £2.0 umol O2 L-1 would require averaging of ~128 data points to achieve a
precision level adequate to resolve changes on the scale of 0.1 umol O2 L-1 h-1. How this
translates to total incubation length depends on the sampling rate of the sensor, e.g., 128 data
points at a sampling rate of 1/30 seconds would represent an averaging of 64 minutes of data to
retrieve one “high precision” data point. Depending on the sampling logistics, biological rates,
and experimental objectives, this technique could become prohibitive. At lower ambient
biological rates, random biases may have a higher impact on the derived slope/rate due to having
too few data points to derive a robust regression. In a series of 100 randomized simulations, the
binning of lower precision data to dampen noise and estimate a rate of 0.1 umol O2 L-1 h-1
resulted in an average rate of 0.1 £0.04 pmol O2 L-1 h-1 (up to 38% difference).
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Fig. 6.6. Demonstration of changes in DO concentration in a time course at varying levels of optode sensor precision

(£umol L' conc. on right side). The simulated time course is shown for (A) low rates of NCP typically encountered in
oligotrophic waters, and (B) moderate rates commonly found in coastal/shelf environments.

More moderate oxygen evolution rates (Fig. 6.6B) exhibit more flexibility with regard to
overcoming the signal-to-noise ratio at all precision levels, and higher precision sensors offer the
ability to make shorter term rate assessments. This analysis can be extended more quantitatively
to determine the length of time it takes for a given rate of oxygen evolution to exceed the
magnitude of random noise by a factor of two, thus guiding recommendations for minimum
incubation duration for various sensor precision levels (Table 6.3). Finally, incubation bottles
retrofitted with a slow-moving magnetic stirrer (Fig. 6.3) may also improve the precision of your
DO-readings, and this is clearly demonstrated in Fig. 6.4. We also note that the linear
extrapolated rates of NCP and CR in the northern Gulf of Mexico (Fig. 6.5) using a slow-moving
stirrer had very good precision (0.03—0.07 pmol O, L.
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confidence in the fit. A point of diminishing returns is reached when averaging inhibits the ample collection of data
points for the regression.

6.3. Calculations and Expressions of Results
6.3.1. Expression of results

If ambient pressure and temperature readings are available (see Ancillary Data below), you
will have several options of available units for your DO readings (mL L™, mg L', umol L'). At
standard temperature and pressure (STP), it follows that Oz L™ can be expressed as

1 pmol =44.6596 mL =31.2512 mg.

Early reports on DO determinations, such as the descriptions of the Winkler titration method,
were in mg-at L' or mL L' (Strickland and Parsons, 1972). The v/v unit has been used up until
recent years and can still be seen in long-term monitoring data archives going back multiple
decades. Currently, the most common denomination for DO is umol Oz L' in oceanography.
Accurate DO-optode profile measurements today are commonly compensated for temperature,
conductivity, and pressure changes as a function of depth (Uchida et al., 2008).

Rates of net community production (NCP) and community respiration (CR) can be calculated
directly from linear regressions (e.g., Fig. 6.5). Gross primary production (GPP) is calculated as
the rate of NCP corrected for community respiratory losses (GPP = NCP + CR). NCP and CR
rates can also be expressed in carbon units (see PQ and RQ conversion below). Also, NCP is
often normalized to autotroph biomass (measured as Chlorophyll @) since this, despite its flaws
(Ramaraj et al., 2013), is one of the most common biomass estimates of the phototroph
community. Detecting dissolved oxygen changes in light and dark bottle incubations is a
function of metabolic rates (NCP and CR), sensor precision, and the length of the incubation
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(Table 6.3). In low productive regions, changes in the dissolved oxygen concentration, as a
function of time, may become increasingly difficult to differentiate isolated segments of NCP
and CR within a day as signal-to-noise ratio is low (Fig. 6.6). For an overall long-term estimate,
this can to some extent be remedied by extending the incubations period (Table 6.3) in extreme
environments. To detect changes in dissolved oxygen concentrations in oligotrophic oceans, i.e.,
to get an estimate within the confines of a day, we recommend an optode precision < 0.2 pmol
O, L' (Table 6.3). Likewise, in all other regions (coastal and shelf areas), you can obtain
significant daily rates with an optode precision in the 2—-5 umol O> L™ range (Table 6.3). Still,
this level of precision may not aid in determining varying NCP and CR rates during the course of
a day.

6.4. PQ and RQ Conversion

The photosynthetic quotient (PQ) is the molar ratio of oxygen development to carbon biomass
by primary productivity. Autotroph cellular carbohydrate synthesis, and protein synthesis
utilizing ammonia as an N-source, have both a PQ approximating 1, while other common cellular
products (proteins synthesized from nitrate as an N-source and lipids) are in the range of 1.4-1.6
(Valiela, 1984, and references therein). Robinson and Williams (1999) demonstrated the huge
variability in PQ from field studies and associated the estimated lower range (PQ=1.03) with cell
synthesis using ammonium as the N-source, while the upper boundary matched theoretical cell
synthesis based on nitrate (PQ=1.4). Recommended choice of PQ will depend on in situ
concentrations of ammonium and nitrate. However, many current PQ estimates are from dawn-
to-dusk incubations of BOD bottles (light-and-dark bottles) and CO> assimilation by the '*C-
bicarbonate method. These two approaches have inherent differences since Winkler BOD is a
less sensitive method than '*C-incubations. Hence, these ratios may become highly variable and
inaccurate in extreme environments (e.g., at depth, at low light, and with minimal
photosynthesis). The wide range in respiration quotients (RQ) reported by Robinson and
Williams (1999) can also be ascribed to uncertainty with the methods (Winkler BOD and DIC
analysis) in addition to variable substrate compositions. “Typical” plankton material would have
a theoretical RQ=0.89 (Williams and Robertson, 1991; Hedges et al., 2002) based on
stoichiometry alone (see details in the introduction to this report). We also note that since NCP is
a balance between GPP and CR (GPP = NCP + CR), PQ cannot be applied directly to calculate a
carbon-based NCP. Instead, selected PQ and RQ should be applied to GPP and CR, respectively,
and NCP is calculated as the difference between the two (NCP = GPP — CR).

6.5. Ancillary Data Collection

The changing regime of physical parameters with depth, such as ambient temperature,
salinity, and light attenuation, is essential to interpret the results from in situ incubations. In
addition to the community composition of auto- and heterotrophs inside the incubation bottle,
temperature and incident light are perhaps the two parameters with most profound impact on
NCP and CR rates throughout an incubation. A number of light irradiance sensors are set up to
measure PAR (400-700 nm), but UVA and UVB inhibition (radiation in the 280—400 nm range)
is not accounted for in these measurements. Therefore, if light inhibition is an important focus of
your study, you may want to consider a full spectral light sensor in addition to PAR
determinations. We strongly recommend that, at a bare minimum, in situ PAR and temperature
are monitored during the course of an incubation. Likewise, Chl-a biomass and measurements of
dissolved inorganic nutrients are also helpful parameters for interpreting rate measurements from
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DO-optode incubations. Ideally, as incubation technology advances, several of these
measurements may eventually take place inside the incubation chambers themselves.

Optode incubation chambers are unique in that they can be sampled for ancillary data before
and after deployment. Therefore, any remaining sample water not used in the incubator can be
analyzed at the start. Due to its non-invasive nature, the sample water inside the incubator can
also be sampled after deployment. Of special interest are parameters describing the community
composition (abundance estimates of auto- and heterotrophic plankton) and its potential
development during the incubation period. A broader characterization of the photoautotrophs
(than just Chlorophyll a estimates) may also be of interest. A more comprehensive
characterization of the multitude of pigments can be obtained from HPLC and the use of
CHEMTAX (e.g., Mackay et al., 1996 and others). More advanced instrumentation, such as flow
cytometry for bacteria and imaging techniques, such as ZooSCAN (e.g., Grosjean et al., 2004)
and FlowCAM (e.g., Le Bourg et al., 2015) for phyto- and zooplankton cell abundance and
volume, are now also available. Alternatively, low-cost solutions to microscope imaging (e.g.,
the PlanktonScope) are now also showing promising results (Pollina et al., 2020). The latter
techniques will, perhaps, replace more conventional cellular abundance detection by microscope
with time.

Inside the DO-optode incubator, it may also be of interest to monitor environmental
parameters that change during the incubation. These are, first and foremost, the macronutrients
(dissolved inorganic, dissolved organic, and particulate derivatives), which together with
ambient light, are essential for all biological activity inside the incubator. Dissolved inorganic
nutrients (nitrate, nitrite, phosphate, silicate, and ammonium) are measured with conventional
techniques (e.g., Strickland and Parsons, 1972; Becker et al., 2020) and may become depleted
during longer time-course incubations. Available nutrients are also paramount in your choice of
photosynthetic and respiratory quotients (see Section 6.4) for your expression of results.

6.6. Summary
6.6.1. Advantages

The main advantage of DO-optodes over Winkler determinations is the capacity to measure
continuous changes in oxygen concentrations over time. With careful maintenance and
calibrations, the optode is an accurate and precise sensor for oxygen measurements with a
reasonable response time that covers changes in DO concentrations for most NCP and CR
processes in an incubation bottle. For these reasons, DO-optodes can also be used to calculate
NCP and CR rates on shorter timescales and with greater precision than what is possible in a
Winkler BOD incubation. Since optodes provide near-continuous measurements of DO in an
incubator bottle (with time-resolution as low as 30 seconds), it is possible in regions with high
primary productivity to conduct short-term manipulations (e.g., light-dark treatments) to
elucidate short-term NCP and CR rates.

To account for the metabolic rates (NCP and CR) associated with most organisms, the volume
of the incubator ought to be > 1 L, which this has been a challenge in Winkler BOD incubations.
In theory, the volume in optode incubations can be of infinite size. However, it is a logistical
challenge to handle large-volume containers and keep the incubation volume homogenous.
Abundance estimates indicate that plankton organisms < 200 pm account for 99% of CR and are
adequately represented in a 1 L incubator.
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6.6.2. Caveats

Compared to expenses associated with Winkler BOD incubations, the cost of an optode is
considerably more expensive, which may limit the number of available sensors for an
investigator. The expression of results from DO-optodes is highly dependent on concurrent
conductivity (salinity) and temperature readings. DO gas dissolution also depends on ambient
conductivity and pressure, but in an incubator bottle, this will not change (contrary to
temperature) provided that the incubation depth remains constant. On a short-term temporal
scale, the optode is also sensitive to diffusion issues and microscale biological activities during
an incubation, which may appear as noise in the DO readings. However, if the goal is to measure
whole community rates in a given volume of seawater, microscale production and respiration can
be avoided by using a slow-moving magnetic stirrer (50—70 rpm) mounted in a gimble.

The optode foil membrane may also experience interference from hydrogen peroxide, gaseous
sulfur dioxide, and chlorine (cross-sensitivity), but this is usually not an issue in most natural
environments. Incubations at deeper depths will lead to membrane hysteresis, and inaccurate DO
readings. If the incubator is kept at the same depth for the longevity of the incubation and
precision is maintained, these may not significantly impact NCP and CR rate calculations.
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7.1. Introduction

Rates of gross primary production (GPP) and net community production (NCP) yield
important mechanistic information about the marine carbon cycle. Triple oxygen isotopes (TOI)
of dissolved oxygen and the closely related O2/Ar ratios (see Chapter 8) are gas tracers that can
quantify GPP and NCP in situ. GPP, the total photosynthetic flux, represents the total amount of
carbon processed in a biological system. It reflects the amount of energy coming from the sun
and thus the maximal possible photosynthesis. Net primary production (NPP), which is often
assessed by '#C or "C incubations, represents GPP minus autotrophic respiration. NCP
represents GPP minus autotrophic and heterotrophic respiration and represents the net amount of
carbon that can be exported. Triple oxygen isotopes have been used to quantify GPP in the
Atlantic (Howard et al., 2017; Luz and Barkan, 2000; 2009), Pacific (Haskell et al., 2016;
Hendricks et al., 2005; Juranek and Quay, 2005; Juranek and Quay, 2010; Juranek et al., 2012;
Palevsky et al., 2016; Quay et al., 2010; Stanley et al., 2010), Southern (Cassar et al., 2007,
Goldman et al., 2015; Hamme et al., 2012; Hendricks et al., 2004; Reuer et al., 2007), and Arctic
Oceans (Ji et al., 2019; Stanley et al., 2015), as well as in coastal environments (Haskell et al.,
2017; Manning et al., 2019; Manning et al., 2017b; Munro et al., 2013), and salt marshes
(Howard et al., 2020; Stanley and Howard, 2013).

Why care about GPP vs. the more commonly measured NPP? GPP is useful because it
reflects the energy at the true base of the ecosystem and thus might be more directly related to
environmental variables such as sunlight and chlorophyll than NPP. Hence it might be easier to
develop parameterizations of GPP as a function of easily measured variables, either in situ or
remotely sensed ones. Furthermore, including GPP directly in models allows for mechanistic cell
allocation models (Nicholson et al., 2018). The most powerful approach is to measure all three
types of production concurrently: GPP, NPP, and NCP. When all three production types are
measured together, it is possible to construct energy flow diagrams (Halsey et al., 2010; Manning
et al., 2017b) showing the total amount of biological energy/carbon in the system and how it is
distributed between different pools (Fig. 7.1).

7.2.  Interpreting triple oxygen isotope-derived rates of photosynthetic
production

Because the isotopic signature of oxygen produced from photosynthesis is different than the
isotopic signature of oxygen derived from the stratosphere and mixed into the ocean through air-
sea gas exchange, and because respiration does not impact the triple oxygen isotope signature,
TOI allows one to quantify rates of photosynthesis only—no assumptions about respiration need
to be made. In contrast, oxygen concentrations, as measured on floats (e.g., Riser and Johnson,
2008), gliders (e.g., Nicholson et al., 2015), or bottles (e.g., Collins et al., 2018; see Chapters 6

117



7A-GPP
100(8)%

14C-NPP R,
46(13) 54(15)

O,/Ar-NCP R,
17(5)  29(14)

Fig. 7.1. Energy flow diagram from Monterey Bay before an upwelling event. Numbers outside the parentheses
represent the percent of energy in each of the productivity pools; numbers inside the parentheses represent the
uncertainty associated with the percentage. Ra represents autotrophic respiration and Ru heterotrophic respiration. Figure
from Manning et al. (2017b).

and 10 for more information on such methods), are very valuable but constrain the net effect of
photosynthesis and respiration, and thus assumptions about respiration are needed (i.e., the
equivalence of dark and light respiration) to isolate the photosynthetic signature if GPP is
calculated.

Triple oxygen isotopes directly constrain gross oxygen production (GOP), a measure of the
oxygen produced during photosynthesis (Juranek and Quay, 2013; Luz and Barkan, 2000). GOP
can then be converted to GPP using a photosynthetic quotient to convert from oxygen to carbon
units. Typically, the photosynthetic quotient for marine organisms is considered to be 1.4 if
nitrate is the dominant nitrogen source and 1.1 if ammonium is the dominant nitrogen source
(Laws, 1991). In addition, photorespiration and the Mehler reaction are two processes that result
in oxygen production in the photosystem but not direct fixation of carbon. Thus, when
converting from GOP to GPP, the combined effect of those two processes must be estimated;
typically, they are considered to be 15% to 20% of the total GOP (Bender et al., 1999; Halsey et
al., 2010; Halsey et al., 2013; Kana, 1992).

Gross primary production determined from triple oxygen isotopes typically reflects
photosynthetic production integrated over the mixed layer over the previous days to several
weeks, depending on the depth of the mixed layer and the gas transfer velocity. Shallower mixed
layers and larger gas transfer velocities lead to shorter residence times of oxygen and thus a
shorter timescale. Spatially, the gases represent processes that occurred as a given water mass
traveled during that period and, therefore, can represent production integrated over tens to
hundreds of kilometers. However, GPP from triple oxygen isotopes reflects the patchiness of the
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water where it was sampled. Water in the surface ocean is often patchy, with different water
masses in close proximity (Klein and Lapeyre, 2009); each of these water masses has its own
spatial trajectory and biological activity and will therefore show distinctive GPP. Thus, GPP
reveals spatial variability in biological production (Juranek and Quay, 2010; Palevsky et al.,
2016; Stanley et al., 2017), despite the time integration.

7.2.1. Advantages and disadvantages of triple oxygen isotopes

Like all methods for assessing production, triple oxygen isotopes have advantages and
disadvantages. The largest advantage is that triple oxygen isotopes yield in sifu estimates of
GPP; the water does not have to be manipulated, thus avoiding potential biases due to bottle
effects. Samples are poisoned as they are drawn into sample bottles, and thus the data reflect the
community photosynthesis in its natural environment. Furthermore, no assumptions about light
and dark respiration must be made (as is typical in other oxygen studies), removing a significant
source of uncertainty. Additionally, since the rates are based on oxygen, and the residence time
of oxygen in the upper ocean is typically a few days to a few weeks, TOI-derived GPP rates give
a weighted average of production over the previous few residence times, even when the system is
not in steady state (Teeter et al., 2018). This can be an advantage since the data reflect a longer
production history than the limited temporal and spatial footprint of snapshot approaches such as
incubations and thus may yield a truer picture of productivity in that region. However, it also can
be a disadvantage when attempts are made to compare TOI-derived rates to other instantaneous
measures of production or environmental variables (such as chlorophyll distributions,
temperature, etc.) or during times of rapid change when estimates with shorter timescales would
more accurately reflect current conditions.

TOI measurements require specialized, high-vacuum sample processing lines that must be
custom-made by a laboratory (i.e., no commercial options exist). Samples are negatively
impacted by atmospheric contamination and failure to incompletely separate dissolved nitrogen
gas from samples, as it negatively impacts isotopic analysis. After preparation, samples must be
analyzed on an isotope ratio mass spectrometer with an appropriate cup configuration for
amplifying the rare '70'°0 isotopologue to enable very high precision (5 to 7 per meg) and yield
oceanographically relevant results. Each of these factors dictate a significant investment in time,
cost, and expertise—setting up a lab to measure triple oxygen isotopes can easily take a year or
more. One option for working around this significant time and financial investment is for
investigators to collect triple oxygen isotope samples and send them to a lab that routinely
measures triple oxygen isotopes for analysis. Once a laboratory invests in the required
instruments to measure TOI (or collaborates with a laboratory where such measurements are
made), it is relatively easy to collect large sample numbers. On a single cruise, 200 to 300
samples can be taken with relative ease, while achieving this high level of a sampling for
incubations on a cruise would not be feasible. Finally, triple oxygen isotopes can be paired easily
with Oo/Ar samples (see Chapter 8) since O2/Ar data is obtained from the same analyses,
yielding information on NCP and ratios of NCP/GOP at the same time for no additional effort.
The NCP/GOP ratio (Hendricks et al., 2004; Seguro et al., 2019) is particularly valuable for
estimating carbon cycle efficiency (akin to the f-ratio).

Other disadvantages are related to the model-based assumptions required to convert TOI
observations into GPP rates. TOI only provides estimates of GPP in the mixed layer, unless a
time series is possible, where depths below the mixed layer can be sampled in the same water
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mass at subsequent times. Mixed layer production is often the bulk of production, but in some
locations, significant production can occur below the mixed layer and would be missed by the
triple oxygen isotope method. There can also be considerable uncertainty in the rates of GPP
estimated from TOI if physical transport (vertical mixing, entrainment, lateral advection, etc.) is
not properly considered (Nicholson et al., 2014). In some regions, the transport is not simply
known well enough to allow precise corrections to the triple oxygen isotope data to be made.
These corrections have varying effects depending on the time of year and location and, thus,
depending on the study design, can be of minor to major significance (Howard et al., 2017; Ji et
al., 2019; Munro et al., 2013; Nicholson et al., 2014; Palevsky et al., 2016; Seguro et al., 2019).

7.3. Theoretical Underpinnings

For a complete description of the theoretical underpinnings of the triple oxygen isotope
method, see Juranek and Quay (2013) or the seminal papers by Luz (Luz and Barkan, 2000,
2005; Luz et al., 1999). A short description is furnished here so interested readers can learn the
basic rationale of the method. On the earth’s surface, isotopes undergo mass-dependent
fractionation. Because '*0 (natural abundance 0.20%) has a two atomic mass unit difference
from '°O (natural abundance 99.76%), whereas '’O (natural abundance 0.04%) has a one atomic
mass unit difference from '°0, most surface earth processes fractionate 80 approximately twice
as much as '°0. Thus, for example, during respiration, dissolved oxygen removed from the water
is depleted in 0 by twice as much as ’O. Similarly, the remaining O> dissolved in the water
will be twice as enriched in 30 relative to !7O. In contrast, mass-independent processes in the
stratosphere, such as ultraviolet induced interactions between Oz, O3, and CO>, lead to mass-
independent fractionation (Lammerzahl et al., 2002; Thiemens et al., 1995). The notation A is
used to quantify the triple oxygen isotope signature of dissolved oxygen in a sample

17 18
77 = 106 x [m(‘S 0+1)—,11n (5 0+1)], (7.1)
1000 1000

where %O represents standard isotopic notation (XO/'%0-1) x 1000 with X = 17 or 18, and A
represents the slope of mass-dependent respiration, which equals 0.5179 (Luz and Barkan, 2005;
2009). When defined in this way, '’A is insensitive to respiration since respiration is a mass-
dependent process that removes oxygen. Note that some papers (e.g., Luz and Barkan 2011) do
not explicitly include the factors of 10% or 1000 in the printed version of the equation, but they
still use those factors when doing the calculations; it is assumed the factors are included in the
definition of the per mil and per meg units.

Photosynthetic activity adds oxygen with a '’A signature based on the isotopic composition of
seawater to the dissolved oxygen “pool.” For example, if seawater has the isotopic composition
of VSMOW (standard mean ocean water), '’A of dissolved oxygen due to photosynthesis is 249
per meg (Luz and Barkan, 2000). Air-sea exchange adds oxygen with an isotopic composition of
8 per meg (Reuer et al., 2007)—the '’A of tropospheric air (0 per meg) combined with the
solubility effect of dissolving the air in water. Hence, any sample of oxygen dissolved in
seawater represents a mixture of air and photosynthetic oxygen and, therefore, lies on an isotopic
mixing line between those two extremes (Fig. 7.2). The '"A thus can be used to calculate the
fraction of dissolved oxygen in the sample that is derived from photosynthesis.
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To obtain a rate of photosynthesis and thus GPP, the !"A signature is combined with an
estimate of gas exchange. A mass balance of oxygen isotopes shows that !’A is increased by
photosynthesis and eroded by gas exchange. Steady state is commonly assumed; thus, gas
exchange balances photosynthesis and provides a “clock™ for calculating the rate. In practice,
calculations are done with 8'70 and §'%0 (see Calculations, Section 7.3) for a more accurate
estimation of GPP (Kaiser 2011; Prokopenko et al., 2011). Additionally, steady state does not
have to be assumed; including a time rate of change term (if data exists to constrain this term)
can improve GPP estimates in the surface ocean (Manning et al., 2017b) and is essential for
constraining GPP below the mixed layer (Quay et al., 2010). Furthermore, corrections must be
made if the seawater does not have SMOW isotopic composition, as is typical in the Arctic or
some coastal/inland waters (Manning et al., 2017a).

7.4. Calculations
7.4.1. Equations

Triple oxygen isotopes are typically used to calculate GOP integrated over the mixed layer,
neglecting horizontal and vertical advection and assuming steady state. In that case, GOP is
calculated using Eq. 7 in Prokopenko et al., (2011)

Xals —Xoq _ Xais — Xeq (7.2)
G Xi Xats
kOeq  Xp" — Xals _ 5 Xp" — Xais'
Xils Xibs

where G is GOP rate in units of mmol m™ d!, k is the gas transfer velocity in units of m d!, O,
is the solubility value of oxygen in units of mmol O, m™ (i.e., the concentration of O in the
water in equilibrium with the atmosphere at a given temperature, salinity, and pressure), X'7 is
the ratio of 70'°0/'%0'®0 of the sample (X!74s), equilibrated water (X!7.,) or photosynthetic end
member (X'7p), and the same for X' but it is the ratio of '30'%0/!°0'®0 in those substances. A
=0.5179 and is a constant for mass-dependent fractionation between 'O and 8O during
respiration (Kaiser, 2011; Luz and Barkan, 2005, 2009).

In & notation, Eq. 7.2 equals

10738170,, + 1 10738180, + 1
1- —2(1- (7.3)
G 1073817045 + 1 107361804 + 1

kOeq  (10736Y70, +1 |\ _,(10736%0, +1 |\’
107361704, + 1 1073581804 + 1

where 870y, is the 870 value of equilibrated water, §'’Og; is the 7O value measured in the
sample, and 5'7Op is the 8'70 value of photosynthetic end member, with similar meaning for the
8130 values.
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In 870

In 8180

Fig. 7.2. Photosynthetic Oz represents one end-member with a '’A of approximately 250 per meg. Air Oz represents
another, with a A of 0 per meg. A sample falls within the middle of the two, and the '7A of that sample reflects the
fraction of dissolved O: in that sample, stemming from photosynthesis vs. air-sea exchange. Respiration changes the
8'70 and §'80 but does not change the '7A. Figure from Juranek and Quay (2013).

The non-steady state version of this equation (Eq. S8 in Propenko et al., 2011) can be used if
the time rate of change is known. It is similar to Eq. 7.2 and 7.3, but includes a term 9'7A/dt,
which represents the change in !’A with time and includes the mixed layer thickness /

XdlS - Xelq7 _ /’lelS - ng hO 617A (7.4)
X317 Xx18 dis 9t
G = kO dis dis
o X17 ths AXIB _Xdls X17 _ dlS AXIB — dlS
Xdls XdlS XdlS XdlS

and could also be expressed in & notation if desired. Software for calculating GOP using these
equations 1is available on GitHub http://github.com/caramanning/calcGOP (Manning and
Nicholson, 2017).

If samples are collected below the mixed layer and the sampling region is one with active
entrainment or vertical diffusion, corrections that take into account vertical mixing and

122



entrainment can be used, such as the equation below (see the supplemental information in
Howard et al. (2017) for the derivation of the equation)

dz K Xy’ X3® 75
C=<— 2)0 = _1|-2 -1 , (7.5)
o= (a2 )

where Cg is the correction to GOP due to entrainment and vertical diffusivity, dz/dt is the change
in mixed layer depth over time (set to 0 for a shoaling mixed layer), K- is the vertical diffusivity
coefficient, z is the mixed layer depth, zs is the depth at which the sample used for depth
correction is taken (often 10 to 20 m below the mixed layer), O is the oxygen concentration at
that depth below the mixed layer, X}7 is the ratio of 7O to '°O at that depth below the mixed
layer, and X 32 is the ratio of '30 to '°O at that depth below the mixed layer.

7.4.2. Isotopic end members: 5*Ocy and 6*Op

Values must be known for the isotopic ratios of equilibrated water and photosynthetic end
members to use these equations. The equilibrated end members can be determined by measuring
the isotopic value of water equilibrated with air (see Section 7.6.2).

The photosynthetic end members are more difficult to ascertain since they depend both on the
organisms conducting photosynthesis (Luz and Barkan, 2011) and on the isotopic composition of
seawater itself (Manning et al., 2017a). The isotopic composition of photosynthetic oxygen is
slightly different for diatoms (8'30p =-19.001) vs cyanobacteria (8'30p = -22.868), for example.
Complete lists of the isotopic values for different community groups and a seawater average that
can be used when community composition is not known can be found in Luz and Barkan (2011).
The values above are based on assuming seawater has VSMOW isotopic composition, and
indeed most studies assume the seawater isotopic composition is equal to VSMOW. However,
certain environments, especially those that contain large amounts of meteoric water, such as
waters affected by ice melt in the Arctic or inland/very near coastal environments, have §'%0-
H>O that differ from VSMOW by 6 per mil or greater. Ignoring the isotopic composition of
seawater can lead to errors of up to 60%. The GitHub calculation software described above
(http://github.com/caramanning/calcGOP) also contains modules for calculating photosynthetic
end member based on the measured isotopic composition of seawater at the sample location.

Because the choice of end-member values affects the GOP calculation, and such choices may
be revised in the future, data should include the end members used in the calculation when it is
reported.

7.4.3. Calculating gas transfer velocity k

Another term in the GOP equations (Eq. 7.2—7.4) that must be carefully considered is &, the
gas transfer velocity. Numerous parameterizations exist for calculating k& in open, ice-free marine
waters (e.g., Ho et al., 2006; Nightingale et al., 2000; Wanninkhof, 2014), and any of these
equations could be used for calculating k. Bubbles are not expected to influence triple oxygen
isotopes but can be included if desired (Kaiser, 2011). It is important to carefully choose a wind
product and an appropriate weighting scheme when calculating k£. The gas tracers integrate
mixed layer productivity over several previous residence times of oxygen in the mixed layer,
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with the residence time typically days to weeks. Thus, it would not be appropriate to use the
instantaneous wind speed (such as measured on a ship) when calculating k. Instead, it is best to
use a record of wind speed over the preceding month or two months, such as those from the
NCEP/NCAR reanalysis (Kalnay et al., 1996), winds from a buoy within the study region, or
from remote sensing data based on scatterometry (i.e., QuikSCAT, ASCAT, or future sensors).
Wind data for 30 to 60 days preceding sample collection should be used to calculate k, using the
weighting scheme by Reuer et al. (2007) (updated by Teeter et al., (2018) to work for shorter
weighing times), which calculates the fraction of oxygen ventilated at point back in time and
uses that fraction to calculate a weighted effective gas transfer velocity, can be used to calculate
a weighted gas transfer velocity appropriate for each sample.

In ice-covered waters, such as in the Arctic or the Southern Ocean, calculating k£ is more
difficult since there is a lot of uncertainty regarding how ice cover affects gas exchange. The
most straightforward approach is to scale the gas transfer velocity by the fraction of free water
(Butterworth and Miller, 2016; Prytherch et al., 2017). Other parameterizations that consider
open water are also being developed (Loose et al., 2014; Loose et al., 2017) and could be used.
With partially covered water, it is essential to have an ice history, such as from remote sensing,
so the weighting scheme can be applied to the ice and the winds.

7.4.4. Relative sizes of uncertainties in the calculations

The relative amount of uncertainty stemming from the various terms in the equations for
GOP depends on the condition. In general, the errors associated with the measurement of 5’0
and 5'30 contribute the largest fraction of error, leading to 10% to 40% uncertainties depending
on how productive the region is and how well a particular mass spectrometric system is working
(Juranek and Quay, 2013 and references therein). However, in regions of higher productivity,
uncertainties in 870 and §'%0 matter less than in lower-productivity regions (since a difference
between §'7Ogis and 8'’Oeq is used in the equations). The next largest error source is the gas
transfer velocity; in the ice-free open ocean, errors associated with k are likely around 10 to 20%
(Ho et al., 2011; Wanninkhof, 2014; Wanninkhof et al., 2009; Woolf et al., 2019). In ice-covered
regions or regions with high winds or limited fetch, errors associated with gas transfer are likely
higher. Other uncertainties stem from the end members. These uncertainties can be lowered if the
isotopic composition of seawater is known and if the community composition is measured so
informed choices of photosynthetic end members can be made.

7.5.  Study Design Considerations

Several factors must be considered when setting up a sampling plan for triple oxygen isotope
samples to quantify GPP. Typically, samples are collected from the underway water on a ship or
from Niskin bottles on a CTD rosette triggered within the mixed layer to assess mixed layer
GPP. As described above, the most common method is to assume steady state because samples
are typically only available from a particular water mass at one point in time. However, if it is
possible to collect multiple samples from the same water mass at different times (i.e., sampling at
multiple time points in a Lagrangian cruise), the time rate of change term can be calculated,
which will increase GPP accuracy (Manning et al., 2017b). In particular, it will allow
“instantaneous rates” to be calculated rather than rates that integrate over several residence times
of the tracer (as done by Hamme et al. (2012) for O2/Ar). Note that sampling at the same location
(latitude and longitude) a few hours to days later does not mean the same water mass is being

124



sampled due to horizontal advection; water masses do not stay at a fixed location. Thus,
interpreting TOI observations within a time rate-of-change framework requires Lagrangian
tracking approaches.

Sampling from the underway system can enable a much higher sampling density than
sampling solely from the CTD on many cruises. However, discrepancies between underway and
surface water can be observed either due to biofouling causing respiration in the lines (Juranek et
al., 2010) or perhaps because of bubbles in the underway line or gas contamination during the
process of pumping underway water. Therefore, it is important to always collect a number of
comparison samples between underway water and surface CTD bottles by comparing samples
collected from the underway system while the surface CTD is fired.

Additionally, depending on the amount of vertical mixing expected, a recommended best
practice is to collect TOI samples below the mixed layer at some locations during the cruise,
(this necessitates collection from Niskins). A sample from 5 or 10 m below the mixed layer can
be used to calculate the effect of vertical diffusion across the base of the mixed layer (Howard et
al., 2017; Nicholson et al., 2014). Deeper samples can be used to estimate the effect of sudden
changes in mixed layer depth and thus can be used in corrections for entrainment.

Lateral advection and diffusion are usually neglected in the calculations. However, if the
sampling area is one with large advection, it should be possible to correct for lateral advection by
collecting samples upstream of the main sampling area and estimating the horizontal velocities.

It may not be possible to entirely correct for all physical effects, and thus care should be taken
when designing a study. It is best not to try to use triple oxygen isotopes during a time of a lot of
entrainment, such as during the fall in the northern subtropical gyres when mixed layers are
deepening, or in a region of very strong advection, such as the Gulf Stream or other western
boundary currents. Back-of-the-envelope calculations or OSSEs can be used to determine if
corrections can be made in a particular environment. Nicholson et al. (2014) also contains maps
with expected sizes of various corrections, as estimated by incorporating triple oxygen isotopes
in a 3D model. Such a map can be used to guide a study design and the feasibility of using triple
oxygen isotopes in a given time and location.

7.6.  Sample Collection
7.6.1. Triple oxygen isotope sample collection

Triple oxygen isotope samples are collected in pre-evacuated, custom-made sample bottles
(Emerson et al., 1991) (Fig. 7.3). The bottles are typically made by a glassblower from 500 mL
bottles that are attached to LouwersHanique (formerly called LouwersHoupert) valves (part
number H10402009). Each bottle should be prepared by first adding 100 pg of saturated
mercuric chloride solution that is then dried in a 70°C oven. The relatively low temperature of
the oven helps the mercuric chloride stay at the bottom of the bottle; when the oven temperature
is 100°C, the solution spreads, and mercuric chloride may get into the neck of the bottle where it
could interfere with the seal. The bottle “stem” (the glass part with the O-rings) should never go
in the oven. O-rings on the bottle valves should be scrutinized before each cruise and greased
lightly with TorrLube or Apiezon. Some informal reports suggest Apiezon may interfere with
mass spectrometry at later stages of analysis, so TorrLube is preferred. The bottles should then
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be evacuated on a vacuum manifold to pressures smaller than 1x10* torr and sealed under
vacuum. These pre-evacuated, poisoned bottles can then be used for samples.

Since gases can diffuse in or out of Niskins after they are opened, triple oxygen isotope
samples are usually among the first sampled from a Niskin; they are sampled after CFCs or
helium but before DIC, nutrients, salts, etc. Water from the underway system or a Niskin should
be gravity fed via silicone tubing into the valve neck with a strong enough flow so the water
overflows. Usually, two different tubing sizes are joined with a nylon adaptor. For example, %4
ID tubing to fit around the nipple of a Niskin is joined with 3/16” ID thin-walled tubing that will
fit inside the valve neck. The valve on the sample bottle is slowly opened, allowing some water
to enter the sample flask and the rest of the water to overflow the whole time; the water in the
valve neck forms a barrier that prevents atmospheric air from entering and contaminating the
sample. It is imperative to ensure the water in the tubing and neck of the bottle is bubble-free. It
is often necessary to tap the neck before you open the valve to dislodge bubbles to achieve this.
When the sample flask is roughly half-full, the valve should be closed. Rather than aiming for
half-full, optimal volume of water can be estimated based on the water temperature (Seguro et
al., 2019). The neck should be rinsed and then refilled with fresh water and capped to form a
diffusion barrier. Keeping water in the neck of the flask enables samples to stay gas-tight for 3
months instead of only days to weeks (Reuer et al., 2007). For detailed instructions on sampling
procedures, see Appendix A.

Fig. 7.3. A custom-made triple oxygen isotope sample bottle containing a seawater sample. Note the water in the neck
used as a diffusion barrier.

7.6.2. Ancillary data collection

Temperature and salinity data are required for the calculations that convert triple oxygen
isotope signatures into rates of GPP since the solubility of oxygen is a function of temperature
and salinity (Garcia and Gordon, 1992). Wind speed information is also needed from external
databases based on either buoy data, reanalysis fields (e.g., NCEP/NCAR, (Kalnay et al., 1996),
or remote sensing products (see Section 7.3.3). Since a wind history is needed, rather than
instantaneous wind speed, wind products from specific cruises are usually not helpful.
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Nonetheless, when designing a study, ensure wind data will be available (which can be more of a
challenge in very near-shore or very remote environments). Other ancillary data that are not
required for sample calculations but can aid the interpretation of data and thus are recommended,
if possible, are Oy/Ar ratios (which can be measured on the same samples), fluorescence data,
and information on community composition. It is important to remember when collecting
ancillary data—and when ultimately comparing GPP to this ancillary data—that GPP rates from
triple oxygen isotopes have a longer temporal and spatial footprint than many other kinds of data
(see Section 7.1.1).

7.7.  Sample Analysis
7.7.1. Processing line and isotope ratio mass spectrometry

Before being attached to the processing line, samples must be drained of most of their water.
First, the samples should be shaken for at least 6 hours to equilibrate gases between the
headspace and the water in the samples—unless it is deemed they have been shaken enough in
transport. The samples should then be attached to a vacuum drainage system, inverted, and water
drained into an evacuated filter flask, being sure to leave a “plug” of ~1 cm? of water in the neck
so that the sample gas itself is not pumped away. The samples that now contain all the gas but
only a small amount of water are ready for analysis.

Triple oxygen isotope samples are analyzed by first processing the sample on a specialized
processing line (Barkan and Luz, 2003) to remove CO», water vapor, and N> gas, and then
analyzing the remaining gas on an isotope ratio mass spectrometer (IRMS) for %0, 170, '*0, and
Ar. Typically a Thermo Fisher 253 MAT or Delta XP IRMS is used. Different labs have
variations of the processing line (Juranek and Quay, 2005; Stanley et al., 2015), but all contain
the same essential elements: a water trap that removes water vapor from the system (typically at
temperatures < -65°C), two molsieve traps that can be either at liquid nitrogen temperatures or
heated in order to trap and release gases both before and after gas chromatography, a gas
chromatography column that is used to separate the O> and Ar from other gases (primarily
nitrogen but also CO2, methane, etc.), and a cryogenic trap (Lott, 2001) or a tube at liquid helium
samples that is used to trap the final gas before release into the IRMS. GC columns range in
length from 2 to 5 m (Barkan and Luz, 2003; Stanley et al., 2015) and are held at different
temperatures, such as -5°C or 50°C. Each lab determines what timing gives good separation of
the gases based on column length and temperature. Such separation should be checked
occasionally since the separation timing differs with sample size and may drift over time.

Some labs have tried to omit the final cryogenic trap since liquid helium is hard to obtain and
cryogenic traps are expensive. However, an intercalibration assessment between five labs that
measured triple oxygen isotopes on the same air and water samples showed that the final
cryogenic trap (or liquid helium) was necessary to obtain accurate 5!’0 and §'*0 measurements
(Stanley unpublished). If samples are from salt marshes or other high methane environments, an
additional cold trap may be required to trap out methane before sample analysis (Howard et al.,
2020).

Some systems have the processing line attached directly to an IRMS, allowing a sample to be
processed and then analyzed on the IRMS immediately with no connections needing to be
changed (Stanley et al., 2015) (Fig. 7.4) and allowing for 24-hour operation. Other systems
operate by processing a suite of samples (e.g., 6-8) on a dedicated processing line and then
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collecting on a sample manifold. This manifold is then moved to the IRMS the subsequent day
for analysis (Reuer et al., 2007). When operating correctly, the TOI processing line and
associated mass spectrometer should yield uncertainties of 4 to 7 per meg in '’A, 0.01 to 0.02 per
mil for 8'70 and §'%0. Constant vigilance is required to maintain this high level of precision and,
in particular, to ensure there are no leaks in any part of the system, degradation of the water traps
or GC column, impurities in the helium gas stream, problems with the cryogenics, etc.

GC column
is inside
this bath

Molsieve
trap

e .| Arand N, standard cans
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Fig. 7.4. Photograph of a triple oxygen isotope sampling line and the attached Isotope Ratio Mass Spectrometer (IRMS).
Samples are attached to a sample manifold so multiple samples can be analyzed in quick succession. One sample at a
time is opened, the gas contained in that sample is expanded through an H2O trap, caught by a molsieve trap, and passed
through a gas chromatography (GC) column held in a constant temperature bath (-5°C for this line but temperatures can
vary) to separate the oxygen and argon from other gases. The oxygen and argon are caught in a liquid nitrogen-cooled
molsieve trap and then on a cryogenic trap held at 12 K. The cryogenic trap is warmed, and the sample is released into
the IRMS where it is analyzed for '°0'0, 70’60, and '*0'°0. Often the sample is also analyzed for Ar to quantify NCP
and GPP.

7.7.2.  Standardization

Standardization of triple oxygen isotope samples occurs on multiple levels. First, samples are
directly run on the IRMS in conjunction with a running standard, typically a custom-made gas
with Oz and Ar in similar proportions to seawater (such as 95% Oz, 5% Ar). It is important this
running standard is not regular air, which contains large amounts of nitrogen and interferes with
the triple oxygen isotopic measurements. Since triple oxygen isotope data needs to be reported
compared to real air (rather than the running standard), air standards also need to be run on the
line. Thus, approximately every day, a sample of atmospheric air should be measured and the
difference between the air and the running standard used to calculate the difference between
seawater samples and air. Atmospheric air is typically collected from a “clean air” location, such
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as a beach with the wind blowing off the ocean or from a mountain top. It is assumed that
tropospheric air around the globe does not have significant natural variations in TOL i.e., the
variations are small enough to be undetectable, given current measurement capabilities.

Additionally, to confirm that the line is working well and to furnish the data required for the
calculations, samples of equilibrated water should be measured frequently (daily to weekly,
depending on the lab). Dissolved oxygen in water equilibrated with the atmosphere has a known
A value of 8 per meg (Stanley et al., 2010). Initially, the equilibrated water '"A value was
reported as 8 per meg on larger samples (Reuer et al., 2007) vs. 16 per meg on smaller samples
(Juranek and Quay, 2005; Luz and Barkan, 2000) or as being temperature dependent (Luz and
Barkan, 2009) but after corrections for the size of the sample were taken into account, labs
converged on a value of 8 per meg regardless of size or temperature (Stanley et al., 2010).
Equilibrated water can be made by stirring distilled water (not too vigorously—bubbles should
not be entrained) previously poisoned with mercuric chloride in a partially covered beaker for
several days. Some labs make equilibrated water by bubbling distilled water with atmospheric
air, but great care must be taken not to supersaturate the samples. Stirring the water makes it
easier to achieve equilibration without supersaturation. Samples from this equilibrated water can
then be collected as described in the sample collection section.

7.7.3. Required corrections

Given the high levels of precision required, each sample is typically measured for
approximately two hours in the IRMS. The IRMS then directly outputs values for 8’0 and §'30
for each sample. '’A can be calculated based on Eq. 7.1. However, several corrections need to be
made to the data before it can be used in calculations. First, the presence of Ar in the mass
spectrometer changes the §'70 and 8'30 via matrix effects. Some labs remove all Ar in the gas
chromatography step to avoid this problem (Yeung et al., 2018), but other labs want to measure
O2/Ar to obtain rates of NCP from the same samples and thus cannot remove Ar. Therefore they
correct for the presence of Ar. Argon corrections can be made by creating a suite of standards
with the same oxygen content and isotopic composition but varying amounts of Ar. These
standards can be run regularly (every few weeks), and the response of §'’0, §!%0, and '’A to the
presence of Ar can be determined and then used to correct natural samples where the 8’0 and
5'%0 are not already known. The Ar correction can take the form of plotting '’A, 8'70, or 870
vs. 0ATr/O; for all standards (Fig. 7.5a) and then using the resulting slope to correct the seawater
samples based on the sample 5Ar/Ox.
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Fig. 7.5. (a) The presence of Ar in the mass spectrometer interferes with the '7A measurement so '7A, §!70, and §'%0 are

all corrected for Ar by running a calibration curve of the same oxygen standard but with varying amounts of Ar. Only the
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Second, the effect of differing sizes of samples within the sample and the reference bellows
needs to be corrected (Stanley et al., 2010). The different sizes may cause problems because
larger samples lead to slower pressure changes within the bellows during the sample block. This
is because the bellows are pressure-adjusted at the beginning of the block but not during the
block itself. The size corrections can be obtained by analyzing “zeros” of differing sizes;
reference gas in both standard and reference bellows but with the bellows initially at different
volumes (such as 100% standard and 50% reference vs. 50% standard size and 100% reference
side). Thus, the gas should have a 0 offset since it is the same gas in each side, but because of the
size effect, the offset will be nonzero. The size of the calculated §'’0, §'%0, and '’A can be used
to calculate a calibration curve (Fig. 7.5b), which is then applied to all samples. This size
correction also inherently corrects for any effects due to pressure imbalance, precluding the need
for separate pressure imbalance corrections.

The presence of nitrogen in the IRMS interferes with the proper determination of triple
oxygen isotope signatures. Typically, the separation with the GC column is good enough that
there is practically no nitrogen within the IRMS; correcting for this very small amount of
nitrogen is less important than the corrections mentioned above. However, standard curves
should be run in much the same way as for Ar (an artificial standard created with the same O»
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content as regular air standard but differing amount of nitrogen), and the resulting calibration
curve applied to all samples. For some systems, the corrections due to nitrogen are significant
and need to be included, whereas they are less than 0.1 per meg for other systems.

7.8. Databases

When reporting triple oxygen isotope data and GOP rates derived from triple oxygen isotopes
to a database, it is important to report the direct oxygen isotopic data, the ancillary data, and
other values used required for the calculations. For example, data on §'70, §'%0, and '"A should
be reported (!’A should be reported separately from 5’0 and §'30 because even though !’A can
be calculated from 870 and 8'®0, mass spectrometric calibrations can be directly done on '7A
giving more accurate values, see Section 7.6.3). Additionally, O2/Ar data from the samples
should be reported, if measured. If isotopic seawater samples were collected, i.e., if §'70 -H,O
and §'%0 -H>O were made, those should be reported too.

Metadata that need to be included are sample depth, temperature, salinity, latitude and
longitude, and the time samples were collected. It may be useful to include a value of the
weighted gas transfer velocity and the weighted square of the wind speed for each data point,
where the weightings are made using the scheme of Reuer et al. (2007) to take into account
fraction ventilated (see Section 7.3.3). It could also be helpful to include mixed layer depth,
along with an explanation of the criterion used to calculate mixed layer depth. Mixed layer depth
is important for anyone wishing to convert the areal productivity rates to volumetric ones, which
enables easier comparison with '*C-derived primary productivity.

It is essential in the documentation to explain how GOP was calculated, what assumptions
were made (e.g., assumed steady state, neglecting lateral advection, etc.), which equations were
used, and which values were used of the photosynthetic and equilibrium end members.
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7.9. Appendix A: Detailed Instructions for Collecting a Triple Oxygen Isotope
Sample
valve neck I r -— Keep water % inch twbe to Nigkin
level above
this noint
AN
hottle ] H
/ valve stem
glass valve

1. Attach larger diameter tubing (~3/8 in) to the Niskin bottle nipple. If using a continuous
seawater system, attach tubing to the seawater supply.

2. Remove the black rubber cap and drain deionized water from the neck of triple oxygen
isotope bottle. If the cap sticks, wet it with water from the Niskin or a squirt bottle.

3. Place small diameter tubing inside the bottle neck to almost touch the valve stem.

4. Open the Niskin bottle.

5. Open the plastic flow controller and adjust the seawater flow to establish a strong stream
(three “clicks” works well). Hold the tubing in a gentle curve, ensuring the tubing isn’t
kinked.

6. Allow sample seawater to flow for several seconds or until the valve neck has flushed 3—
4 times and the water in the neck is bubble-free (tap on the glass gently or mash tubing
around to get rid of bubbles).

7. Slowly open the glass valve while ensuring sufficient flow to keep the bottle neck
flush with the sample. This is very important. If the water level drops below the
Louwer’s valve stem, the vacuum in the bottle will pull in atmospheric gases and
contaminate the sample. A good rule is not to let the water level in the neck drop below
the halfway mark and always try to keep the water level at the top.

8. Fill the bottle % to 2/3rds full, always keeping an eye on the water level in the valve.

. Close the glass valve.

10. Refill valve neck with sample water, ensuring the water is bubble free. Fill the black cap
with sample water.

11. Recap valve neck with the black rubber cap.
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8.1. Introduction

This chapter describes methods pertaining to the use of the dissolved ratio of oxygen to argon
(O2/Ar) to constrain net biological oxygen production in situ. Net biological oxygen production
can be used to evaluate ocean metabolic balance (i.e., autotrophy vs. heterotrophy) and to
calculate net community production (NCP) rates at the community level without the need for
incubation and associated bottle containment effects. O2/Ar observations can constrain NCP rates
over timescales of days to weeks, and spatial scales of a few hundreds of meters to hundreds of
kilometers, depending on how the data are collected and interpreted.

8.2. Method Background

8.2.1. Theoretical underpinnings

Net biological oxygen production, the quantity directly tracked by O»/Ar observations, is
stoichiometrically linked to the net community production of organic carbon and, when averaged
over appropriate space and time scales, equal to carbon export from the biological pump. The
premise is based on the simple stoichiometric relationship between net Oz generation and net
organic carbon production in the photosynthesis (left to right) and respiration (right to left)
equation (summarized in shorthand version as follows)

CO, + H,0 © CH,0 + 0,. (8.1)

The net generation of dissolved O; is proportional to the net organic carbon (CH,0) produced
by photosynthesis. Any subsequent respiration of organic carbon would also require
consumption of O», hence the biological O> production tracks organic carbon residing in the
system and available for export. Importantly, net Oz tracks the organic carbon export potential of
both particulate and dissolved organic carbon phases. Thus, in theory, it should be the sum of
vertical sinking flux and physical subduction of dissolved organic carbon contained within water
masses. Recent work has shown that the net community production of organic matter inferred
from net biological oxygen correlates well to export production over spatial scales on the order
of tens of kilometers, although these terms can be decoupled at sub-mesoscales (Estapa et al.,
2015). To the extent that respiration of organic matter consumed by vertically migrating
zooplankton is not co-located with the region of O generation (i.e., the surface mixed layer), the
approach would also capture this mode of vertical transport. Most commonly, dissolved gas
observations are used to constrain NCP in the surface mixed layer; however, with information on
the time evolution of O2/Ar at depth, the approach can be extended below the mixed layer
throughout the photic zone (e.g., Quay et al., 2010).
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7TKHUHIRUH VWXGLHV WKDW XVH VXUIDFH XQGHUZD\ IR
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ORUH UHFHQWO\ WKH XVH RI VHD JRLQI P ZVW K KHBWH R F/HE\L
RU WHPSRUDO UHVROXWLRQ KDV EHFRPH PRUH FRPPRQSODF
7RUWHOO DQG /RQJ BWDQOH\ HW DO $Q DGYDQWLE
WKDW LW DOORZV VXIILFLHQW GDWD TXDQWLW\ WR FRPSDUF
GLVFUHWH REVHUYDWLRQV WHPSHUDWXYUHP VODUQLWOH IQ
GLVWULEXWLRQV QXWULHQWV FRPPXQLW\ FRPSRVLWLRQ R
SK\WLFDO DQG ELRORJLFDO GULYHUV RI VSDWLDO JUDGLHQW
VHD &DV H[FKDQJH HJ (YHOHWK HW DO +DPPH HW DC
HW DO /LQ HW DO 6WDQOH\ HW DO BHIJXUR HV

2 $U 'DWD $FTXLVLWLRQ DQG 4XDOLW\ &RQWURO
%RWWOH EDVHG VDPSOLQJ

$ GLVFUHWH VDPSOLQJ DSSURDFKUFCOQWEH XKHG GLR/ FRIEFWM
DSSURDFK LV FRPPRQO\ XVHG WR$REWPRLRK GHSW KVFHUROL @ ) V
SRWHQWLDO PL[LQJ ELDVHV WR VXUIDFH YDOXHV DV GLVFX
DOVR EH XVHG IR BLKGROIWM\WQ L@ WKH VXUIDFH RFHDQ (PHUYV
DO 4XD\ HW DO

UHSDUDWLRQ RI KLJK YDFXXP JDV VDPSOLQJ ERWWC

ORVW FRPPRQO\ WKH VDPSOLQJ LV DFKLHYHG XVLQJ D FX)\
YROXPH HTXLSSHG ZLWK D /RXZHUV+DQLTXH KLJK YDFXXP
VSHFLILFDWLRQV DUH LGHQWLFDO WR WKRVH IRU WULSOH |
VDPSOH FDQ EH XVHG WR REWDLQ ERWK PHDVXUHPHQWYV V
SLFWXUHYV 6DPSOHV WKDW PWHK HFWRE O0AEQ/HGLRROHIDQ ERHJ FR(
YROXPH IODVNV ZKLOH D ODUJHU YROXPH VDPSOH LV UHTXI
LVRWRSHSWORWG @QHVLUHG %RWWOHYV DUH SUHSDUHG E\ GRVL(
FKORULGH DQG GU\LQJ DW f& KLIKHU WHPSHUDWXUHYV OHI
VHDOHG ZLWK KLJK YDFXXP JUHDVH $SLH]JRQ RUP7RWW/ XB¥M L
LV JRRG SUDFWLFH WR LQVSHFW WKH 2 ULQJV RQ WKH KLJIK
UHSODFH WKHP DV QHFHVVDU\ SULRU WR HYDFXDWLRQ DV W
RI WKH ERWWOHV :KHQ WLPH DQG UHVRXUFHV DOORZ D OH
ZHHN SRVW HYDFXDWLRQ WR KHOS LGHQWLI\ DQ\ SUREOHPV
SUHYLRXVO\ HYDFXDWHG ERWWOHV WR DQ LVRODWHG VHFW
%RWWOHYV ZLWK ODUJH OHDNYV ZLOO UHVXOW LQ D UDSLG LQ
WKH OHDN WHVW ERWWOHV VKRXOG EH SXPSHG WR WKH Yl
FDSSHG ZUWQKWKRH VLGHDUP IRU VWRUDJH XQWLO VDPSOLQJ
RI ERWWOHYVY UHTXLUH DFFHVV WR D KLJK YDFXXP OLQH HTXL
DQG OHDN WLJKW VHDOV IRU DWWDFKLQJ VDPSOLQJ ERWWOH



&ROOHFWLQJ D ZDWHU VDPSOH XVLQJ KLJK YDFXXP V

7KH DSSURDFK IRU REWDLQLQJ D KLJK TXDOLW\ GLVVROYHC
WKH WULSOH R[\JHQ LVRWRSH VDPSOLQJ SURWRFRO VHH &
(PHUVRQ HW DO 3ULPDU\ FRQFHUQV DUH SUHVHUYLQJ
VHDZDWHU DQG QRW FRQWDPLQDWLQJ D VDPSOH E\ DWPRVS
DQG PDLQWDLQLQJ D ZDWHU 2ORFN™ Rl VHYHUDO LQFKHV EHW
WKH VDPSOH ERWWOH DQG DPELHQW DLU 7R FUHDWH DQG
WXELQJ FRQWDLQLQJ IORZ IURP WKH VDPSOH VRXUFH D 1LVI
LOVHUWHG LQWR D ODUJHU GLDPHWHU RXWHU WXELQJ DW\
VDPSOLQJ FDUH PXVW EH WDNHQ WR FRPSOHWHO\ GLVORGJ
KHQ SRVVLEOH SUH IOXVKLQJ WKH KLJK YDFXXP IODVN VLG
&2 JDV WR GLVSODFH DLU LPPHGLDWHO\ EHIRUH HVWDEOLVI
IRU DWPRVSKHULF FRQWDPLQDWLRQ RI WKH VDPSOH $IWHU
WXELQJ ZLWK VDPSOH ZDWHU WKH /RXZHUV+DQLTXH YDOYH
WKH VDPSOH ERWWOH LV URXJKO\ KDOI IXO0 7KH /RXZHUV+I
WKH VSDFH DERYH WKH YDOYH LV IOXVKHG ZLWK GHRILBRQL]HC
ZDWHU IRU VWRUDJH ,I WKH ORJLVWLFV Rl SURFXULQJ FI
FKDOOHQJLQJ DQ DOWHUQDWH DSSURDFK LV WR FDS WKH VL

$QDO\WLV RI ERWWOH VDPSOHYV

8SRQ UHWXUQ WR D VKRUHVLGH ODE WKH ERWWOH VDPSOF
VKDNLQJ LW IRU VHYHUDO KRXUV DW D FRQVWDQW WHPSHUI
KHDGVSDFH DQG ZDWHU XQGHU NQRZQ FRQGLWLRQV 1H[W W
ZDWHU FRQWDLQHG WKHUHLQ LV JHQWO\ SXPSHG E\ YDFXXP
ZDWHU UHPDLQV LQ WKH QHFN LVRODWLQJ WKH JDVHV WKD\
WKH /RXZHUV+DQLTXH YDOYH WKH ERWWOH VLGH DUP LV DJI
ZLWK BRU VWRUDJH XQWLO DQDO\VLYV

.l WKH VDPSOHV ZLOO DOVR EH DQDO\]|H®KR W WRISGIOW LKRX
SURFHVVHG WR UMHWRYHYRSRLV BOSFULEHG LQ 6HFWLRQ |
WULSOH LVRWR®RW BHZXLUHG VDPSOHV DUH SUHSDUHG IRU
FU\RJHQLF WUDS WR UHP R YDH) @ DDAUHHU WKDFS@R F FDADA@EH B H G L Q W R
YHVVHO XVLQJ D FU\RWUDS RU OLTXLG KHOLXP (PHUVRQ HW
DGPLWWHG LQWR DQ LVRWRSH UDWLRS$RDYMVVISHWER RAKN 2 U
GHWHUPLQHG E\ SHDN MXPSLQJ DQG PHDVXUHPHQIMQRBI $RDVYV

‘KHQ D VDPSOH LV DOVR EHLQJ DQDO\]JHG IRU WULSOH
PHDVXUHPHEUVLRIV\SLFDOO\ REWDLQHG DW WKH HQG RI WKH
R[\JHQ LVRWRSHV 7%H YYIHDVX UM G R UPH FWRFG DAL W@ QG D UG\

DV ZHOO DV WKH YDOXH RI DQ LQWHUQDO UHIHUH
PL[HG WR KIYHVRERLDDU WR WKH YDOXH RI PRVSMNVXUSDBFH RFI
ZLWK WKH WULSOH R[\JHQ LVRWRSH DQDO\VLV HTXLOLEUDW
FKHEN VLQFH WKHDQROSELGUWD RLY2HQ WHPSHUDWXUH DUH ZH
2 $U DW f& 6HH WKH WULSOH LVRWRSH PHWKRG L
HTXLOLEUDWHG ZDWHU VWDQGDUGY DUH PDGH DQG VDPSOHG



&RUUHFWLRQ RI PHDVXUHG 2 $U IRU VDPSOH VL]H HI

$V ZUWWXU 2 DQEDQDO\VLV IRU WKH WULSOH R[\JHQ LVRW
GLIIHULQJ VDPSOH DQG VWDQGD U \AHMA\H DRIQ VW HR Q LPSWK
EH HYDOXDWHG 7R GLDJQRVH WKHVH HIIHFWV WKH VDPH Ul
DQG VWDQGDUG VLGHV ZLWK WKH VDPSOH EHOORZV H[SDQ

yLJ ,OOXVWUDWLRQ RI WKH VL]H HIITHFW RQ GHWHUPLQDWLRQ RI UDZ UD\
6WDWH 8QLYHUVLW\ 7KH 3GLII ORVV" LV D PHDVXUH RI UHODWLYH VDPSOH V

'LII ORVV  S6DPSOH VLIH + UHIHUHGEH VeI —RF YR U i WISYWEIRL FD O O\
PI@Wwo Y DAD
WKH LQWH LQDRLID® LYROWY UHSRUWHG E\ WKH ,506 | Rbb 8K HARKRHDN PHIDE X U H P F
LQ PLOOLYROWV DW WKH HQG RI WK HuRd D WKKHH R QEMMUERDRIFENGY RO WK HU N BR S W H

,506 IRU WKH UHIHUHQFH VLGH EHOORZVdRUZWKM PLOOWYRODNWX PHPN@WH ® @GV
WKH EORFN IRU WKH UHIHU$W®Q FR WL I HWHHRQOIRZ W DTKIH 2 IRU VPDOO YROXPH VDF

GLIITHULQJ YROXPHYV RI WKH VDPH JDV DW WKH VDPH SUHVVXU
FKDQJH DV DQ ,506 LRQL]DWLRQ VRXUFH DJHV WKH HIIHFW V
RQFH HDFK PRQWK RU IRU HDFK VDPSOH *EDWFK”~ )LJXUH

D UHIHUHQFH JDV DQDO\]HG DW GLIIHUHQW VDPSOH YROXPHYV
DW 2UHJRQ 6WDWH 8QLYHUVLW\

$OWHUQDWLYH VDPSOLQJ DSSURDFKHV

6RPH DOWHUQDWLYH DSSURDFKHVY KDYH EHHGWVHGHWR F|
WA\SLFDOO\ LQFOXGH WKH DGPLVVLRQ RI D VPDOO YROXPH V
VHDOHG RU RWKHUZLVH FORVHG LQ DQ DLU WLJKW IDVKLRQ
SHUPHDEOH DQG VKRXOG QRW EH XVHG IRU GLVVROYHG JDV
VXLWDEOH IRU WHPSRUDU\ VWRUDJH RI VDPSOHV WKDW ZLOC(
EXW ORQJHU WHUP VWRUDJH XVLQJ WKHVH DSSURDFKHV KDV
JHUUYyQ HW DO 6LPLODU SULQFLSOHYV RI UHGXFLQJ WK
ZLWK WKRURXJK IOXVKLQJ RI WKH VDPSOH YHVVHO DQG GLVI(
VDPSOLQJ DSSURDFKHV DUH XVHG )RU H[DPSOH )HUURQ HW

P/ ERURVLOLFDWH VHUXP YLDOV ZLWK ZDWHU RYHUIORZL



7KH VDPSOHV DUH LPPHGLDWHO\ VHDOHG ZLWK VHSWD ZKLOF
DQG WKHQ SRLVRQHG E\ LQMHFWLQJ —/ Rl PHUFXULF FK
DQDO\]HG E\ VKLSERDUG PHPEUDQH LQOHW PDVV VSHFWUR
DQDO\VLV LQYROYHV SDVVLQJ WKH VDPSOH WKURXJK D FDSL(
VHPL SHUPHDEOH VLOLFRQH PHPEUDQH ZKHUH JDVHV DUH SD
LQOHW V\WVWHP $IWHU SDVVLQJ WKDRGJEDDVAU\RWERIS WK HJ
DQDO\]HG E\ D TXDGUXSROH PDVV VSHFWURPHWHU 6WDQGD
VDPSOHV HTXLOLEUDWHG ZLWK DLU DW D NQRZQ DQG FRQV
DSSURDFK VHH JHUURQ HW DO

&RQWLQXRXV VDPSOLQJ

,Q WKH ODVW VHYHUDO GHFDGHVL @ HDWKRBW LY RRENWHU P XQ
PRGH DW VHD KDYH EHFRPH PRUH ZLGHO\ XVHG &DVVDU HW
DO ,JHWW HW DO -XUDQHN HW DO .DLVHU HW
DO 6WDQOH\ HW DO 6HIJXUR HW DO $U DIXGIVH |
1&3 HVWLPDWHY HYHU\ IHZ PLQXWHV HTXLYDOHQW WR a NP \
DW QRUPDO VSHHG 7KHVH PHWKRGVY NQRZQ DV PHPEUDQH L
HW DO 7RUWHOO RU HTXLOLEUDWHG LQOHW PDVV
VKDUH PDQ\ FRUH UHVSHFWV EXW KDYH LPSRUWDQW
DGYDQWDJHV GLVDGYDQWDJHV LQ FHUWDLQ VHWWLQJV ¢
VSHFWURPHWHUV 406 DV DQDO\]HUV WKHVH 406 DUH UHOD
86' VXLWDEOH LQ SUHFLVLRQ DQG VWDEOH LQ WKHLU SHL
PHDVXUH VDPSOHV LQ D JDV SKDVH GLVVROYHG JDVHV PX!
DQDO\VLV DQG WKLV FULWLFDO VWHS LV ZKHUH 0,06 DQG (,C
SHUPHDEOH PHPEUDQH KHOG DW FRQVWDQW WHPSHUDWXU|
FKDPEHU DWWDFKHG WR WKH 406 ,Q DQ (,06 D KLJK VXUIDFH
WR HTXLOLEUDWH LQ D KHDGVSDFH WKDW LV VXEVDPSOHG E
DSSURDFK LQ DQ\ JLYHQ VWXG\ ZLOO GHSHQG RQ XVHU UHT
DGYDQWDJHY DQG GLVDGYDQWDJHVY 7KH HTXLOLEUDWLRQ DS
WR KDYH DQ LQKHUHQWO\ VORZHUS$W LW KDWH B SR Q6/ H VDR D&PR/T

FDOFXODWHG D PLQXWH UHVSRQVH WLPH IRU WKHLU V
WKLV LV EURDGO\ FRQVLVWHQW ZLWK UHVSRQVH ODJV FDOF
+RZHYHU WKH UHVSRQVH WLPH FDQ EH UHGXFHG WR * PL(
HTXLOLEUDWRU FDUWULGJH 0DQQLQJ HW DO 7KLV G
KLQGUDQFH LQ FRQWLQXRXV IORZ WKURXJK DSSOLFDWLRQV
VFDOHV RYHU ZKLFK ELRJHRFKHPLFDO JUDGLHQWY DUH REVF
LV WKDW JDV VHSDUDWLRQ LV VKDUSO\ DIIHFWHG E\ WKH VDF
UHTXLUHG WR PDLQWDLQ VWDEOH WHPSHUDWXUH FRQWURO
DGDSWLQJ WR PHDVXUH D GLYHUVH D UGDR HRW K\IDW 0QILG W H\
ZKHUHDV (,06 WHQG WR EH FRQI$UX WHI®B \DIHF IDIQ F B OBH W R/UH U
PHDVXULQJ VPDOO YROXPH GLVFUHWH VDPSOHV HJ WKRV
ZKHUHDV (,06 UHTXLUH PXFK ODUJHU FROXPH VDPSOHV GXH \
HDVH RI FDOLEUDWLRQ RI 406 GDWD DOVR YDULHV EHWZHHC
QHDU UHDO WLPH XVLQJ SHULRGLF DGPLVVLRQ RI XQFRQWD
LQWDNH OLQH WR WKH 406 XVLQJ D VZLWFKLQJ YDOYH FR¢
FDOLEUDWHG WD O/XHRK ARG XOWLPDWHO\ EH FRPSDUHG WR D



ERWWOH VDPSOHYVY DQDO\]JHG E\ D VKRUHVLGH ,506 DV GHVFL
LV QHFHVVDU\ EHFDXVH VOLJKW GLIITHUHQFHV LQ V\VWHP WFR
VI\VWHP FRQILIXUDWLRQ FDQ RFFXBU PMfDWX QD WLFRD®D @ DRV ILVR-
YDOXHV 0,06 GDWD DUH W\SLFDOO\ PDQXDOO\ FDOLEUDWHG
VWDQGDUGYV

$GGLWLRQDO REVHUYDWLRQV UHTXLUHG IRU FDOFXO

,Q DGGLWLRUWR WXH REWDLQHG IURP ERWWOH VDPSOHV (
ILHOGYV DUH QHFHVVDU\ WR LQWHUSUHW REVHUYDWLRQV D
REVHUYDWODOROWWRSGHUDWXUH DQG VDOLQLW\ RI WKH ZDWHU
SEVROXWRHQEFHQWUDWLRQ LV DOVR XVHIXO IRU GLDJQRVLQJ C
DQG SK\WLFDOO\ GULYHQ JDV VDWXUDWLKLRQ@QV WKH VWRHRWR'
ELRORJLFDODQG SK\VLFDO JDV VDWXUDWLRQ GHWHUPLQHG
FROQOFHQWUDWLRQ GDWD WR EH XVHIXO IRU WKYMQS/RUS G\DHV L
PXVW EH IUHTXHQWO\ FDOLEUDWHG YLD FRPSDULVRQ WR :LC
RUGHU RI D IHZ SHUFHQW DULVLQJ IURP GULIW RU VWRUDJH I

'LQG VSHHG PHDVXUHPHQWY DUH DOVR QHFHVVIIU\DMPR FRQ
HVVHQWLDO WHUP LQ WKH FDOFXODWLRQ RI 1&3 DV GHVFUL
WKHVH REVHUYDWLRQV GHSHQGV RQ WKH VZWWE&\ WHHEREWD @ ¢
VHD JDV WUDQVIHU 7R GHWHUPLQH WKH EHVW DSSURDFK X\
HISHULPHQWYV ZKHUH ZLQGYV DUH V\VWHPDWLFDOO\ YDULHG .
HTXLOLEUDWLRQ UHVSRQVH LV GHWHUPLQHG IRU JLYHQ FR(
GHSWK :KLOH PRVW RSHQ RFHDQ V\VWHPV FDQ RIWHQ EH C
WKDW DUH ZHLIJKWHG RYHU WKH SUHFHGLQJ PRQWK RU WZRK
VDPSOLQJ 5HXHU HW DO THHWHU HW DO FRDVWD
ZLQGV PRGHOHG RYHU D VKRUWHU WLPHVFDOH 5HDQDO\VLV
EXR\ ZLQGY DUH WKH PRVW ZLGHO\ XVHG VRXUFHV RI ZLQG G
ZLQGV DQG PRGHOV DUH DOVR XVHIXO ,]JHWW HW DO
WDNHQ WR UHPRYH WKH LQIOXHQFH RI WKH VKLSTV PRWLRQ
PLQGIXO RI WKH QHHG IRU KLVWRULFDO ZLQGV WKDW SUH (
SDUDPHWHUL]DWLRQV WKDW UHODWH ZLQG VSHHG WR DL
DQQLQNKRI $ SURFHGXUH RIRVF RPYXWHDNQA DAHLIH RMWHKE L |
RQ ZLQG VSHHG KLVWRU\ LV GHVFULEHG E\ 5HXHU HW DO
$vV EXEEOH PHGLDWHG H[FKDQJH SURFHVVHVY DUHDQBVXWPHG \
HIFKDQJH SDUDPHWHUL]DWLRQV WKDW H[SOLFLWO\ LQFOXG
FDOFXODWH 1&3

&DOFXODWHIRQDRY XRXUDWLRQ DQG 1&3

7KH DSSURDFK IRU FDOFXODMWLQEVIRBYDMWRQVIURPEDVHG F
PDVV EDODQFH 7KH GHWDLOV RI WKH PDVV EDODQFH DSSUR
VSDWLDO DQG WHPSRWDG®DW REYWH[R® KA VWXGLHV WKDW
2 $U LQ D JLYHQ ORFDWLRQ FDQ XVH WKLV LQVRHQPDRUW\REK VG
DQG HVWLPDWH FRPPXQLW\ UHVSLI$DWLKOQ UDWHY | UPP R }

JHUUYQ HW DO IDFNLQJ WKLV WHPSRUDO UHVROX
JLYHQ ORFDWLRQ DV LQ VDPSOLQJ GXULQJ WUDQVLW DUH



ZKHUH QHW ELRORJLFDO SURGXFWLRQ LV ZKDCGRQIFHGREYV DLL&B
EH FDOFXODWHG DV IROORZV

0% Ge 6 ":a

7KH FDOFXODWLRQ RI 1&3 DV LQ (T DVVXPHV WKH ILUV
LQYHQWRU\ DUH SURGXFWLRQ DQG JDV H[FKDQJH DQG WKDW
DQG SK\VLFDO PL[LQJ DUH VPDOO ZKLFK LV RIWHQ EXW C
UHJLRQV 7KRXJK DXWRQRPRXV DQG KLJK UHVROXWLRQ REVI
RIWHQ QRW LQ VWHDG\ VWDWH PRGHOLQJ DQG REVHUYDW
FLUFXPVWRQFMMDFNY D ZHLJKWHG DYHUDJH 1&3 RYHU WKH

WLPHVFDOHWURQ HW DO 7THHWHU HW DO +RZHYHU
HIFKDQJH DQG ELRORJLFDO SURBXGWQRI) LDIOXHQQBK \QRMWDE!
Fl &DVVDU HW DO ODQQLQJ HW DO , JHWW HW DC

SHULRGV RI VXEVWDQWLDO YHUWLFDO PL[LQJ RU HQWUDLQP}
ZLOO EH QHFHVVDU\ WR UH RO § GG WRWPKR GUHIDGS K\YW K DLOQ PA [ L
HW DO +DVNHOO DQG )HOPLQJ +DPPH DQG (PHUVRC
HW DO OXQUR HW DO 4XD\ HW DO

$ PRUH H[SOLFLW PDVV EDODQFH H[SUHVVLRQ WKDW LQFO
DQG SK\VWLFDO PL[LQJ LV DV IROORZV

6.2 £ 382
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ZKHYE2 UHIHUV WR EERQRHDFDUDWLRQ D VLPSO¥%BLLUFDODWLRQ R
" ZKLFK DSSHDUV LQ (T 1RWH Z\KEKN. H T X DWVY QR HEL RIKRY
>$U@ LV DW VDWXUDWLRQ .DLVHU HW D942 FDQ&DN FD® H D
ZLWK D VPDOO FRUUHFWLRQ IRU WKH GHYLDWLRQ RI $U IURF

7KH ILUVW WHUP RQ WKH ULJKW VLGHGON[(TDV LQHTHUV
WKH VHFRQG WHUP UHIHUV W R IWWKE HQ W W K H WLSFIDA HQXY R H ¢
FRHIILFLHQWZKRFK FDQ LQFOXGH XSZHOOLQJ GLIIXVLRQ |
GHSHQGLQJ RQ WKH V\VWHP &DVVDU HW DO DQG WKH
YDULDEERQZMQ RIKH VXUIDFH PL[BG$WODRW & CRHDWHBVRER (T v
JUDGLEH@WPRNVNW EH UHVROYHG XVXDOO\ IURP GLVFUHWH VDP
ZLWK DQ HVWLPDWH RI WKH DSSDUHQW PL[LQJ FRHIILFLHQW
WLPH YDULRRELPXMW EB UHVROYHG WR DFFRXQW IRU QRQ VWH

,Q VRPH UHFHQWii\ié\A%txwurw\P KIDKHEHHQ UHVROYHG ZLWK W

PLFURVWUXFWXUH WXUEXOHQFH SURILDOYLDICHWXEGXUIDFH|
HW DO +RZHYHU FRLQFLGHQW RBUFREVWUXBWKREVSD
FRPPRQO\ DYDLODEOH OHDGLQJ WR FKDOOHQJHV ZKHQ WU\
PLILQJ HIIHFWV DV LQ (T 7R UHPHG\ WKLV &DVVDU HW



FRXSOHG REVHUOYDWAIRQWRIDEFRXQW IRU SK\WLFDO PL[LQJ E
WKLV DSSURDFK LV WKDW MWK R RRIEDF HQ WHIDWWHLAR Q@RLEIHOIRZO \ L
WKH VXUIDFH PL[HG OD\HU WKLV UHODWLR QWKD S \VIRFLL\DHWH BH.
GHFRPSRVLWLRQ RI RUJDQLF PDWWHU DQG VXEVHTXHQW QI
DOWKRXJK WKHUH LV VRPH GHEDWH 7KHUHIRWR \8KH VKDODR
RFHDQ ZKLFK FDQ EH PHDVXUHG E\ GLVFUHWH DQG FRQWLC

VKRZHG WKDW E\ QHJOHFWLQYCWHKHPQR® (MW H D GD Q/GV B R/
WKH UHPDLQLQJ WHUPV LQ (T ZLWK D QRBHAXERROE QAWM PIDW
IROORZLQJ H[SUHVVLRQ

Py !5 2
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ZKHGH DQ@FPe DUH JDV WUDQVIHU IFRE |1 UFHVHSHFW LRHCR\L WP G
WKH ELRORDVFRDHOVBEULEHG DEB®B 2,BEFROKPA ELRCGOHEFHRAD/OLD WKF

VXUIDFH PL[HG OD\WMHP*@S—T?PLB’HIHUV WR WKH YHPWDRGO JUD

>¢?2 PPRO 2PPRQ@ 1 ,]JHWW HW DO FRQGXFWHG D FRP
VLPXOWD GHMRXWGREVHUYDWLRQV LQ D WUDQVHFW VSDQQLQJ
RI WKH 1RUWKHDVW 3DFLILF 7K$UV RXFAESWERWFR BRPRIZGIEGY
FRUUHFW IRU VLJQLILFDQW SK\VLFDO ELDVHV LG W IFRPYM D C
ZRXOG KDYH LPSOLHG QHW KHWHURWURSK\ 1&3 7KH\ D

QHFHVVDU\ LQ VRPH RSHQ RFHDQ UHJLRQM¥_$UB\D \Q R @ HILHQ MDD

GXH WR VXERBRUWPFER®UQLPD OHG WR ELDVHG HVWLPDWHYV |
WKH GXDO JDV DSSURDEFK

‘KHQ FDOFXODWLQEUIRBEVMHBPD2WLRQV LW LV LPSRUWDQW W
WKH SK\WLFDO K\GURJUDSKLF VHWWLQJ VKRXOG GLFWDWH W
UHVROXWLRQ RI DYDLODEOH GDWDFD®DROWKBDWR UG GREAND
RQWKRXO®B FDVHV ZKHUH VLJQLILFDQW SK\VEKDBOHWU DQ\GS RAK\
HITHFWV DUH QRW TXDQWLILHG 1&3 VKRXOG QRW EH UHSRU
FOHDU VWDWHPHQWY UHJDUGLQJ WKH KLJKHU XQFHUWDLQW
LQIOXHQFHG E\ NQRZQ SK\VLFDO ELDVHV

SHSRUWEQIDDG 1&3 'DWD

2 $U GDWD VKRXOG EH UHSRUWHG DV HLWKX B0 QB DX MEKJ DMK
WLPH 87& ORFDWLRQ ODQWNVWWRSHLEG ORRIDWEGHDOLQLW\
GLVVROYFRQX PHQWUDWLRQ OHWDGDWD VKRXOG LQFOXGH D
DFTXLVLWLRQ DQG GDWBUT PRGROYPFARYPWDRQRRUGDWD LI UH:S
VKRXOG EH UHSRUWHG ZLWK WKHGGEBQGKW KBGHVPYVLYWDRYIRU KF
ZDV GHWHUPLQHG ,I WHUPV IRU YHUWLFDO PL[LQJ RU DGYF
1&3 WKHVH YDOXHV VKRXOG DOVR EH UHSRUWHG ZLWK WKH
GHSWK DQG ORFDO WLPH RIIVHW IRU 87& HJ WR HYDOXDWE



2WKHU YDULDEOHV WKDW PD\ EH KH$WB IXQGL Q& 8 KGHD W Q WEHQC
VKRXOG EH UHSRUWHG LI SRVVLEOH LQFOXGH IOXRUHVFHQTF
SLIPHQW GDWDSDRGXFIRMYQ2IURP WULSOH R[\JHQ LVRWRSHYV

(VWLPDWLQJ DQG UHSRUWLQJ XQFHUWDLQWLHV

W LV EHVW SUDFWLFH WR UHSRUW DQ HVWLPDWH RI XQFH
XQFHUWDLQW\ VKRXOG LQF O X$H PHDVXWHPH Q@ ¥ HWW B DQQNF\H LU
WUDQVIHU GRW\SLFIDHIQON WDNHQ DV EHWZHHQ “  WR * DQ
XQFHUWDLQW\ LQ DQ\ RWKHU PRGHOHG WHUPV GHSHQGLQJ
ZLOO LQFUHDVH DV VLJQDO WRUQREVH WDWLR GWRWMD ¥RV B
7KH XQFHUWDLQW\ FDQ EH FDOFXODWHG XVLQJ VWDQGDUG H
PRUH FRPSOH[ H[SUHVVLRQVIQRQY FOXL GH FOWWERDOWHG XVLQ
DQDO\VLV 7KH ODWWHU DSSURDFK LQYROYHV FDOFXODWLQ.
*DXVVLDQ UDQGRP GLVWULEXWLRQ ZLWK VWDQGDUG GHYLDYV
VWDQGDUG GHYLDWLRQ RI WKH UHVXOWLQJ 1&3 LV WKHQ WDI

SHIHUHQFHYV

%HQVRQ % % DQG .UDXVH 7KH FRQFHQWUDWLRQ D
GLVVROYHG LQ IUHVKZDWHU DQG VHDZDWHU/LPQRKTXLO]
2FHDQRJU

&DVVDU 1 %DUQHWW % $ %YHQGHU 0 / .DLVHU - +DF
&RQWLQXRXV KLIK(IUHTX%HQFMH DS/DMWMRRHQMEY 2E\ HTXLOLEU|
VSHFWURK@BIOAWMLFDO &KHPL¥WU\ KWWSV GRL RUJ DF

&DVVDU 1 & ' 1HYLVRQ DQG O O0ODQL]]D &RUUHFWLQ
SURGXFWLRQ HVWLPDWHYV IRU YHUWLI*HRG K\ L QB VX V/IIHIWIW1

* KWWSV GRL RUJ */
&KDURHQSRQJ & 1 %ULVWRZ /| $ $OWDEHW 0 $

PDVV VSHFWURPHWU\ PHWKRG IRU KLJK SUHFLVLRQ GHWI
LVRWRSLF FRPSRVLWLRQ *DV DQG LVRWERSEHROUPRWLRQBQ

2FHDQRJUDSK\ OHWKRGV KWWSV GRL RUJ ORP
&UDLJ + DQG +D\ZDUG 7/ 2[\JHQ VXSHUVDWXUDWL
SK\WLFDO FROMLIHLERWLRQV KWWSV GRL RUJ VFLHQF
(PHUVRQ 6 $QQXDO QHW FRPPXQLW\ SURGXFWLRQ DQ
RFHDQ *OREDO %LRJHRFKHPLFDO &\FOHY
KWWSV GRL RUJ * 04
(PHUVRQ 6 3 4XD\ & G6WXPS ' :LOEXUS$UD QB QIS QQLRY

VXUIDFH ZDWHUV RI WKH VXEDURBW RK RFMIOKRBO1 AWREBHROG R
&\FOHYV =

(PHUVRQ 6 3 4XD\ ' .DUO & :LQQ / 7XSDV DQG 0 /D
GHWHUPLQDWLRQ RI WKH RUJDQLF FDUERQWJXXMHIURP RSHC



(PHUVRQ 6 & 6WXPS ' LOEXU DQG 3 4XD\ $FFXUDW
$U JDVHV LQ ZDWHU DQGDWKKKHRO XEL OLW\ RI 1

(VWDSD 0 / 6LHJHO ' $ %XHVVHOHU . 2 6WDQOH\ 5 +
'HFRXSOLQJ RI QHW FRPPXQLW\ DQG H[SRUW SURG
6DUJDVVR *OREHDO %LRJHRFKHPLFDO &\BOHYV
KWWSV GRL RUJ * 0

(YHOHWK 5 7LPPHUPDQV 0 (/ &DVVDU 1 3K\VLFD
R[\JHQ VDWXUDWLRQ YDULDELOLRWXULQD & KRH X-SREHHK \SLUFFDIDL B
2FHDQV + KWWSV GRL RUJ - &

JHUUYQ 6 %DURQH % &KXUFK 0 - :KLWH $ ( .DUO
OHWDEROLVP LQ WKH 1RUWK 3DFLILF 6XEWURSORED® O'\UH
%LRJHRFKHPLFDO BEWWSY GRL RUJ *

JHUUYQ 6 GHO 9DOOH ' $ %M|UNPDQ . 0 4XD\ 3 ' &KX

$SSOLFDWLRQ RI PHPEUDQH LQOHW PDVV VSHFWURPHWL
SURGXFWLRQ@ EQWKIIWURLPER/BEREHB DQG 2FHDQRJUDSK\ OH
* KWWSV GRL RUJ ORP

JHUUyYyQ 6 :LOVRQ 6 7 ODUWtQH] *DUFtD 6 4XD\ 3
EDODQFH LQ WKH PL[HG OD\HU RI WKH ROLJRWURSKLF 1R
2 $U VDWXUDWLRQ UDWLRYV 0(7%%2/,& %$/$1&( )52

&+$1*(*HRSK\VLFDO SHVHDUEFK I HWW HUV
KWWSV GRL RUJ */

*DUFLD + ( *RUGRQ [/ , 2[\JHQ VROXELOLW\ LQ VHD
ILPQRO 2FHDQRXU KWWSV GRL RUJ OR

+DPPH 5 & &DVVDU 1 /DQFH 9 3 O9DLOODQFRXUW 5 '
'LVVROYHG 2 $U DQG RWKHU PHWKRGYV UHYHDO UDS
/IDJUDQJLDQ H[SHULPHQW LQRMKPDORRWKHRKAFHD® 5HV

& ) KWWSV GRL RUJ -&

+DPPH 5 (PHUVRQ 6 ( 7KH VROXELOLW\ RI QHRQ
ZDWHU DQGHHDBEBEWHBHY 3DHW ,

+DPPH 5 (PHUVRQ 6 ( &RQVWUDLQLQJ EXEEOH G\QI
JDVHV ,PSOLFDWLRQV IRU SURGXFWLYLW)\ P HIDWX UHPH QW

S

+DPPH 5 & 1LFKROVRQ ' 3 -HQNLQV : - (PHUVRQ 6 5
$VVHVV WKH 2FHDQ T\ QD{NDER G HIYMMHZV Rl ODULQHt 6FLHQFH
KWWSV GRL RUJ DQQXUHY PDULQH

+DVNHOO : = YOHPLQJ - & &RQFXUUHQW HVWLPDW]
ELDVHV LQ G2 $U EDVHG QHW FRPPXQLW\ SURGXFWLRQ
%LIJKRKUQDO R ODULQH 6\WVWHPV

KWWSV GRL RUJ M MPDUV\V



+HQGULFNV 0 % %HQGHU 0 / %DUQHWW % $ 1H
BRXWKHUQ 2FHDQ IURP PHDVXUHPHQWV RI ELRORJLFDO
FRPSRVIHMISR®HD 5HVHDUFK 3DUW , 2FHDQRJUDSKEF 5HVH

+HQGULFNV 0 % %HQGHU 0 / DUQHWW % $ 6WUXWW
R[\JHQ LVRWRSH FRPSRVLWLRQ RI GLVVROYHG 2 LQ WKH
SURGXFWLRQ DRRXUWHYG L BRD WAHRRS K\VLFD&®O 5H& HDUFK
KWWSV GRL RUJ -&

+RZDUG ( (PHUVRQ 6 %XVKLQVN\ 6 6WXPS &
SURGXFWLRQ LQ DLU VHD FDUERQ IOX[HV DW WKH 1RUWI
UHJLRQ /LPQRORJ\ DQG 2FHDQRJUDSK\ #
KWWSV GRL RUJ OR

, JHWW 5 +DPPH 5 & OF1IHLO & ODQQOLQJ & & O % R X

a2 1« DV D 1HZ 7UDFHU RI ODULQH 1HW &RPPXQLW\
(YDOXDWLRQ LQ WKH 6XEDUFWLF 1RUWKHDMVR@WEHILLWF DX
ODULQH 6FLHQFHKWWSV GRL RUJ IPDUV

, JHWW 5 ODQQLQJ & & +DPPH 5 & 7TRUWHOO 3
&RPPXQLW\ 3URGXFWLRQ LQ WKH 6XEDUFWLF 1RBRUWKHDYV
OHDVXUHPHQWY %IDWK A &RUUHFWLRQV ORE DG UMW.IREIBI®& FOKH [P

&\FOHYV + KWWSV GRL RUJ * 04

“HQNLQV : - *ROGPDQ - & 6HDVRQDO R[\JHQ F\FOLQ
6DUJDVVROEHD 5HV =

“HQNLQV : - /RWW ' ( &DKLOO . |/ $ GHWHUPLQDV
DUJRQ NU\SWRQ DQG [HQRQ VROXELOLW)\ FRIFHIHNVUDYV
&KHPLVWU\+ KWWSV GRL RUJ M PDUFKHP

-XUDQHN +DPPH 5.D&VHUDQQLQNKKIXID\5 3 (YLGHQFH RI 2
FRQVXPSWLRQ LQ XQGHUZD\ VHDZDWHU OLQMHYWG ,PSC
&2 IOXPMHHRSK\V 5HV /HWWKWWSV GRL RUJ * |

-XUDQHN / : 4XD\ 3 ' )HHO\ 5 $ /RFNZRRG ' .DUO

%LRORJLFDO SURGXFWLRQ LQ WKH 1( 3DFLILF DQG LWV L
IURP GLVVROYHG R[\JHQ-RXRWPROHNI DRRBRSK\BUFRO 5HVHDUF
KWWSV GRL RUJ -&

-XUDQHN / TDNDKDVKL 7 ODWKLV - SLENDUW 5
&2 8SWDNH LQ WKH 3DFLILF $UFWLF 'XULQRXWIQH O DRMH
*HRSK\VLFDO 5HVHRWRMS V2FIBRQWUJ -&

.DLVHU - SHXHU 0 . %DUQHWW % %YHQGHU 0 /
I[URP FRQWLQ$RXVUDMWLR PHDVXUHPHQWYV E\ PHPEUI
VSHFWURPRISKUVYLFDO SHVHDUEFK IHWWHUQ D

KWWSV GRL RUJ */



/ILQ < &DVVDU 1 ODUFKHWWL $ ORUHQR & 'XFNORZ
HXNDU\RWLF SODQNWRQ DUH JRRG SUHGLFWRUV RI QHW

$QWDUFWLF 6FHERQAWMA DD 5HSRUWKWWSY GRL RUJ Vv
IX] % %DUNDQ ( 1HW DQG JURVWWRR\IJHOQ GE RGXFWLR
UDWRLTRAMDW OLFURE (ER®&EWWSV GRL RUJ DPH
ODQQLQJ & & B6WDQOH\ 5 + 5 IRWW ' ( &RQWLQ:
QH DU NU DQG [H UDWLRV ZLWK D ILHOG GHSOR
VSHFWURPBIGAMAL FD O &KHPLVWU\ +
KWWSV GRL RUJ DFV DQDOFKHP E
0DQQLQJ & & 6WDQOH\ 5 + 5 1LFKROVRQ ' 3 BPLWK
JHZLQJV 0 5 BTXLEE 0 ( &KDYH] ) 3 ,PSDFW R

RQ SURGXFWLYLW\ LQYHVWLIJDWHG XVLQJ LQ VLWX DQG L
0% 352'8&7,9,7< 86,1* 08/7,3/( O(/RX'BQDO RI *HRSK\VLFDO &

2FHDQV * KWWSV GRL RUJ -&

OXQUR ' 5 4XD\ 3 ' -XUDQHN /[ : *RHULFNH 5 9
RIl WKH 6RXWKHUQ &DOLIRUQLD FRDVW HVWLPDWHG IURP
ILPQRORJ\ DQG 2FHDQRJUWDSK\KWWSV GRL RUJ OR

SDOHYVN\ + | 4XD\ 3 ' J[/RFNZRRG ' ( 1LFKROVRQ ' 3

JURVYV SULPDU\ SURGXFWLRQ QHW FRPPXQLW\ SURGXFWLR
3DFLILF 2FHDQ 1RUWK 3DFLILF *23 TQREDOQGWURRHR\NFKHR
&\FOHV * KWWSV GRL RUJ *%

4XD\ 3 SHDFRFN & %M|UNPDQ . .DUO ' O OHD
UDWHYV LQ WKH RFHDQ (QLJPDWLF UHVXOWYVY EHWZHHQ L«
6WDWLRQ $/ZOREDO %LRIJHRFKHPLFDO *8\FOHYV

KWWSV GRL RUJ *%

SHXHU 0 . %DUQHWW % $ %HQGHU O / )DONRZVNL 3 °
HVWLPDWHY RI 6RXWKHUQ 2FHDQ ELRORJLFDO SURGXFWL]|
LVRWRSH FRPSRVHWERQHRISBEVHDUFK 3DUW | 2FHDQRJ
3DSHUV +

6KXOHQEHUJHU ( 5HLG - [/ 7KH 3DFLILF VKDOORZ R

PD[LPXP DQG SULPDU\ SURGXHWEYIBWD YHVRDQWIEISHS8MBI
2FHDQRJUDSKLF SHVHDUFK 3DSHUV

6HJXUR , ODUFD $ ' 3DLQWLQJ 6 - 6KXWOHU - ' 6XJJ
UHVROXWLRQ QHW DQG JURVYV ELRORIJLFDO SURGHHWYR@ C
2FHDQRJUDSK\ KWWSV GRL RUJ M SRFHDQ

6SLW]JHU : 6 -HQNLQV - SDWHV RI YHUWLFDO

SURGXFWLRQ (VWLPDWHV IURP VHDVRQDO JDRXURDKVRLQ
ODULQH 5HVHDUEFK



BWDQOH\ 5 + 5 -HQNLQV : - [RWW ' ( 'RQH\ 6 &
DLU(VHD JDV H[FKDQJH-RRGQPXEROMHIFSKHM FRERO S5HVHDUF
KWWSV GRL RUJ -&

6WDQOH\ 5 + 5 .LUNSDWULFN - % &DVVDU 1 %DUQHW

FRPPXQLW\ SURGXFWLRQ DQG JURVV SULPDU\ SDRIGKFWLRH
*ORE %LRJIJHRFKHP &\FOHV

THHWHU / +DPPH 5 & ,DQVRQ ' WLDQXFFL [/

FRPPXQLW\ SURGXFWLRQ IURPORE®DD PHIDR/IHRFKHPWNDO &
* KWWSV GRL RUJ *%

7TRUWHOO 3 'LVVROYHG JDV PHDVXUHPHQWY LQ RFH
PDVV VSHFWEPRRMOWUEFHDQRJU HHWKRGV

7TRUWHOO 3 ' /IRQJ 0 & 6SDWLDO DQG WHPSRUDO
WKH 6RXWKHUQ 2FHDOHR/SKIVQFDBPOBRFNHDUFK//HWWHUV
KWWSV GRL RUJ */

DQQLQNKRI 5 SHODWLRQVKLS EHWZHHQ ZLQG VSHHG
UHYLVLWHG *DV H[FKDQJH DQG AIRQROYBRHHDQRY AEHW®RJE
OHWKRGYV * KWWSV GRL RUJ ORP

:LOOLDPV 3 - OH % 4XD\ 3 ' "HVWEHUU\ 7 . % H K

20LIJRWURSKLF 2FHDQ@QUXBOWRNYURIEKRF ODULQH+ 6FLHQFH
KWWSV GRL RUJ DQQXUHY PDULQH



7KH 8VH RI 9DULDEOH &KORURSK\OO
$VVHVVPHQW RI 3K\ WRSODQNWRQ 3KRYV
DQG 5DWHV RI 3ULPDU\ 3URGXF\

*UHJ 6LOMEMHID GR 5RVDULR *RPHYV
8QLYHUVLW\ RI 0DU\ODQG &HQWHU IRU (QYLURQPHQWDO 6FLH
/IDPRQW 'RKHUW\ (DUWK 2EVHUYDWRU\ DW &ROXPELD 8QLYHUVL

 QWURGXFWLRQ

9DULDEOH FKORURSK\OO IOXRUHVFHQFH &KO) LV D SRZ}t
PHDVXUHPHQW WHFKQLTXH LQ WHUUHVWULDO DQG DTXDWLF
&KO) DOVR UHIHUUHG WR DV DFWLYH &KO) KDV EHHQ LQFU
VWDWXV DQG SULPDU\ SURGXFWLRQ RI SK\WRSODQNWRQ DQ
IOXRURPHWHUV DUH IDVW VHQVLWLYH QRQ GHVWUXFWLYH
UHVROYHG SURGXFWLYLW\ PHDVXUHPHQWY LQ VSDFH DQG W
FKDUDFWHULVWLFV RI WKH XQGHUO\LQJ SK\WRSODQNWRQ F
SURGXFWLYLW\ UDWH PHDVXUHPHQWY GLIIHUHQW LQVWUXPF
DGYDQFHG LQ WKH VFLHQWLILF OLWHUDWXUH FDXVLQJ VRP
RYHU EHVW RSHUDWLRQDO SUDFWLFHV +XJKHV HW DO

7KLY FKDSWHU GUDZV XSRQ D UHFHQW FRPPXQLW\ DVVHYV
XQGHU GHYHORSPHQW XVHU JXLGH O6FLHQWLILF &RPPLWWHL
*URXS WR VXPPDUL]H WKH FXUUHQW EHVW SUDFWLFH\
SKRWRV\QWKHWLF SK\WVLRORJ\ XVLQJ YDULDEOH IOXRUHVFH!
WXUQRYHU YDULDEOH IOXRUHVFHQFH 67 &KO) WKH PRVW F|
WKH EHVW VXLWHG IRU DTXDWLF SULPDU\ SURGXFWLRQ 2WKI
KHUH LQFOXGH SXOVH PRGXODWHG IOXRUHVFHQFH 3%$0 6F
IOXRUHVFHQFH GHFD\ NLQHWLFV /LQ HW DO 6HFWLRQ
RI 67 &KO) SURWRFROV DQG WKH GHULYDWLRQ RI SULPDU\ &
LQLWLDO GDWD SURFHVVLQJ RI WKHVH GDWD PDQ\ RI WKH U
DQG LPSRUWDQW FRQVLGHUDWLRQV DULVH G6HFWLRQ WK
DQG EDVHOLQH IOXRUHVFHQFH LQGXFWLRQ FXUYH RSWLPL]I

GHVFULEHYVY D VHW RI DOJRULWKPV WKDW WKHQ VFDOH &
WUDQVSRUW UDWHY DQG XOWLPDWHO\ FDUERQ ILIDWLRQ :I
DOJRULWKPV DQG EULHIO\ GLVFXVV WKHLU UHVSHFWLYH RS
DQG UHTXLUHPHQWY IRU DQFLOODU\ GDWD G6HFWLRQ GLVEF
WKH FRQWH[W Rl UHPRWHO\ VHQVHG SDVVLYH FKORURSK\O(
JHQHUDO EHVW SUDFWLFHV LQFOXGLQJ XQGHUZD\ PHDVXU
DUFKLYLQJ )RU IXUWKHU GHWDLOV UHDGHUV DUH UHIHUUFE
*URXS S$FWLYH &KORURSK\OO )OXRUHVFHQFH IRU $XWRQF
BULPDU\ BURGXFWLYLW\" 6&25 :RUNLQJ *URXS



6LQJOH 7XUQRYHU J)OXRUHVFHQFH 3URWRFROV

7KH GHJUHH WR ZKLFK D XVHU FDQ FRQWURO DQG PRGLI\
SURWRFROV LV LQVWUXPHQW GHSHQGHQW )RUWXQDWHO\ P
FDQ VXSSOHPHQW WKH JHQHUDOL]HG GHVFULSWLRQ SURYLGFH

7KHRUHWLFDO IRXQGDWLRQV DQG FRQFHSWV

7KH EDVLF SULQFLSOH XQGHUO\LQJ &KO) DQDO\VIDV LV UF
&KOD LV WKH SULPDU\ R[\JHQLF SKRWRV\QWKHWLF SLIJPHQ
VRO YIHQ WLWWKRH PHDVXUHG &KO) LV GLUHFWO\ UHODWHG WR V
RIWHQ XVHG DV D SUR[\ IRU SK\WRSODQNWRQ ELRIPDYYYRROP
&KO) PHDVXUHPHQWY DUH VXEMHFW WR YDULDEOH DPRXQW\
&KO) &KOD UDWLR 7KRPDOOD HW DO 7KH XWLOLW\ RI
SURFHVVHV WKDW JRYHUQ TXHQFKLQJ (DFK SKRWRQRYRIYRLJIK
SKRWRVI\QWKHWLF SLIPHQW KDV RQH RI WKH WKUHH PXWXD
ORQJHU ZDYHOHQJWKYV DV IOXRUHVFHQFH OD[ZHOO DQG -RK:
SKRWRV\QWKHWLF JHQHUDWLRQ RI UHGXFWDQW DQG $73 S
GLVVLSDWHG DV KHDW QRQ SKRWRFKHPLFDO TXHQFKLQJ 1
HIFOXVLYH DQG VXP WR XQLGHILDXDOYWKXPAUDAR®YGRQDO LPSRU
SK\WRSODQNWRQ DFWLYHO\ UHJXODWH SKRWRFKHPLVWU\ DC
TXDQWXP \LHO®G, RDWBHKGQLUHFWO\ OLQNHG WR FKDQJHV LQ
SKRWRFKHBPLMQ®\1G4e 7KLV JHQHUDO FRQFHSW KDV EHHQ D
RYHU D FHQWXU\ RI SKRWRV\QWKHWLF UHVHDUFK *RYLQGMH
6FKXEDFN HW DO

ORGHUQ YDULDEOH IOXRURPHWHUY OHYHUDJH WKHVH FRPS
UHGR[ VWDWH RI SKRWRV\VWHP ,, 36,, WKH SLIPHQW SURMW
JHQHUDWH HOHFWURQV IRU UHGXFWLYH ELRVI\QWKHVLV +XJK
RI KLIJIK HQHUJ\ OLJKW WKDW VHTXHQWLDOO\ FORVHV SKRWF
WXUQRYHU WLPHVFDOH RI WKH SYIZKLRLOH3%L.PKHOWBDWUHRQVIDRF
UHVXOWDQW FKDQJHV LQ &KO) )ROORZLQJ WKLV VR FDOOHC
LQFUHDVH WKH WLPH VWHS EHWZHHQ WKH GHOLYHU\ RI KLJ
R[LGDWLRQ WKH VR FDOOHG SUHOD[DWLRQ SKDVH =~ 7KH WHF
DQG KDV EHHQ FRPSUHKHQVLYHO\ UHYLHZHG HOVHZKHUH )I

6FKXEDFN HW DO 7KH PHDVXUHG &KO) VLJQDO LV
36,, VR WKH WHFKQLTXH LV PRVW VXLWHG WR VWXG\ UHDFW
FHQWHUV % XW JLYHQ WKH WLJKW FRXSOLQJ RI UHGXFWD
SKRWRV\QWKHWLF V\VWHP DQG EH\RQG LQIRUPDWLRQ ZHOO
YDULDEOH &KO) PHDVXUHPHQWY +XJKHV HW DO

3ULPDU\ DQG VHFRQGDU\ &KO) SDUDPHWHUYV

3ULPDU\ &KO) SDUDPHWHUV UHIHU WR &KO) PHDVXUHPHQ
UHOD[DWLRQ SKDVHV 67 &KO) PHDVXUHPHQWY DUH RIWHQ St
DFWLQLF OLJKW ZKHUH D SULPH V\PERO % LV XVHG WR GLI
YLIXUH VKRZV IOXRUHVFHQFH LQGXFWLRQ FXUYHV LQ WKF
OLJKW )LJ $ DOO IXQFWLRQDO 36,, UHDFWLRQ FHQWHUYV
LV PD[LPDO DQG &K0O)IIRWRHL /KPP GHSHQGLQJ RQ WKH UHFHQ



VDPSOH QRQ SKRWRFKHPLFDO SDWKZD\V PD\ VWLOO EH HQJ
HI[FLWDWLRQ HQHUJ\ SURYLGHG E\ YDULDEOH IOXRURPHWHUYV
WHPSRUDU\ UHGXFWLRQ RI WKHs &WLFPDXUD DIMCHHVF I WRWDOD RV E H W
FRPSOHPHQWDU\ IOXRUHVFHQFH \LHOG XQWLO DOO UHDFW
TXHQFKLQJ LV DQG &KOJKH PIORWXGH RI WKH; &KW) WUD
GHQRMBAKGHUEH) FDQ EH LQWHUSUHWHG DV WKH PD[LPXP SKR
JLYHQ SRSXODWLRQ RI 36,, XQGHU D JLYHQ HQYLURQPHQWTI
DGGLW(@{ROQWRWKH SULPDU\ SDUDPHWHUYV GHULYHG LQ WKH
DEVRUSWLRQ FURVV 6HFWLR&: 1 BH WBIBY HEKIRMR P KR LWO\RB\H R |
WUDQVLHQW ULVH W&H GRIQQHBWRLY MWWKH SFVMREDELOLW)\ RI HJ
FORVHG UHDFWLRQ FHQW¥WHWKHRWLP R FIRQ \RWBIQEVQRE L GROUNVE R,Q
WKH GDUN UHJXODWHG VWDWH DV PHDVXUHG GXULQJ WKH U
GLVWLQFW WLPH FRQVWDQWYV *RUEXQRY HW DO ,Q WK
DW WKH EHJLQQLQJ RI WKH VDWXEBWRRWHSKOVBFWLEBRIRU3E
FHQWHUV DUH DOUHDG\ SKRWRFKHPLEDO®S UHMIXEFWMGE WHHH I L
&KO) PHDVXUHG LPPHGLDWHO\ DIWHU WKH WUDQVLWLRQ IU]
SXOVH V &KO)GIEPUM D WHNVVWR\ S (, FRIOW K I FB\DW W KIIHQ XODWHG
RI &KO) TXHQFKLQJ E\ 134 7KH DPSOIMWXGH RY WHERAKHDG W
ZKHUHKEN," LV WKH UHDOL]JHG TXDQWXP \LHOG RI 36,, SKRWF
WUDQVLHQW &F\RDIIEGRYLGHYV

7KH SULPDU\ &KO) SDUDPHWHUYV DUH UHWULHYHG E\ ILWW]

WR D ELRSK\VLFDO PRGHO 6HFWLRQ 7KH VHFRQGDU
SsuLpbu\ SDUDPHWHUV OLVWHG LQ 7DEOH WKDW DUH WKH
LQGXFWLRQ ZDV LQWURGXFHG E\ .ROEHU HW DO DQG
HOVHZKHUH )DONRZVNL HW DO +XRW DQG %DELQ

)LJ $Q H[DPSOH RI D VLQJOH WXUQRYHU YDULDEOH IOXRUHVFHQFH WUDQVLHQW
DQG % OLJKW UHJXODWHG VWDWHV 7KH WLPH D[LV LV QRQ OLQHDU DV VDPSOLQ.
WR UHIOHFW WKH FKDQJLQJ WHPSRUDO UHVROXWLRQ UHTXLUHG WR XQGHUVWDQC



TUHDWPHQW RI EODQN DQG EDVHOLQH IOXRUHVFHQFI

7KH ELRSK\WLFDO PRGHOV DSSOLHG WR IOXRUHVFHQFH W
PHDVXUHG &KO) RULJLQDWHV IURP IXQFWLRQDO 36,, UHDI
IOXRUHVFHQFH FDQ RULJLQDWH IURP D YDULHW\ RI RWKHU
VLIQLILFDQW IUDFWLRQ RI WKH REVHUYHG VLIJIQDO &XOOH
6FKXEDFN HW DO UHYLHZ DQG SDUWLWLRQ QRQ 36,, 10’
SK\WLRORJLFDO DQDO\WLFDO EODQNYVY DQG WKH SK\VLRORJLF

$QDO\WLFDO EODQNYVY DUH TXDQWLILDEOH DQG VXEWUDFWH
SDFENDJHV DVVRFLDWHG ZLWK VSHFLILF LQVWUXPHQW YDULD
EODQNYV 7KH UHDGHU LV DOVR UHIHUUHG WR WKH RSHQ VRXI
B3\ WKRQ SDFNDJH GHYHORSHG DQG GHVFULEHG E\ 5\DQ .HRJK
FRPSDWLEOH ZLWK GDWD IURP WKH PRVW FRPPRQ PRGHO YD
SURYLGHV XVHIXO VWDWLVWLFDO PHWULFV

$QDO\VWLFDO EODQNV FRQVWS$jW.X\W 8 GD QO X RV WUKHPGIRH | ER P
VXEVWDQEMKDW DUH LQGHSHQGHRY OYDBHIVEHOGE EHWZHHQ
WV\SHV EXW LPSURYHG GHVLJQV KDYH UHGXFHG WKLV VLJQI
ZDWHUV 6FKXEDF$;4WDRHDVXUHG XVLQJ SXUH ZDWHU DQG
FDQ LGHQWLI\ LQVWWL¥PHQWOORGEHIWVHG WR TXDQWLI\ DQ
ELRIRXOLQJ E\ LQWHUSRODWLQJ PHDVXUHPHQWY DW UHJXOEC
VXEWUDBWALR@RMRI&EKO) LV RQO\ UHFRPPHQGH(G ZAKHILQ/ LK FOBHWY
WKXV VHUYHV DV DQ XSSHU OLPLW EH\RQGZXLV KN XDRVRLXNOH
IROORZLRPJILOWUDWLRQ DQG PHDVXUHG ZLWK D FOHDQ RSW
FUHDWH PLFUR EXEEOHV WKDW VWURQJO\ VFDWWHU OLJKW
ILOWUDWLRQ EHIRUH PDNLQJ D PHDVXUHPHQW :KHQ RSHUD
IL[HG ORGHPMBLHRDQV XUHPHQWYVY VKRXOG EH SHUIRUPHG UHJXOD
IROORZLQJ EHVW SUDFWLFHV IRU FROOHFWLQJ DQG SURFHVV
| SURILOIQLYWR¥XH®G EH PHDVXUHG DW GLIIHUHQW GHSWKYV
RI LQVWUXPHQW VSHFLILF VHWWLQJYV WKDW DIIHFW WKH PDJ
LQVWUXPHQW FKDQJHV LQ LQVM,URPBQRW H/[IELGDON DRPG OH.QLHR
SKRWRPXOWLSOLHU VHWWLQJVY DOWKRXJK PRVW VRIWZDU|I
FKDQJHV LQ LQVWUXPHQW VHWWLQJYV 5HJDUGOHVV DQDO\W
LQVWUXPHQW VHWWLQJY DV DWWHQGDQW ILHOG PHDVXUHPH
XVHU FDQ JDXJH DQDO\WLFDO EODQN(YDULDQFH DQG LPSRUW

,QGXFWLRQ FXUYH RSWLPL]DWLRQ DQG VWDWLVWLFD

ORVW UHFHQW YDULDEOH IOXRURPHWHUV KDYH RQERDUG
IOXRUHVFHQFH LQGXFWLRQ QRPLQDOO\ DFKLHYHG E\ WXQL¢
DPSOLILFDWLRQ :KHUH UHDO WLPH GDWD LQVEHFRRXRIG SHL
DSSURDEK DSSUR[LPDWHO\ KDOIZD\ WKURXJK WKH VDWXUDW
DOORZ WKH XVHU WR DYHUDJH VXFFHVVLYH VDWXUDWLRQ D
WKRXJK LQ SULQFLSOH WKLV FDQ DOVR EH DFKLHYHG LQ D ¢
IOXRURPHWHUV FDQ DFTXLUH GDWD LQ HYHQ WKH PRVW R
PHDVXUHPHQWY WDNHQ ZKHQ D VLJQLILFDQW IUDFWLRQ RI 3
ZKHUHDSSURREAKHMKV KLIJK OLIJIKW HQYLURQPHQWY JHQHUDOO\



XQFHUWDLQW\ &RQVLGHUDEOH DYHUDJLQJ RI UHSHDWHG &K
5\DQ .HRJK DQG 5RELQVRQ

6WDWLVWLFDO PHWULFV WKDW GHVFULEH WKH ILW Rl WKI
XQFHUWDLQW\ SURYLGH WKH PRVW GLUHFW ZD\ WR DVVHVV
PHWULFV FDQ DOVR EH XVHG LQ D SRVW SURFHVVLQJ SLSH
WUHDWRHBW RLHRJK DQG 5RELQVRQ 9DULDEOH IOXRU
UHSRUW HLWKHU WKH FRHIILRUHIRR GRQ HE/NWR U PLK/QMDIN LA RW UE
VXLWDEOH IRU QRQ OLQHDU PRGHOV 5\DQ .HRJK DQG 5
UHFRPPHQGDWLRQ WR ERWK LQVWUXPHQW GHYHORSHUV DQCGC
PHDQ VTXDUH HUURUV DQG QRUPDOL]JHG ELDV RI PRGHO ILV
LQVWUXPHQW GHSHQGHQW FKDQJHV LQ WKH PDJQLWXGH RI
ZLWKLQ DQG DFURVV GDWDVHWYV

%LRSK\VLFDO PRGHO GLIIHUHQFHV DOVR DULVH WKURXJ}
FRQQHFWLYLWY WRBMWLEBHHQWHY WKH SUREDELOLW)\ Rl H[FLWD'
RSHQ UHDFWLRQ FHQWHUV (T U L\D\DEXHOWQ RZRRQBHLRW(TY LV
LV HLWKHU FRQVWDQW RU LWHUDWLYHO\ MROY H® XR U H \F MKF
ULVHV H[SRQHQWLDOO\ EXW DV FRQQHFWLYLW\ LQFUHDVF
VLIPRLGDO .ROEH® WWHN® B{PXDWWRKGVIUDFWLRQ RI RSHQ UH
WLPRBQJG:P LV WKH NQRZQ H[FLWDW L R Q&a8HLMULIR DDA L YWKUH G X
WUHDWRH@WORHQFHY ERWK WKH DEVR UMW IDRE@(E UBMQVHFWL
.HRJK DQG 5RELQVRQ 7KH VKDSH RI WKH LQGXFWLRQ
UHVROYH WKH XQGHUO\LQJ &KO) SDUDPHWHUVWERRKWGRGLF
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(T LV DQ H[WHQVLRQ RI (T WKDW LQFOXGHV UHOD[D!
WKH ORQJHU WLPHVFDOH L@®V)LISHODEEWLGR@L QL @HWLFV FRQ\
GLVWLQFW ARMHIFKHGMVYQHG EY, DQGD PSWLMK GRONVWSGM RQ R
WKhH WHOD[DWLRQ NLQHWLFV ZLWK VXIILFLHQW DFFXUDF\
UHTXLUHY D FRPSRQHQW PRGHO *RUEXQRY DQG )DONRZ
WUDQVSRIMRIYOMGE GHSHQGLQJ R Qs VWDIHG WKIHMNHOREZAGDWLRQ |
LQDFWLYH UHDFWLIRK) FHQWDH BIVVI4E PIIR F RVGRVAVD DRV IDVWHVW FR

DQW UHIOHFWV WKH BDWHBWILRQ LQ DFWLYH UHDFWLRQ FHQ
J)DONRZVNL
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(VWLPDWHYV RI SBKRWRV\QWKHWLF (OHFWURQ 7UD!

6HYHUDO DOJRULWKPY KDYH EHHQ GHYHOWRSHEBPWRDGHUEY
IOXRUHVFHQFH PHDVXUHPHQWY .ROEHU DQG )DONRZVNL

DQG )DONRZVNL 7KH PHULWY DVVXPSWLRQV DQG GLVE
WKH\ DUH XOWLPDWHO\ VFDOHG WR FDUERQ IL[DWLRQ KDYF
+XJKHV HW DO 6FKXEDFN HW DO *RUEXQRY DQG )

VHFWLRQV WKH WZR PDLQ DSSURDFKHV DPSOLWXGH EDVH!
GLVFXVVHG DORQJVLGH PRGHO VSHFLILF FDYHDWV VFDO
SKRWRV\QWKHWLF LUUDGLDQFH FXUYHV DQG VSHFWUDO FRU

$PSOLWXGH EDVHG (75 DOJRULWKPV

7KH WZR DPSOLWXGH EDVHG (75 DOJRULWKPV GLVFXVVHG
(75 FDQ EH FDOFXODWHG IURP HVWLPDWHYV RI LQFLGHQW S|
SKRWRQV DEVRUEHG E\ 36,, SLIPHQWYV DQG WKH GLVWULEX\
WKUHH HQHUJ\ GLVVLSDWLRQ SDWKzD\V 6FKXEDFN HW DO

7KXV (75 LV D SURGXFWzRI ZISHEW QDO \ZRI PR QVEKRVERIG W BL
DEVRUSWLRQRFRHIKWLKRUW HVWLQJ SLIPHQWYV BYMREMWKWHG
XQLWWWKH GLPHQVLRQOHVV TXDQW XPoAlk G RIL BEWHEXK BW R F K
(:"2(;" 7DEOH 1RWH WKDW WKLV IRUPXODWLRQ \DQOGV (°
DGGLWLRQDO WHUP RIWHQ QRW VKRZQ LQ WKH OLWHUDWXU
IURP FKDUJH VHSDUDWLRQ LV SURGXFHG SHU SKRWRQ DEVR
RIWHQ LPSOLFLWO\ XVHG WR DUULYH DMk (A5 HKQVLKHU RD P RQ R
PHDVXUHPHQW H 1Q MOWRRILOHGHRDQDQ DFWLQLF VRXUFH SUR
JRU VLPSOLFLW\ WKLV VHFWLRQ LJQRUHV DQ\ VSHEWUDO G|
$GGLWLRQDO GHULYDWLRQ RI SDUDPHWHUV QRW VKRZQ

$PSOLWXGH EDVHG YDULDEOH IOXRUHVFHQ FfiH_ VI RUKLW K P V
WHBR LV OLNHO\ QHZ WR QRQ H[SHUWV D EULHI RYHUYLH
ZDUUDQWHG 7KH VSHFWUDO SK\WRSQDOQNM RQ&&®EVRUSWRILR
PHWKRGVY FDQ EH SDUWLWLRQHG EDVHG RQ WKH DVVRFLDW
=242 RU SKRWR¥WAYWHM DFWLYH IOXRUHVFHQFH OLWHUDWXUH
EHWZH K QP QG WKH VSHFWUDO DEVRUSWLRR:FRHWARLHIQW RI
UHSUHVHQWY SLJPHQW DEVRUSWLRQ RI IXQFWLRXMPK V8K D WU |
=niak ARG ?° 7KLV GLVWLQFWLRQALY HP3RYDDHQMW DNVR WKH
YROXPHWULF FRQFHQWUDWLRQ R* SR RMWRK \XQUH\PVDRILGE KWL R
SULPDU\ &KO)&SRUDPHWHU

7KH PRVW ZLGHO\ XVHG DOJRULWKP WR GDWH LV WKH 6LJP
DV WKH SURGXFW WKH SURGRRWRIOLHGVWERW UHSUHVHQW V
DEVRUSWLRQ FBRVYWROMERWMLRY DQG WKH TXDQWXP \LHOG
SKRWRFKH,ELV'WU\

"64L o ®4% PO RBGOG: 7O "



(T VKRZV DQ HTXLYDOHQW GHULYDWLRQ &WKD@G GRHYV
(¢%: PHDVXUHPHQWYV 7KHVH HT)XORWKWQ\WQ 0B XAHGT RKPROHQ W Q. 13
FURVV VHFWLRQ DQG TXDQWXP \LHOG RI 36,28 KRWRFKHP|

(69(s B(Ma(y "
'64 L " gop ®4 % P ANR; ("

7KH DERYH WZR DSSY®PFBERVWUHRRRRHE®QV HVWLPDWHG D\
SURGXFW RI DQFLO O BDH=PHPY WK REWNMURUDWLR RI FKO D St
Jeiaa (T Z BeHUlHV W\SLFDOO\ DVVXPHG WR EH DRG P
SURNDU\RWHV DQG HXNDU\RWHV UHVSHFWLYHO\ 6XJJHWW H\

> % P Jgi A 72BH?

$QFLOODU\ ILHOG MHOMXDO FFHQ WNURRUPHG WKURXJK WKH |
PHWKRG 6XJJHWW HW DO EXW WKHVH DUH ODERULRXYV
PJ FRO ,Q WKH DEVHQFH RI HLWKH WBQREYODHIT 5P ADY XEHH P H
H[SUHVVHG SHU XQLW 3®4:{;KQLWV7EBNJKHVY ELRIJHRFKHPLF
SKRWRQN3B,, WKH\ DUH QRQHWKHOH V\64H FPGLDQ/IN X & P HIDEN K DR
YDU\ ZLWK SK\WRSODQNWRQ JURZWK UDWHV *RUEXQRY DQ
PHDVXUHPHQWY SURYLGH LPSRUWDQW SKRWRV\QWKHWLF SK
UHPRWHO\ VHQVHG SURGXFWV BHFWLRQ

"Gz ak Eoe @ AR ("

7KH DEVRUSWLRQ DOJRULWKP GLIIHU¥ s4J4RPGUKHFO OR HDW L
I[URP &KO) DQG DQ LQVWUXPHQW VSHFL%LEL BYH][SEHIUH@WQWD
GHULYHG WKURXJK 8H2PABDVOULRBIQWYGDQG LV EDVHG RQ W
TXDQWXP \LHOGV RI IOXRUHVFHQFH DQG SKRWRFKHPLVWU\ D
FRQVWDQW RI QRQ UDGLDWLYH GHFD\ 2[ERURXJK HW DO
UHILQHG E\ %RDWPDQ HW DO WR LQFOXGH IOXRUHVFHC
RUGHU WR FRUUHFW IRU IOXRUHVFHQFH (T VKRZV WKF
DOJRULWKP QRWH WKDW ERWK GDUN DQG DFWLQLF PHDVXUH
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.LQHWLF EDVHG (75 DOJRULWKP

$Q DOWHUQDWLYH6RHDVHOHRPY ®RW RIKH NLOQHWLFGXRILWEKH U
WKH 36,, UHOD[DWLRQ SKDVH (T DQG LV PRUH WKRU
YDONRZVNL 7KLV DSSURDFK UHOLHV RQ PHDVXULQJ WKI
VDWXUDWLQJ PBiEWL QKE F&L GKWL Q H\6 4P RIDPXKPHYHG XQGHU VDYV
LUUDGLDQFH 7KH VHFRQG WHUP LQ WKH HTXDWLRQ LQ VTXI
GHSHQGHQW HFKEYQ JJHKWH LRBWLP D[ DH WHO REWHG DV DS SUR[LP
ZKHWH Y WKH OLJKW VDW X ey 98 WB\DXWD P FWHYHRI WKH

"BAgiak SWeo" @B gop @0 " ® wodla (", 08 C

7KH DOJRULWKP DQG RSHUDWLRQDO SURWRFRO IRU NLQ
LPSOHPHQWHG LQ PLQL ),5H LQVWUXPHQWY GHYHORSHG DC
*RUEXQRY DQG )DONRZVNL DQG LQ XSJUDGHG 6DWODQW

$OJRULWKP VHOHFWLRQ DQG FDYHDWYV

7KH DELOLW\ WR LPSOHPHQW D JLYHQ (75 DOJRULWKP KD
GHVFULEHG DERYH VRPH DOJRULWKPV \LHOG '"8&QXRHWULF
(75 QRUPDOHEWISG, WRROXPHWULF (75 UDWHV DUH GHVLUHG D
PHDVXUH RYW%W*YRRBHE@FDOLEUDWHG IOXRURPHWHULV XVHG IRL
2[ERURXJK

$QRWKHU FOHDU RSHUDWLRQDO FRQVLGHUDWLRQ LV ZKHV
DFWLQLF &KO) SDUDPHWHUYV :KLOH PRVW QHZ LQVWUXPHQW
VKRXOG FRUUHVSRQG WR IXOO\ GDUN UHJXODWHG SK\WRSO
KDYH EHHQ IXOO\ UHYHUVHG 8QIRUWXQDWHO\ WKHUH LV QR
UHOD[DWLRQ DV LW YDULHV ZLWK HQYLURQPHQW DQG FRPP
PLQXWH ORZ GRROWPRY A WNUHDWPHQW WR LQGXFH 134 UHODI[D)
TXHQFKLQJ” FDXVHG E\ UHVSLUDWRU\ UHGXFWLRQ LQ SURND!
DQG /HSHWLW 6FKXEDFN HW DO

$Q DGGLWLRQDO FDYHDW LV WKDW EDVHOLQH IOXRUHVFHQ]
LQFUHDNEFAZKLFK UHVXOWM(EL @ @R ZHKUHIQW OLIKW HTXLYDOHQ
LPSRUWDQFH RI WKH YDULRXV VRXUFHV Rl EDVHOLQH IOXRUF
ODUJHO\ XQNQRZQ 6FKXEDFN HW DO 7KH LPSDFW RI
VSHFLILF (75 UDWHV FDQ EH DVVHVVHG E\ (XHWUDFWR@H D
VHQVLFDO FRQV@®HADLQWVs Hs?5 O& 0 tHs¥™ P 5&,, 5\DQ
.HRJK DQG 5RELQVRQ DQG SURSDJDWLQJ EDVHOLQH FRI
DOJRULWKP

(OHFWURQ 5HTXLUHPHQW IRU &DUERQ )L[DWLRQ

SKRWRVI\QWKHWLF HOHFWURQ WUDQVSRUW IXQGDPHQWD
ELRIHRFKHPLVWU\ DQG FRPSHOOLQJ DUJXPHQWY FDQ EH PL
VKRXOGEH IWKMRWRV\QWKHWLF FXUUHQF\ +XJKHV HW DO



IRU FDUER Q04 [fDR\OLRRRO &® DQ DQDO\WLFDO PHDVXUHPHQW
EHWZHHQ SKRWRV\QWKHWLF HOHFWUR®R, IW&DY,S RRWKBIYG FL
HW DO SURYLGH D FRPSUHKHQVLYH WKHRUHWLFDO DQ(
Om, YDULDELOLW\ OBMDLQQB®ONMUYHRIELRIHRFKHPLFDO UHJLF
IUDFWLRQ RI SKRWRV\QWKHWLF HQHUJ\ VWRUHG DV FDUERQ
ZLWK DGGLWLRQDO WD[RQRPLF YDULDQFH /DZUHQ] HW DO
DO +XJKHV HW DO WKRXJK ZQg K HIKD DLPD G VM B C
VXVFHSWLEOH WR PHWKRGRORJLFDO DUWLIDFWV LQ ERWK
SURGXFWLYLW\ LV OLPLWHG E\ WKH SDXFLW\usRKIPDMRY QQ X\
HVWLPDWHG IURP WKH NLQHWLF DQDO\VLV RI IOXRUHVFHQF
*RUEXQRY DQG )DONRZVNL 7KH FXUUHQW FROIRPXQLW\ |
PHDVXUHPHQWYV IRFXV RQ WLPHVFDOHV WKDW DSSURDFK QI
GRFXPHQW

SKRWRV\QWKHWLF ,UUDGLDQFH &XUYHV DQG 6SH

7KH WUDGLWLRQDO SKRWRVI\QWKHWLF OLJKW UHVSRQVH 3
GHSHQGHQFH RI WKH LQVWDQWDQHRXV UDWH RI SKRWRV\QW
WKH LQFLGHQW LOOXPLQDWLRQ ( VHUYH DV D PHDQV RI FRP
PDULQH SK\WRSODQNWRQ DFURVV QDWXUDO SRSXODWLRQV
WD[RQRPLF FRPSRVLWLRQ 3ODWW DQG -DVVE\ 67 &KO)
UDSLG DFTXLVLWLRQ RI OLJKW UHVSRQVH FXUYHV DQG WKH
D LQLWLDO VORSH RI OLJKW GHSHQGHQW [ LWRHHBVH PIXP S
SKRWRVI\QWKHWMWKHDWRKWBWXUDWLRQ SDUDPHWHU 30DW
DO

ORVW FRPPHUFLDO YDULDEOH IOXRURPHWHUV DUH HTXLS
VRXUFHV ZKLFK DOORZ XVHUV WR PHDVXUH &k @)&DEBE H QWS D
,QGHHG VXFK PHDVXUHPHQWY DUH UHTXLUHG WRBEROFXODW
(T $OWHUQDWLYHO\ OLJKW GHSH Q GH® WERSID®RI A WM FD D
GHSWK SURILOHV RU IL[HG GHSWK GHSOR\PHQWYV WKURXJK \
Rl3sDUH DOVR PDGH 2QERDUG DQG SURJUDPPDEOH DFWLQLF
SURJUDP WKH OHQJWK DQG PDJQLWXGH RI OLJKW VWHSYV
DSSURDFKHVY EHLQJ DGRSWHG FRQVLVWHQW ZLWK RWKHU SK
DO 7KH FXUUHQW PLQLPXP FRPPXQLWD %L ®EGLQOH LV
GHULYHG IURP YDULDEOH IOXRUHVFHQFH PHDVXUHPHQWYV |
HPSOR\HG /LNH WUDGLWLRQDO 3( FXUYHV D YDULHW\ RI PR
RI WKLV GRFXPHQW 6LOVEH DQG .URPNDPS IXUWKHU VI
PRGHOHG E\ QRUPDOL]LQJ D JLYHQ 3( PRGHO WR ( DV LW ¢
UHPRYHV ( DV D GHSHQGHQW YDULDEOH DQG FULWLFDOO
PHDVXUHPHQWY UHVXOWLQJ LQ EHWWHU ILWWLQJ RI WKH G
6LOVEH DQG ODONLQ DQG WKH 3\WKRQ SDFNDJH 33K\W|
5\DQ .HRJK DQG 5RELQVRQ ERWK DOORZ IRU 3( FXUYH IL

/ILNH DOO SKRWRV\QWKHWLF PHDVXUHPHQWY YDULDEOH IC
VSHFWUDO TXDOLW\ RI DFWLQLF LUUDGLDQFH B6SHFWUDO F
RSWLFDO HQYLURQPHQW V LQWREBMRFQ® DG WLLIQR G P\HROW F B §



DEVRUSWLRQ FRHIILFLHEQW® R6SSKRW BB OD QNQVRVQU XPHQW VSHFI
DUH QRUPDOO\ SURYLGHG E\ WKH PDQXIDFWXUHU 6SHFWUL
6HFWLRQ RI WKLV ,2&&* 9ROXBGE $/i D (RR DROHDOVR |

VHQVLWLYH WR VSHFWUDO TXDOLW\ WKHUHIRUH PHDVXUHP]
FRUUHFWLRQ IRUPXODWLRQ 'HWDLOHG H[DPSOHV RI VSHFWU
SURYLGHG E\ 6LOVEH HW DO DQG 6FKXEDFN HW DO

SK\WRSODQNWRQ 3K\VLRORJ\ IURP 6SDFH 9DOLG
,QGXFHG &KORURSK\OO )OXRUHVFHQFH <LHOGYV

LWK WKH ODXQFK RI WKH ORGHUDWH 5HVROXWLRQ ,PDJL
OHGLXP 5HVROXWLRQ ,PDJLQJ 6SHFWURPHWHU 0(5,6 VDWHC
GHWHFWLQJ VRODU LQGXFHG FKORURSK\OO IOXRUHVFHQFH
JOREDO RFHDQ LW EHFDPH WKHRUHWLFDOO\ SRY)LEBERPA WR F
VSDFH $EERWW DQG /HWHOLHU WHKUHQIHOG HW DCcC
02',6 0(5,6 DQG QRZ 2FHDQ DQG /DQG &RORXU ,QVWUXPHQW
UHWWLHYRP WKH UDWLR RI 6,) DQG WKH QXPEHU RI SKRWRQ
GHILQHG DQG GLVFUHWH QHDU VXUIDFH YROXPH RI ZDWHU 6

QP LQ VSHFWUD RI ZDWHU OHDYLQJ UDGLDQFH VSHFWUD

*RZHU HW DO 6,) LV WKH RQO\ VLIQDO HPLWWHG
VSDFH WKDW FDQ EH XQDPELJXRXVO\ DVFULEHG WR SK\WRSO

7KH LPSURYHPHQW RI HIWDQW UHPRWH V H&LFIDIQDEOH @ K ILLWK
IURP YLFIDQMEBXLEUDWLRQ DQG NQRZOHGJH RI WKH XQGHUC
VLWKDVXUHPHQWY RI WKH TXDQWXP \LHOG RI 6,) KDYH EHH
IOXRURPHWHU QRQ YDULDEOH FDOLEUDWHG DJDLQVW D U
SURSHUWLHY DQG IOXRUHVFHQFH \LHOG 6,AND LK LHOX WD\OL Q
JOREDO RFHDQ FD WHQ IROG KDV EHHQ EURDGO\ FRUUHOD
WHPSHUDWXUH DQG SHUKDSV PRVW QRWDEO\ LURQ /HWHOL!
DO %HKUHQIHOG HW DO GHPRQVWUDWHG WKDW
SKRWRFKHPLFDOOJXWRBRXQK PQVLPSOH LQYHUVH OLJKW FRU
GHWHFWLRQ RI LURQ OLPLWHG UHJLRQV ZLWK VRPH QRWDE
PHDVXUHPHQWY WKURXJK VSDFH DQG WLPH FDQoG4d URBWO\ K
H[DPSOH LPSURYHG FKDUDFWHUL]DWLRQ RI6184& O TRULIDEK PV \
DQG XOWLPDWHO\ D EHWWHU XQGHUVWDQGLQJ RI ELRJHRFK|
JOREDOO\

SUDFWLFDO SHFRPPHQGDWLRQV
,QVWUXPHQW FDOLEUDWLRQ

$ FRPSUHKHQVLYH GLVFXVVLRQ RQ LQVWUXPHQW FDOLEUL
RUNLQJ *URXS %XW WKH UHDGHU LV DGYLVHG WKDW W
FDOLEUDWLRQ ZLOO EH WKH LQVWUXPHQWY YV XVHU PDQXDO
HIFLWDWLRQOQ XV IHEKWR H[FLWH 36,, DQG WKH DFWLQLF OLJK'
YDULDEOH IOXRURPHWHUV 7KH /('V XVHG LQ ERWK OLJKW VR
IDFWRU\ FDOLEUDWLRQV FDQ EH YDOLG IRU PRQWKY WR \HDL
VKRXOG EH DZDUH Rl WKH QHHG IRU URXWLQH PRQLWRULQJ



OHYHOV FDQ EH YHULISVYIGQE\RWPPRIULWVEQYHWWH ILOOHG ZLWK
Vze, LQ DEVROXWKE , XQIHWXLPH DFFXUDWH FDOLEUDWLRQ RI WK
LQ WKH PHDVXULQJ YROXPH L H WKH YROXPH IURP ZKLF}
FDOLEUDMYLILRQORPUIJHO\ FRQILQHG WR PDQXIDFWXUHUV DV WKI
WKH G\QDPLF UDQJH RI PRVW 3%$5 VHQVRUV O5HFRPPHQGDW
FRPSDQLHV WR SURYLGH JXLGHOLQHY DQG DQFLOODU\ KDU¢
VHQVRUV I|IRU LPSURYHG FDOLEUDWLRQ JRLQJ IRUZDUG

8QGHUZD\ PHDVXUHPHQWYV

ORVW YDULDEOH IOXRURPHWHUV DUH ZHOO VXLWHG IRU
XQGHUZD\ VIVWHP RU FRDVWDO REVHUYDWRU\ 7KH EHVW SL
GDWD KDYH UHFHQWO\ EHHQ GRFXPHQWHG ,2&8&* DQG D
%HVW SUDFWLFHV UHOHYDQW WR YDULDEOH IOXRURPHWU
JHRORFDWLRQ OLJKW FRQWDPLQDWLRQ IORZ UDWHV DQG L
D PP ILOWHU 6RPH YDULDEOH IOXRURPHWHUV KDYH 10|
SURJUDPPDEOH SHULVWDOWLF SXPSV IRU VDPSOH H[FKDQJH
WKDW PLQLPL]JHV YLEUDWLRQ ZKLOH VWUD\ OLJKW FDQ EH
QHHGHG ,I XVLQJ D IORZ WKURXJK FXYHWWH D GHEXEEOHU "
FXYHWWH DQG URXWLQHO\ FKHFNHG IRU OHDNV 7KH ZDWHU
UHVLGHQFH WLPH H[FHHGV WKH OHQJWK RI WKH VDWXUDWLR
FRQQHFWV WR D 86% SRUW FDQ EH SXUFKDVHG IRU a 86' DQ
ORJJLQJ FRPSXWHU WLPH ,QOLQH RSWLFDO EODQNV FDQ KH¢
VKRXOG FDUHIXOO\ PRQLWRU ELRIRXOLQJ

'‘DWD DUFKLYLQJ

7KH I XOO SRWHQWLDO RI YDULDEOH IOXRUHVFHQFH FDQ R
LOQWHU FRPSDUDEOH GDWD DFURVV WKH LQWHUQDWLRQDO
VSHFLILFDWLRQ DQG DGRSWLRQ RI VWDQGDUG UHSRUWLQJ
QHZ REVHUYDWLRQV DQG ZKHUH SRVVLEOH IRU DUFKLYHG
HVWDEOLVKHG E\ WKH VDWHOOLWH UHPRWH VHQVLQJ FRPPXC
WR RUJDQL]J]H YDULDEOH IOXRUHVFHQFH GDWD LQWR WKH ZHC

IHYHO (DFK LQVWUXPHQW JHQHUDWHY UDZ GDWD UHODW
PD\ YDU\ DPRQJ LQVWUXPHQWY DQG VDPSOLQJ SURWRFROV
JHQHUDO XVHU ZLWKRXW DFFHVV WR LOQVWUXPHQW FKDUDFW
VWRUHG ZLWK D EDFNXS RQ WKH XVHUYV PHPRU\ UHVRXUFH

IHYHO &DOLEUDWHG REVHUYDWLRQDO GDWD IURP &KO)
VSHFLILF FDOLEUDWLRQ FRHIILFLHQWY DQG FKDUDFWHUL]DW
FRHIILFLHQWY DUH HVVHQWLDO PHWDGDWD $QDO\WLFDO EC
LQGLFDWH WKHLU YDOXHV DQG ZKHWKHU WKH\ KDYH EHHQ
LOFOXGHV LQVWUXPHQW VHULDO QXPEHU GDWH DQG WLPH
UHFRPPHQGYV DUFKLYLQJ /HYHO GDWD WR IDFLOLWDWH DQ(
PRGHOV

IJHYHO  3KRWRV\QWKHWLF SK\VLRORJL&GDQI:GBWDTBHULYHG
LQFOXGLQJ VWDWLVWLFDO PHWULFV 6HFWLRQ OHWDG



HIWHQGHG WR LQFOXGH D FRPSOHWH GHVFULSWLRQ RI DQD
SK\VLFDO PRGHO HPSOR\HG DFWLQLF LUUDGLDQFH GHWDLOV

7TDEOH

/ILVW RI DFWLYH IOXRUHVFHQFH VI\PEROV GHILQLWLRQV DQG ZKHUH DSSURSULD)

6\PERO '"HILQLWLRQ 'HULYDWLRQ 8QLWYV

3ULPDU\ &KO) SDUDPHWHUV

: G OLQLPXP PD[LPXP 67 &KO) LQ WKH GDUN DGDSWHG VWDWH
(" &' 6WHDG\ VWDWH PD[LPXP 67 &KO) LQ WKH OLJKW UHJXODWHG VWDWH
(' OLQLPXP IOXRUHVFHQFH LQ WKH OLJKW UHJXODWHG VWDWHODMRLWXUHG D

SHULRG RI GDUNQHVV RU
"L GoierG EGEGD

iepleo 7LPH FRQVWDQW IRU 4D UH R[LGDWLRQ LQ WKH GDUN DGDSWRMc OLJKW U
écamfean SEVRUSWLRQ FURVYV VHFWLRQ RI 36,, SKRWRFKHPLVWU\ I[P 5&,,H GDUN DG|

VW
€ ¢ &RQQHFWLYLW\ IDFWRU LQ WKH GDUN DGDSWHG OLJKWPHRYXBRWHEW WL
6HFRQGDU\ &KO) 3DUDPHWHUV
(¢ 9DULDEOH IOXRUHVFHQFH LQ WKH GDUN DGDSWHG VWDWHKHODWLYH
(L GFCG
(¢ OD[LPXP YDULDEOH IOXRUHVFHQEH LOFWKH OLJKW UHJXODMOHIBNY WD WH
(; 9DULDEOH IOXRUHVFHQFH LQ WKH OLJKW UHJXODWHG VWBW®DWLYH
(LG F(
CE1AA 7KH PD[LPXP TXDQWXP \LHOG Rl 36,, SKRWRFKHPLVWU\LPHQVLRQOHVYV
Geiak (G5(a
Ee1aa 7KH UHDOL]HG TXDQWXP \LHOG RI 36,, SKRWRFKHPLVWUPHQVLRQOHVV

Geraal Gt

5DWH OHDVXUHPHQWY DQG $QFLOODU\ 'DWD

"Eog $FWLQLF SKRWRV\QWKHWLF DFWLYH UDGLDWLRQ \%
(75 36,, YROXPHWULF HOHFWURQ WUDQVSRUW UDWH \%
(7 5ss,, 36,, HOHFWURQ WUDQVSRUW UDWH SHU XQLW >36,,@ \%
> F K@ 9ROXPHWULF FRQFHQWWDWLRQ RI FKORURSK\OO PJ FRE®
. D , QVWUXPHQW VSHFLILF FDOLEUDWLRQ FRHIILFLHQW \%
CETAA ORODU UDWLR RI FKO D SHU 36,, UHDFWLRQ FHQWHU

O¢, S3KRWRQ UHTXLUHPHQW RI FDUERQ IL[DWLRQ

>5&,,@ 9ROXPHWULF FRQFHQWUDWLRQ RI 36,, UHDFWLRQ FHQWHUYV




SHIHUHQFHYV

$EERWW 0 5 DQRG /HWHOLHU 5 O '"HFRUUHODWLRQ V
ELR RSWLFDO GULIWHUV HH® KH & BB Y HOULFLKD 3&XUW HQ WR S|
2FHDQRJUDSK\+

$EERWW 0 5 DQG /HWHOLHU 5 0 3$0OJRULWKP WKHR
IOXRUHVFHQFB 3URGXFW 1XPEHU 2FHDQ %LRORJ\ 3URF
(DUWK 2EVHUYLQJ 6\VWHP

%HKUHQIHOG 0 - :HVWEHUU\ 7 . %RVV ( 6 27J0DOOH\ !
)UDQ] % $ OFFODLQ & 5 )HOGPDQ * & 'RQH\ 6 &
OLOOLJDQ $ - /LPD , DQG ODKRZDOG 1 6DWHOO
JOREDO SK\VLRORJ\ RI RFHDIG BKKWHREOH\Q NW R Q

%RDWPDQ 7 * *HLGHU 5 - DQG 2[ERURXJK . ,PSU

7XUQRYHU $FWLYH )OXRURPHWU\ 67%) IRU WKH (VWLPI
SBURGXFWLYLWURIXWWRBY LQ ODULQH 6FLHQFH

%RXPDQ + $ 30DWW 7 'REOLQ O J)LIXHLUDV ) * *XGP
+XDQJ % +LFNPDQ $ +LVFRFN O -DFNVRQ 7 IXW] 9
3 6HIJXUD 9 7TLOVWRQH * + 9DQ 'RQJHQ 9RJIHOV 9
SKRWRV\QWKHVLV*LUUDGLDQFH SDUDPHWHUV RI PDULQH
VHWUWK 6\VW 6FL £'DWD

&XOOHQ - &LRWWL $ 'DYLV 5 DQG 1HDOH 3 5t
FKORURSK\OO DQG VRODU VWLPXODWHG IOXRUHVFHQFH E
&XOOHQ - - DQG 'DYLV 5 ) 7KH EODQN FDQ PDNH I
PHDVXUHRAQR®RJ\ DQG 2FHDQRJUDSK\ %XOOHWLQ
(VDLDV : ( $EERWW 0 5 %DUWRQ , %URZQ 2 % &DPSI
(YDQV 5 + +RJH ) ( *RUGRQ + 5 %DOFK : 0 /HV

$Q RYHUYLHZ RI 02',6 FDSDELOLWLHV IRW( RFHDQ
7UDQVDFWLRQV RQ *HRVFLHQFH DHQG 5HPRWH 6HQVLQJ

J)DONRZVNL 3 * .REOI]HN O *RUEXQRY O DQG .ROEHU
$SSOLFDWLRQ RI 9DULDEOH &KORURSK\OO )OXRUHVFHQFH
&KORURSK\OO D )OXRUHVFHQFH $ BGYQDWXU3D KD JHRRI RF
*RYLQGMHH 'RUGUHFKW 6SULQJHU 1HWKHUODQGYV *

)DONRZVNL 3 * J/LQ + DQG *RUEXQRY 0 < ‘KDW C
FRQYHUVLRQ HIILFLHQF\ LQ Q D W3KLH'RNHR/S/RLGA\D OU RPDWY K B FR
5R\DO 6RFLHW\ % %LRORJLFDO 6FLHQFHYV

*RUEXQRY 0 < DQG )DONRZVNL 3 * 8VLQJ FKORUR
GHWHUPLQH SKRWRV\QWKHALIP\Q RQ RIN XIDOWGAL 2 AHHRE/R W B P K/\
*RUEXQRY 0 < J)DONRZVNL 3 * 8VLQJ FKORURSK\OO I«

RI SKRWRQV DEVRUEHG E\ SK\WRSGD@XWRQ5HPLWEW ZQ DA
6FLHQRWWSY GRL RUJ DQQXUHY PDULQH



*RUGRQ + 5 %URZQ 2% (YDQV 5+ %URZQ -: 6PLWK
$ VHPLDQDO\WLF UDGLDQFHRPRGHD Il *RIFR-EKQV I
SHVHDUFK $WPRVSKHUHV

*RUGRQ + 5 DQG ORUHO $ < 3,Q :DWHU $0JRULWK!
2FHDQ &RORU IRU ,QWHUSUHWDWLRQ Rl 6DWHOOLWH 9LVL
(VWXDULQH 6WXGLHYV ERRN VHULHV &2$67$/ YROXPH 6 S

*RVV 5 DQG /HSHWLW % - R YALQROBQ. YRH BB\OLDM\WR B BAL RO R J\

*RYLQGMH ( 6L[W\ 7KUHH <HDUV 6LQFH .DXOWWWLR®Q@ROR
30DQW %LRORJ\

*RZHU - ) 5 'RHUIIHU 5 DQG %RUVWDG * $ ,QWH

ZDWHU OHDYLQJ UDGLDQFH VSHFWUD LQ WHUPV RI IOXRU
REVHUYDWLRQOBMAHIU®BWLRQDO -RXUQDO R4 5SHPRWH 6HQVL

+ROP +DQVHQ 2 DQG 5LHPDQQ D%HWH UP L&KIDRIURGE KLEPS UR
PHWKRGRONRM  +

+XJKHV ' - 9DUNH\ ' 'REOLQ 0 $ ,QJOHWRQ 7 OFLQQH
9RJHOV 9 DQG B6XJJHWW ' - ,PSDFW RI QLWURJH
UHTXLUHPHQW IRU FDUERQ IL[DWLRQ LQ $XVWUDOLDQ
IJLPQRORJ\ DQG 2FHDQR&JUDSK\

+XRW < DQG %DELQ O 32YHUYLHZ RI IOXRUHVFHQFH
DQG SUDFWKMHRURSKX\OO D )OXRUHVFHQFH LQ $TXDWLF
$SSOLFDWLRQV LQ $IBEOMHG- SKWEIRERIW 0 $ %RURZLW]NI
I1HWKHUODQGYVY 6SULQJHU 6FLHQFH %XVLQHVYVY OHGLD % 9

+XRW < %URZQ & $ DQG &XOOHQ - - 1HZ DOJRU
FKORURSK\OO IOXRUHVFHQFH DQG D FRPAMPWRMRRI\ZDW K
2FHDQRJUDSK\ OHWKRGV

+XRW < )UDQ] % $ DQG )UDGHWWH 0 (VWLPDWLQJ
6XQ+LQGXFHG FKORURSK\OO IOXRUHVFHQBH PR W6 REDIDV DQ.
RI (QYLURQPHGQW

,2&&* 3URWRFRO 6HULHV ,QKHUHQW 2SWLFDO 3URSH
$EVRUSWLRQ &RHIILFLHQW 1HHOH\ $ 5 DQG ODQQLQR §
%LRJHRFKHPLVWU\ 3URWRFROV IRU 6DWHOOLWH 2FHDQ &
,2&&* 'DUWPRXWK 16 &DQDGD KWWS G[ GRL RUJ y

,28&&* 3URWRFRO 6HULHV 3 QKHUHQW 2SWLFDO 3URSHU
3UDFWLFHV IRU WKH &ROOHFWLRQ DQG 3URFHVVLQJ RI 6Kl
'DWD 2AHDQ 2SWLFV DQG %LRJHRFKHPLVWU\ 3URWRFROV
9DOLGDMWGERQ $5 1HHOH\ $ ODQQLQR 'DUWPRXWK 16
2FHDQ &RORXU &RRUGLQDWLQJ *URXS ,2&&*

.ROEHU = DQG )DONRZVNL 3 * 8VH RI DFWLYH IOXR!
SKRWRV\QWHMREOQWRQRJIJ\ 2FHDQRJWD SK\



.ROEHU = 6 3UuiaLo 2 DQG )DONRZVNL 3 * OHDVX
IOXRUHVFHQFH XVLQJ IDVW UHSHWLWLRQ UDWH WHFKQLT:
SURWBRHRGEKLPLFD HW %YLRSK\VLFD $FWD #£%$ * %LRHQHU

IDZUHQ] ( 6LOVEH * &DSX]]JR ( <O|VWDOR 3 )RUVWHU
.URPNDPS - & +LFNPDQ $ ( ORRUH & 0 )RUJHW 0 +
I BUHGLFWLQJ WKH (OHFWURQ 5HTXLUHPHQW IRU .
30R6 2QH

/[HWHOLHU 5 O $EERWW 0 5 DQG .DUO ' O & KO
UHVSRQVH WR XSZHOOLQJ HYHML(WRE KMYLWKG BRWXMIKUHRKY /BIR

+

/LQ + .X]PLQRY ) , 3DUN - J/HH 6 )DONRZVNL 3 * DC
IDWH Rl SKRWRQV DEVRUEHG E\ SKEWRISOPH)NWRQ LQ WKH .

ODULWRUHQD 6 ORUHO $ DQG *HQWLOL % '"HWHUP
\LHOG E\ RFHDQLF SK\WRSODQS#SSOQL HQG RWIHWMIEVQDWXUDO K

OD[ZHOO . DQG -RKQVRQ * 1 &KORUR S K-\RXOU QDXR BH V |
([SHULPHQWDO %RWDOQ\

ORRUH & 0O OLOOV 0 0 /DQJORLV 5 OLOQH $ S$FKWHUEL
5 - 5HODWLYH LQIOXHQFH RI QLWURJHQ DQG SKRVS
SK\WVLRORJ\ DQG SURGXFWLYLW\ LQ WKH ROLJRWURSKLF
ILPQRORJ\ DQG 2FHDQRJUDSK\

ORUHO $ DQG 3ULHXU / $QDO\WLV RLPITROAMINLRC
2FHDQRJUDSKx
ORUULVRQ -, VOWWHUPLQDWLRQ RI WKH TXDQWXP \LHOG RI

IOXRUHVFHQFH $ VLPSOH DOJRULWKP /LRERORYDWRLERG V
2FHDQRJUDSKx

1IHYLOOH 5 $ DQG *RZHU - ) 5 3DVVLYH UHPRWH
FKORURSK\OO .-FOX{RUMHY RHOARSK\VLFDO 5HVHDUFK

2[ERURXJK . IDE67$%$) DQG 5XQ67$) +DQGERRN
OROHVH\ 8. &KHOVHD 7HFKQRORJLHV /WG SS 'RF 11
KWWS G[ GRL RUJ 2% 3

2[ERURXJK . ORRUH & 0 B6XJJHWW ' - /DZVRQ 7 &KDOQ

'LUHFW HVWLPDWLRQ RI IXQFWLRQDO 36,, UHDFWLRQ FHQV
D YROXPH EDVLVY D QHZ DSSURDFK WR WKH DQDO\VLV RI )
GDWMPQRORJ\ 2FHDQRJUDSK\*t OHWKRGYV

30DWW 7 DQG *DOOHJRV & |/ 30 REHPOIUQ J3 B B IGXIFWM L2
LQ WKHGHB * )DONRZVNL %RVWRQ 0$ 6SULQJHU 86 +
30DWW 7 DQG -DVVE\ $ 7KH 5HODWLRQVKLS EHW,

1DWXUDO $VVHPEODJHV Rl &RDAMRXDQ MO URL BHK \FROWRBOD QN



5\DQ .HRJK 7 - DQG S5SRELQVRQ & O SK\WRSODQNWF
3\ WKRQ 7RROER[ IRU WKH 6WDQGDUGL]DWLRQ RI 3URFHV\
'‘DWIJRQWLHUYV LQ ODULQH 6FLHQFH

6FKUHLEHU 8 6FKOLZD 8 DQG %LOJHU : &RQWLQXF
QRQ SKRWRFKHPLFDO FKORURSK\OO IOXRUHVFHQFH TXHQ
O XRURPKRWARIV\QWKHVLY S§HVHDUFK

6FKXEDFN 1 6FKDOOHQEHUJ & 'XENKDP & ODOGRQDGR
,(QWHUDFWLQJ HIIHFWV RI OLIJKW DQG LURQ DYDLODELOLMW
WUDQVSRUW DQG &2 DVVLPLODWLBQR&Q2®HHULQH SK\WF
KWWSV GRL RUJ MRXUQDO SRQH

6FKXEDFN 1 +RSSH & - 0 7UHPEOD\ - e ODOGRQDGR
3ULPDU\ SURGXFWLYLW\ DQG WKH FRXSOLQJ RI SKRWRV\
IL[DWLRQ LQ WKH $UEWQRO 2FBRPKDQRJIU +
KWWSV GRL RUJ OQR

6FKXEDFN 1 7RUWHOO 3 ' %HUPDQ )UDQN , &DPSEHOO
(ULFNVRQ = . )XMLNL 7 +DOVH\ . +LFNPDQ $ ( +XRW
'- _ROEHU =6 ORRUH & 0 2[ERURXJK . 3UidLO 2 5
7 - B6LOVEH * 6LPLV 6 6XJJHWW ' - 7KRPDOOD 6 [
7XUQRYHU 9DULDEOH &KORURSK\0OO )OXRUHVFHQFH DV I
3KRWRV\QWKHVLV DQG 3ULPDU\ 3URGXFWLYLW\ 2SSRUWX
JURQWLHUV LQ ODULQH 6FLHQFH

6&25 :RUNLQJ *URXS 3$ 8VHU *XLGH IRU WKH $SSOLFDYV
&KORURSK\OO )OXRUHVFHQFH IRU 3K\WRSODQNWRQ 3URC
%DOWLPRUH O0' G6FLHQWLILF &RPPLWWHH RQ 2FHDQLF
KWWSV UHSRVLWRU\ RFHDQEHVWSUDFWLFHVY RUJ KDQGOH

6LOVEH * O DQG ODONLQ 6 < SK\WRWRROV 3K\WRSC(
9HUVLRQ KWWSV &5%$1 5 SURMHFW RUJ SDFNDJH SK\WF

6LOVEH * O 2[ERURXJK . 6XJIJHWW ' - JRUVWHU 5 0 , |
( 3UuiaLo 2 5|WWJHUV 5 aLFQHU O 6LPLV 6 * + 9L
- & TRZDUG DXWRQRPRXV PHDVXUHPHQWY RI SKRWR
$Q HYDOXDWLRQ RI DFWLYH IOXRUHVFHQFH HEPWOHR® RRIHD V X
DQG 2FHDQRJUDSK\ OHWKRGV

6XJIJHWW "' - 3UuiaLo 2 %REBRDIRWRIK\OO$D IOXRUHVFHQ
VFLHQFHVY PHWKRGVIR@G D S'RUIFDWIKRQV6SULQJIJHU
7TKRPDOOD 6 - ORXWLHU : 5\DQ .HRJK 7 - *UHJRU [/ D

PHWKRG IRU FRUUHFWLQJ IOXRUHVFHQFH TXHQFKLQJ XVL(
SODWIRBRRORJ\ DQG 2FHDQRJUDSK\ OHWKRGYV

=KX < ,VKL]DND - 7ULSDWK\ 6 & :DQJ 6 ©6XNLJDUD &
' 5HODWLRQVKLS EHWZHHQ OLJKW FRPPXQLW\

UHTXLUHPHQW IRU FDUERQ IL[DWDRQQH (BRWRKINDIU B KUW R %
+



SXWRQRPRXV 30DWIRUPYV

'DYLG 3 1LFKRGVURI® - )DYDEGDGHQOD 0 ,¥RQDDQ]D

&HWLQLIU
ODULQH &KHPLVWU\ DQG *HRFKHPLVWU\ '"HSDUWPHQW :RRGV +ROH 2FHD
12$$ 3DFLILF ODULQH (QYLURQPHQWDO /DERUDWRU\ :DVKLQ
ORQWHUH\ %D\ $TXDULXP 5HVHDUFK ,QVWLWXWH &DOLIRU
ORUJDQ 6WDWH 8QLYHUVLW\ 0ODU\ODQG 86%
1$6% *RGGDUG 6SDFH )OLJKW &8HQWHU O0ODU\ODQG 86%$

 QWURGXFWLRQ

,Q UHFHQW GHFDGHV DGYDQFHV LQ XQGHUZDWHU URERWL/
HISDQGHG WKH DELOLW\ RI RFHDQRJUDSKHUV WR REVHUYH I
/IHH HW DO 7TKHVH WRROV KDYH HQDEOHG QHZ DSSURLEL
DQG KROG WKH SURPLVH WR YDVWO\ LPSURY®@ WBUAXFVGZDW LD
SURGXFWLYLW\ DQG QHW FRPPXQLW\ SURGXFWLYLW\ HVWLF
PHWKRGYV UHO\LQJ RQ PHDVXUHV RI ELRIJHRFKHPLFDO SURSH
FKORURSK\OO IOXRUHVFHQFH RSWLFDO EDFNVFDWWHU LU
SURGXFWLYLW\ UDWHV LQ WKH XSSHU RFHDQ 7KHVH HPHUJL
FRPSOHPHQW H[LVWLQJ VDWHOOLWH UHPRWH VHQVLQJ DQG \
SURILOH WKH VXEVXUIDFH ZDWHU FROXPQ FDSWXULQJ WKH Y
PD[LPXP RIWHQ PLVVHG E\ RFHDQ FRORU VDWHOOLWHYV +RZ}
DUH VWLOO UHODWLYHO\ QHZ DQG YDU\ ZLGHO\ LQ WKH W\SH
PHWKRGRORJLFDO DVVXPSWLRQV UHTXLUHG +HUH ZH VXPEF
SODWIRUP EDVHG SURGXFWLYLW\ HVWLPDWHY EHVW SUDFW
IRFXV RQ URXWLQHO\ GHSOR\HG FKHPLFDO DQG RSWLFDO VH(

'HSHQGLQJ RQ WKH DSSURDFK DXWRQRPRXV HVWLPDWHYV
FRPPXQLW\ SURGXFWLRQ 1&3 QHW SULPDU\ SURGXFWLRQ 1
DQG TXDQWLI\ WKHVH UDWHV LQ FDUERQ R[\JHQ RU QLWURJ
DOVR TXDQWLI\ KHWHURWURSKLF UDWHV VXFK DV FRPPXQL!
UHVSLUDWLRQ Ej DDXQMRWHRSIKNR WEHRISIKVZHS RXWOLQH PRUH
PHWKRGRORJLHV XVHG WR TXDQWLI\ WKHVH PHWDEROLF UDW
WR HYROYH PDWXUH DQG H[SDQG )LUVW 1&3 PHWKRGV E
HVWLPDWLQJ 1&3 DUH GHVFULEHG IROORZHG E\ 133 DQG *33
DQG GLHO EXGJHWV UHVSHFWLYHO\

3ODWIRUPV VHQVRUV DQG FDOLEUDWLRQ

$GYDQFHPHQWY LQ DXWRQRPRXV VHQVRUV DQG SODWIR
WUDQVIRUPLQJ RXU DELOLW\ WR REVHUYH RFHDQ ELRJHRFK!
UDQJH RI WLPH VFDOHV 6DX]gGH HW DO %XVKLQVN\ HW
ORRULQJV .|UWJLQJHU HW DO (PHUVRQ DQG B6WXPS
)DVVEHQGHU HW DO ZDYH JOLGHUV :LOVRQ HW DO
HW DO VXEVXUIDFH JOLGHUV B5XGQLFN IORDW YV
'LOOLDPV HW DO %XVKLQVN\ HW DO $UWHDJD HW



)LJ ‘'LDJUDP RI PHWDEROLF UDWHV RI LQ WKH VXUIDFH RFHDQ

:LUHZDONHUV /XFDV HW DO 2PDQG HW DO DUH E
HYDOXDWH XSSHU RFHDQ PHWDEROLF EDODQFHV VWXG\ Wk
SURFHVVHV DQG TXDQWLI\ WKH ELRORJLFDO SXPS 7KH PR\
RSWLFDO VHQVRUV XVHG WR TXDQWLI\ SULPDU\ SURGXFWLYL
VXLWDEOH IRU ORQJ WHUP GHSOR\PHQW EDVHG RQ WKHLU UR

/IRQJ WHUP GHSOR\PHQWYV RI ELRJHRFKHPLFDO VHQVRUV
PRRULQJV &KDL HW DO DOORZ IRU XQSUHFHGHQWHG
SURGXFWLYLW\ <HW GHVSLWH UHFHQW DGYDQFHV LQ VHQVI
FDUHIXO FDOLEUDWLRQ DQG HYDOXDWLRQ 6R IDU QR ELRJ
KDYH VXIILFLHQW DFFXUDF\ DQG VWDELOLW\ IRU TXDQWLWD\
FDUHIXO FDOLEUDWLRQ DQG YDOLGDWLRQ %LRJHRFKHPLFDC
FDQ UHGXFH DFFXUDF\ DQG ELDV SULPDU\ SURGXFWLYLW\ HV
VHQVRU FRPSRQHQWY ERWK EHIRUH DQG GXULQJ GHSOR\P
LQWHQVLW\ RI /(' OLJKW VRXUFHV ZLWK WLPH ELRIRXOLQJ F
ILQLWH VHQVRU UHVSRQVH WLPHV VHQVRU GULIW DQG LQ
FDOLEUDWLRQ %HVW SUDFWLFHV IRU FDOLEUDWLRQ RI HDF
VHYHUDO HIIRUWV E\ 1$6% 6&25 ,2&&* $UJR DQG *(275%&
SURGXFHG GHWDLOHG SURWRFROV RXWOLQLQJ SURSHU FD
SUDFWLFHV HJ 2ZHQV DQG :RQJ %RVV HW DO

2QFH GHSOR\HG YDULRXV WHFKQLTXHV DUH XVHG WR LPSI
LOQYROYH FRPSDULQJ WKH VHQVRU WR NQRZQ RU FDOFXODWE
VHQVRUV GHHS YDOXHV FDQ EH DVVXPHG WR EH EHORZ GH)
FKORURSK\OO DQG RSWLFDO EDFNVFDWWHU 7KHVH UHIHUE
FDOLEUDWHG GDUN YDOXHV )RU R[\JHQ PHDVXUHPHQWYV FDC



bw GHHS UHIHUHQFH OHYHOV 7DNHVKLWD HW DO €
PHDVXUHPHQW RI D NQRZQ DWPRVSKHULF R[\JHQ SDUWLDO ¢
DSSOLHG WR SURILOLQJ IORDWY %XVKLQVN\ HW DO -R
DQG JOLGHUV 1LFKROVRQ HW DO 6WDWLVWLFI
SUHGLFW LQRUJDQLF FDUERQ DQG QLWUDWH FRQFHQWUDWLF
%LWWLJ HW DO Dv D PHDQV RI VHQVRU SHUIRUPI
FDOLEUDWLRQ DSSURDFKHYVY DUH QXDQFHG DQG GHSHQG VLJQ

+LJK TXDOLW\ GLVFUHWH PHDVXUHPHQWY WDNHQ IURP UHV
ELRIHRFKHPLFDO VHQVRUV ,Q PDQ\ FDVHV WKHUH LV D GL
VKLSERDUG PHDVXUHPHQWY )RU H[DPSOH R[\JHQ RSWRGHYV
R[\JHQ WLWUDWLRQV 2WKHU VHQVRUV PHDVXUH D SURSHL
ELRIJHRFKHPLFDO LQWHUHVW )RU H[DPSOH RSWLFDO EDFNVF
OLIJKW VFDWWHUHG EDFN WR WKH VHQVRU DUH XVHG WR HV)
VXFK FRQQHFWLRQV UHTXLUHV ZKDW LV WHUPHG 3SUR[\ EXL
%*& PHDVXUHPHQWV RI WKH GHVLUHG YDULDEOH H J 32&
VHQVRU PHDVXUHPHQW H J RSWLFDO EDFNVFDWWHU 6 XFK
WHPSRUDOO\ DV D IXQFWLRQ RI D ZLGH UDQJH RI IDFWRUYV
FRPPXQLW\ FRPSRVLWLRQ DQG PLQHUDO DGHAHRSRAH.OWLBDRDW BR BL
REWDLQHG IURP IORDW IOXRUHVFHQFH GDWD WKDW KDYH EH
134 HIIHFWV DQG LQ VRPH FDVHV FDOLEUDWHG DJDLQVW
FROQFHQWUDWLRQ IURP WZR QHDU VXUIDFH ZDWHU VDPSOHYV

HW DO D +DsQWMHQV HW DO SHILRQDO WHPSR
IOXRUHVFHQFH WR FKORURSK\OO UHODWLRQVKLS DUH DQRW
IRU SUR[\ HVYWLPDWLRQ 5RHVOHU HW DO /IRQJ HW DO

6HQVRU GDWD TXDOLW\ FKDOOHQJHV RIWHQ GHSHQG RQ W|
ORRUHG LQVWUXPHQWY DQG LQVWUXPHQWDWLRQ WKDW VSH
PRUH VXVFHSWLEOH WR ELRIRXOLQJ ,Q ERWK FDVHV SRVW
QRW UHFRYHUDEOH VHQVRU UHGXQGDQF\ RQ WKH VDPH S
OLPLWDWLRQV RI WKH SODWIRUPWQ RAS @M HWIRUPNOR B UR MH.IRC
VDWHOOLWHY FDQ KHOS ZLWK ORQJ WHUP GULIW FRUUHFWLR
GHSWKV DQG WKH WUDQVLWLRQ WR IDVWHU FRPPXQLFDWLR
WKH DPRXQW Rl WLPH IORDWYV VSHQG DW WKH VXUIDFH IRU G
ELR IRXOLQJ HIIHFWV 5RHPPLFK HW DO

,Q DGGLWLRQ WR LQGLYLGXDO VHQVRU FDOLEUDWLRQ VH
LQWHUFDOLEUDWLRQ WR SURYLGH FRQVLVWHQF\ EHWZHHQ H
DO DQG (:32576 6LHJHO HW DO WRRN WKH DSSU
FKDUDFWHUL]HG DQG FDOLEUDWHG VHQVRU XVXDOO\ GHSOF
WKDW LV WKHQ XVHG IRU LQWHUFDOLEUDWLRQ YLD VKLS ERD
RSSRUWXQLWLHY )RU ODUJH VFDOH SURJUDPV VXFK DV %LRJ
DV *2 6+,3 DQG GDWDEDVHV VXFK DV 62&%$7 %DNNHU HW DO



7TDEOH

%LRIJHRFKHPLFDO SURSHUWLHV URXWLQHO\ PHDVXUHG DERDUG DXWRQRPRXV S
ORGLILHG IURP &KDL HW DO

SURSHUW\ 6\PERO 6HQVRU SODWIRUP 33 OHD)

/%PLQHVFHQFH CBIOEVWLAKRQRPRXY 4

'LVVROYHG R[\JHQ *33

RSWRGH SODWIRUPV
3DUWLDO SUHVVXUHGRJ 1 I’ESDS/THXGL?(SIIESS%L%}%QHG 6XUIDFH, o
FDUERQ GLR[LGH DOD! HKLFOHV
S8OWUDYLROH3WRILOLQJ IORDWY
1ILWUDWH 12y oHrwWURS Sor 1.3
JRQ VHQVLWLYHHOOHDEWRQRPR i
S+ S+ HITHFW V SODW 1%s ~33
ﬁBBWLFXODWH RUJDQLF 2SWLFDO EDFN\?I—O&;\/WRQRPR‘% 133
iBBWLFXODWH RUJDQLF 2SWLFDO DWWHQXDWLRQ YORDWV
&KORURSK\0O D &KO &KO) $)%%F§@|¥"WHPL?XV133
'RZQZHOOLQ]J URILOLQJ IORDWY.
LUUDGLDO 3$5 5DGLRPHWHU Sor Y33

1HW &RPPXQLW\ BURGXFWLRQ

1HW FRPPXQLW\ SURGXFWLRQ 1&3 LV HTXDO WR WKH JU
FRPELQHG DXWRWURSKLF DQG KHWHURWURSKLF UHVSLUDW
PHWDEROLVP RI ERWK GLVVROYHG DQG SDUWLFXODWH RUJI
GHILQLWLRQ LV VWUDLJKW IRUZDUG PXOWLSOH DSSURDFKH'
FRPSOHPHQWDU\ EXW RIWHQ GLVVLPLODU LQIRUPDWLRQ DER
DSSURDFK LV WR ORRN DW WKH FKDQJH RYHU WLPH LQ WKH
ELRORJLFDOO\ DFWLYH SDUDPHWHU :KHQ HYDOXDWHG RYHU
1&3 LV HTXLYDOHQW WR WKH DPRXQW RI FDUERQ H[SRUWH
HYDOXDWHG DVVXPLQJ WKDW WKH VA\VWHP LV LQ VWHDG\ VW
SURSHUW\ XVHG WR DVVHVV 1&3 (PHUVRQ

7TKH FXUUHQW VWDWH RI DXWRQRPRXV VHQVRU WHFKQROR.

R\JHQ 2 $ONLUH HW DO %XVKLQVN\ DQG (PHUVRQ

DO 1LFKROVRQ HW DO 7TKRPDOOD HW DO <DQ
DO +DVNHOO HW DO -RKQVRQ -RKQVRQ HW DO
DO /& )DVVEHQGHU HW DO -RKQVRQ U
HW DO DQG WRWDO DONDOLQLW\ 7% J)DVVEHQGHU HW

&KHPLFDO VHQVRUV DUH F DSIOEE @2L BRH FRHD\V XHRIZHIY BU 7% LV
GHULYHG IURP UHJLRQDO 7% VDOLQLW\ UHODWLRQVKLSV RU

DO &DUWHU HW DO /IHH HW DO ZKLOH ",& LV
DQG PHDVXUBRPRHRUWS+REXW FDQ DOVR EH GLUHFWO\ HVWLPDV
H J %LWWLJ HW DO &KDQJHV LQ WKH VWRFN RI D SDI

RU GHQVLW\ LQWHUYDO UHIOHFW WKH YDULRXV SURFHVVH)\



ZDWHU VRPH RI ZKLFK DUH ELRORJLFDO LQ QDWXUH %\ TXI
WHUP UHIOHFWYV WKH ELRORJLFDO FRQWULEXWLRQV LQ DGGL

8QGHUO\LQJ HTXDWLRQV

&KHPLFDO WUDFHU EXGJHWYV PXVW DFFRXQW IRU DOO XSSH
WKH REVHUYLQJ SHULRG LQFOXGLQJ SK\WLFDO 3K\V ITUHV |
$GGLWLRQDOO\ EX&JBQMY PXVW DFFRXQW IRU DLU VHD H[FK
HIDPSOH HTXDWLRQ IRU WKH FKDQJHV LQ WUDFHU VWRFN RYI

7KH *DVDWHRRQWYV IRU EXON DLU VHD JDV H[FKDQJH DQG L
EHWZHHQ REVHUYHG REV DQG VDWXUDWHG VDW FRQFHQWI
PROHFXOH RI LQWHUHVW PXOWLSOLHG E\ WKH JDV WUDQVIH
ZLQG VSHHG :DQQLQNKRI

2EVHUYHG DQG VDWXUDWHG FRQFHQWUDWLRQV DUH RIWHC
X2 D@5 PHDVXUHG LQ VHDZDWHU DQG WKH DWPRVSKHULF EF
YDSRU VDWXUDWHG JDV SDUWLDO SUHVVXUHV 'LENVRQ HMW

FRQVWDQWY *DUFLD DQG *RUGRQ "HLVV 1RWH WKI
WKH GLITHUHQFH LQ JDV SDUWLDO SUHVVXUHV EHWZHHQ \
FRQYHQWLRQ RI (T LV VXFK WKDW SRVLWLVYHWRERO LV

REVHUYDWLRQV DUH XQDYDLODEOH VR WKH ZLQG VSHHG
KXpPLGLW\ GDWD DUH UHWULHYHG E\ LQWHUSRODWLQJ UHDQ
$GGLWLRQDOO\ WKH GU\ DLU PLFD@JBEHD WEW DRIQMHW PIRNRFPK H2H H
%RXQGDU\ /D\HU GDWDVHW :DQQLQNKRI HW DO ZKLOH
2 FDQ EH DVVXPHG FRQVNKD@IWYV VCGOUHDWIR VHD OHYHO SUHV\
SUHVVXUH YDULDWLRQV DV GHVFULEHG LQ %LWWLJ DQG .|UV

8QOLNHZ&K2AZ FK LV PRUH VROXEOH WPKH \U LVOWHRD DHF [FFROD@W HI H
PHGLDWH% IDKLEFK FDQ VLJQLILFDQW O\FR@AFHHDINUHD WLL[RIGV OMAQ|
ODVWLQJ a PRQWK VLIQDWXUH RQ WKH ZDWHU FROXPQ
FLWDWLRQV WKHUHLQ



7KH ): EXGJHW WHUP DFFRXQWV IRU HYDSRUDWLRQ DQ
FRQFHQWUDWLRQV EDVHG RQ VDOLQLW\ 6DO REVHUYDWLRQ

ZKHUH W LV WKH ',& WR vDOLQLW\ UDWLR DW WLPH JHUR
DFFRXQWYV IRU WUDFHU VXSSO\ RU UHPRYDO GXH WR YHUWLF
PL[IHG OD\HU GHSWK DQG WXUEXOHQW PL[LQJ H[SUHVVHG K&t

ZKHUH, 'L ',& WKH DYHUDJHG FRQFHQWUDWLRQ LQ DDRG[HG O
/',& /] DUH WKH YHUWLFDO YHORFLW\ 'J& FRQFHQWUDWLRQ F
JUDGLHQW HYDOXDWHG DW WKH GHSWK RI WKH PL[HG OD\HU
DUH RIWHQ RPLWWHG SDUWLFXODUO\ LQ DQQXDO 1&3 EXGJH
DQG WKH GRPLQDQFH RI YHUWLFDO SURFHVVHV RQ VHDVRQD(
$IWHU DFFRXQWLQJ IRU *DV ): DQG 3K\V WKH UHVLGXDO ¢
EH VROYHG E\ UHDUUDQJLQJ (T JRU WKH ",& DQG 7% EX
UHIOHFWYVY ERWK 1&3 DQG QHWSHAIROA KW LROIUERQDWH &D&?2

7R GLITHUHQWLDWH WKHVH WHUPV RQH PXVW OHYHUDJH V
',/& DQG 7% DW ZHOO NQRZQ VWRLFKLRPHWULF WOMIGRK\WFHRU
UHVXOWY LQ D UHGXFWLRQ RI RQH PROH RI ',& DQG WZR PRO
SURGXFWLRQ RQH PROH RI K\GURJHRQSKRYV SFKROMHHD lRH RRO I

FRQVXPHG UHVXOWLQJ LQ D 7$ LQFUHDVH RI PROHV :RO|
6DUPLHQWR %UHZHU DQG *ROGPDQ 8VLQJ WKHVH

DQG RQH FDQ VROYH IRU WKH ',& DV\MO A$ PG VHEW QIEEK
DO

7KH LQFOXVLRRFOLYD&2Q WUDFHU EXGJHW HYDOXDWLRQV |
'LOOLDPV HW DO +DVNHOO HW DO LOQG SUI
VLWYWLHZ Rl 8D&BXFWLRQ EHFDXVH 7$ LV SUHVHQWO\ HVWLPI



LQVWDQWDQHRXVO\ LGIORGROFNMGRE! RDEREQ VDOLQLW\ DQG
VHSDUDWLRQ RI FDUERQ SRROV FDQ EULQJ QHZ LQVLJKW WR
ELRORJLFDO FDUERQQSMWSD® J O0DUD

KHQ QHWZRUNV RI FKHPLFDO VHQVRUV DUH GHSOR\HG H°
I[IURP WUDFHU EXGJHWYV H J -RKQVRQ +DVNHOO HW DO
RUJDQLF PDWWHU FRQYHUVLRQ UDWLR RI IDZV & 1V
6DUPLHQWR DQG D 7$ 1 VWRLFKLRPHWU\ RI %UH
*ODGURZ HW DO WKH EXGJHWYVY FDQ EH VROYHG LQ PXC
WKH &D&G 1&3 WHUPV )RUFDO@OAFESOBHWSEHUPLQHG XVLQJ WKH
ZKLFK FDQ EH VXEWUDFWHWHURPVRKHRLR2A~°YHUBOO, & &

$OWHUQDW I EDHOEH7TSHWHUPLQHG XVLQJ W.KH D% 1,8DWLR WR

5HGXQGDQW FORVLQJ RI EXGJHWV ZLWK GLIIHUHQW WUDF
LQIRUPDWLRQ DERXW SRWHQWLDO V\WVWHPDWLF ELDVHV LQ \
VWUHQJWKY DQG ZHDNQHVVHV

1HW FRPPXQLW\ SURGXFWLRQ XQFHUWDLQWLHV
(OHPHQWDO VWRLFKLRPHWULHYV

$ NH\ XQFHUWDLQW\ LQ WUDFHU EXGJHW DSSURDFKHV LV
HOHPHQWDO VWRLEFKLRPWWULRM BXBN ®HW FRPPXQLW\ SURG
'LWK VHQVRU QHWZRUNV GLIIHUHQW UDWLRYV FDQ EH XVHG W
HOHPHQWDO TXDQWLWLHYV SURYLGLQJ VRPH ERXQGV RQ WKH&
HIDPSOH..MQB .Z2WHUPV SURYLGH HVWLPDWHYV RI QHW RUJDQL
FRQYHUWHG WR XQLWYV RI ',& DQG RRWSD B HGH WLONMFBQQERW L2 H
XVHG ZLWK::WKHHJIR2WR HVWLPDWH WKH & 1 UDWLR RI QHW FR
DGYHQW DQG ZLGHVSUHDG XVH RI DXWRQRPRXV S+ VHQVRUYV
QRZ PDNH LW SRVVLEOH WR HVWLPDWH ',& IURP S+ REVHU"®
WKURXJK WKH & 2 RU &1 FRQYHUVLRODDGGLDRRNZDW FKD
VLPXOWDQHRXVO\ WR HYDOXDWH YDULDELOLW\ LQ WKH & 1
7KLV LV XVHIXO EHFDXVH PRVW WUDFHU EXGJHWYV DVVXPH D

HYHQ WKRXJK GLVVROYHG RUJDQLF FDUERQ '2& SURGXF
KDYH D & 1 UDWLR WKDW GLITHU¥ VUURLP ISAFDAAWHDQAGHH J '2/68H %/
ORRUH

'LWK PRUH FRPSUHKHQVLYH VHQVRU QHWZRUNV QRZ EHLQ
H J -RKQVRQ HW DO XSSHU RFHDQ WUDFHU EXGJH!
FRPSUHKHQVLYH 6RPH LQYHVWLJDWRUYV DUH QRZ DWWHPSW
FDUERQ 32& DQG GLVVROYHG RUJDQLF FDUERQQ 'Z&WX¥KD
REVHUYDWLRQV RQ DXWRQRPRXV SODWIRUPV )LJ JRU



1&3 XVLQJ R[\JHQ DQG QLWUDWH REVHUYDWLRQV IURP D /DJU
WKH 1RUWK $WODQWLF 2FHDQ &RQVLGHULQJ GLIIHULQJ HOF
WKH\ HVWLPDWHG WKH 32& DQG '2& FRPSRQHQWYV RI 1&3 71
VWDQGLQJ VWRFN RI 32& GHULYHG IURP IORDW WBEWVWRW W
GHWHUPLQH KRZ PXRKR®REWKEA H&SRUWHG IURP WKH XSSHU RF
VWXG\ SHULRG 6LPLODUO\ +DVNHOO HW DO XVHG QL\V
32& '2& DQG SDRGXFWLRQ DQG H[SRUW IRU ! \HDUV RI EL
DQG PRRULQJ REVHUYDWLRQV LQ WKH 1RUWK 3DFLILF 2FHDQ
DSSOLHG FKHPLFDO DQG RSWLFDO WUDFHU EXGJHW DSSL
ELRIHRFKHPLFDO SURILOLQJ IORDW LQ WKH 1RUWK 3DFLILF =2
$ NH\ DGYDQFHPHQW LQ WKLV VWXG\ FDPH IURP FRPELQL
LQIRUPDWLRQ SURYLGHG E\ FKHPLFDO WUDFHU EXGJHWYV ZLYV
SURYLGHG E\ WKH RSWLFDO WUDFHU EXGJHW 7KILW D/QWRKXKZH C
32& VLQNLQJ IOX[ ZKLFK ZDV FRPELQHG ZLWK IORQOWIBDX HG
FDUERQ H[SRUW UDWLR 7KH UHFHQW FRPELQDWLRQ RI QLYV
ELRIHRFKHPLFDO SURILOLQJ IORDWY -RKQVRQ HW DO

JOLGHUV 7DNHVKLWD HW DO 6DED HW DO ZLOO
DGYDQFH WUDFHU EXGJHW PHWKRGRORJLHVY HQDEOLQJ PRUH
VWXGLHV ,Q SDUWLFXODU WKH TXDQWLILFDWLRQ RI DOO EL
DXWRQRPRXV FDUERQ F\FOH DQDO\VHV WKDW ZLOO \LHOG I
HFRV\VWHP UHVSRQVHV WR RFHDQ ZDUPLQJ DQG DFLGLILFDW

, QWHJUDWLRQ WLPH VFDOHVY DQG VWHDG\ VWDW

7TKH WLPHVFDOH RI LOWHJUDWLRQ ZLOO GHWHUPLQH WKH

VRXUFHV RI XQFHUWDLQW\ LQ WKH SK\VLFDO IOX[ HVWLPDWH
WR D ODFN RI DSSURSULDWH REVHUYDWLRQV 2Q WKH VKRU
LQHUWLDO UHVSRQVHV WR KLJK IUHTXHQF\ DWPRVSKHULF

FRKHUHQW YRUWLFHV IURP ZDYH ZLQG LOQOWHUDFWLRQV L H

$WPRVSKHULF ZHDWKHU SKHQRPHQD RQ V\QRSWLF VFDOHYV
RFHDQ G\QDPLFV 2 = NP H J /IHY\ HW DO (VWDSEC
YDULDELOLW\ RQ VFDOHV RI D IHZ GD\V 7KHVH VKRUW WHUP
LQ SK\VLFDO IOX[HVY DQG ELRIJHRFKHPLFDO WUDFHUV DQG LI
ORQJ WHUP PHDQV ORQWHLUR HW DO KLWW HW DO

WR VKRUW WHUP GHHSHQLQJ RI WKH PL[HG OD\HU HQWUDL(
PLIHG OD\HU 6XFK VKRUW WHUP HYHQWY FDQQRW EH HVWLI
WHQ GD\ SURILOLQJ IUHTXHQF\ RI PRVW IORDWY ZLOO DOVR

1LFKROVRQ HW DO






