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Abstract. Space-borne ocean color sensors capable of measuring phytoplankton pigments, such as chlorophyll a, have greatly 

expanded our understanding of oceanic biological processes. The ability to generate such measurements in a way that satisfies 

the requirements of climate-quality data records is contingent in part on the quality of the in situ ground or sea truth 10 

observations that serve as datasets for vicarious calibration and algorithm validation activities. The National Aeronautics and 

Space Administration (NASA) has a mandate to collect and distribute in situ data of the highest quality to support data product 

validation for ocean color missions; hence the agency uses a centralized, quality-assured laboratory to perform high 

performance liquid chromatography (HPLC) analysis of pigment samples collected by NASA-affiliated investigators. Since 

its establishment in 2011, the facility at NASA’s Goddard Space Flight Center has processed over 30,000 samples collected 15 

in all the major ocean basins. We evaluated the replicate sample precision, measured as the percent coefficient of variation 

among replicates, for total chlorophyll a and all primary, secondary, and tertiary pigments to investigate the sources of 

variability in analytical measurements. Mean analytical precision (CV %) ranged from 3.2 % for divinyl chlorophyll a to 17.1 

% for chlorophyllide a. The analytical precision performance benchmarks for total chlorophyll a (5 %) and primary pigments 

(8 %), established for legacy ocean color missions, were met for total chlorophyll a and for 10 of 12 primary pigments. Two 20 

primary pigments exceeded the 8 % benchmark: diatoxanthin (8.6 %) and peridinin (9.2 %). No performance benchmarks have 

been established for secondary or tertiary pigments. Precision was evaluated against average sample concentration, pigment 

mass injected into the HPLC instrument, filtered volume, estimated phytoplankton size-fractions (micro-, nano-, and 

picoplankton), and sample origin (coastal versus oceanic) using multivariate regression and non-parametric approaches. 

Neither concentration nor pigment mass appeared as significant drivers of precision variability across their ranges. Precision 25 

showed minimal variation across concentration ranges for total chlorophyll a and primary pigments but deteriorated toward 

detection limits for secondary and tertiary pigments when samples with invariant replicates (CV % = 0) were excluded from 

analysis. Filtration volumes >1000 mL generally improved precision, though it degraded at higher volumes for some pigments 

in censored datasets, suggesting physical stresses during extended filtration. For most pigments, sample precision was 

statistically poorer in coastal versus oceanic samples, though previous interlaboratory comparisons suggest this reflects 30 

methodological rather than biogeochemical factors. Multivariate regression models explained ≤ 3.0 % of precision variability 
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in full datasets but up to 44 % when invariant replicates were excluded, indicating that analytical precision is primarily 

governed by methodological factors rather than systematic dependencies on sample characteristics. The distinction between 

analytical precision and sample heterogeneity emerged as a possible factor, with increased variability at low concentrations 

for rare taxa likely reflecting stochastic cell capture during filtration rather than analytical limitations. These findings 35 

demonstrate that rigorous quality assurance protocols achieve precision performance suitable for climate-quality ocean color 

validation, with pre-analytical sample processing and field replication strategies identified as priorities for further 

improvements. 

1 Introduction 

Satellite ocean color sensors have expanded understanding of the biosphere by providing synoptic radiometric observations 40 

that can be translated into proxies for abundance, process rates, and physiological status of marine and terrestrial primary 

producers at a global scale (Behrenfeld et al., 2001, 2009; Field et al., 1998; Siegel et al., 2013). The accuracy of such 

measurements is however contingent on algorithm validation through in situ ground or sea truth observations. For marine 

applications, those measurements convey information about the in-water optical field, which is influenced by the presence of 

pigments in living phytoplankton cells, among other factors (Gordon and Morel, 1983; Siegel et al., 2005). 45 

During the pre- and post-launch calibration and validation activities for the NASA Sea-Viewing Wide Field-of-View Sensor 

(SeaWIFS; 1997-2011) ocean color mission, which required satellite radiometric and total chlorophyll a concentration ([TChl 

a]; mg m−3) retrievals to be within 5 % and 35 %, respectively, over the life of the mission, considerable efforts were dedicated 

to evaluate the uncertainties for radiometric quantities through validation and intercalibration experiments (Hooker and 

Maritorena, 2000; McClain et al., 1992). A similar target was adopted with activities among laboratories specialized in 50 

measuring common phytoplankton pigments using high performance liquid chromatography (HPLC). That effort was first 

carried out for TChl a within the Sensor Intercomparison and Merger for Biological and Interdisciplinary Oceanic Studies 

(SIMBIOS; Van Heukelem et al., 2002). Successive exercises under the SeaWiFS HPLC Analysis Round-Robin Experiments 

(SeaHARRE) then rendered a series of reports that established standards for quantitation of marine pigments at a quality level 

commensurate with calibration and validation objectives (Hooker et al., 2000, 2005, 2009, 2010, 2012). 55 

The SeaHARRE activities followed a common model of distributing field samples and prepared pigment standards to the 

participating laboratories to verify that the requirements for ocean color remote sensing sea truth were being satisfied. 

Performance metrics to determine the quality of results were established during SeaHARRE-2 (Hooker et al., 2005) and 

expanded in the subsequent exercises. Two key metrics among those evaluated were accuracy and precision, which can have 

alternative definitions in different contexts. Because absolute truth cannot be established for any set of field samples, a proxy 60 

for truth was developed from a subset of validated methods, from which the results from all participating laboratories were 

evaluated. That group, called the quality-assured subset, represented the laboratories in each activity that met established 

performance metrics, while adhering to best practices for reducing uncertainty sources to produce uniform results across the 
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broadest set of pigments (Hooker et al., 2012). Accuracy for each pigment was evaluated relative to the mean concentration 

from the quality-assured subset, and precision as the percent coefficient of variation (CV %) of the sample replicates with 65 

respect to their average concentration (Hooker et al., 2000). For TChl a, an upper accuracy benchmark was set at 25 %, with 

15 % being desirable for algorithm refinement. Precision requirement was set to within 5 %. For the primary pigments, a group 

of 12 total chlorophylls and carotenoids, the accuracy and precision benchmarks were defined to within 25 % and 8 %, 

respectively (Hooker et al., 2005). In practice, all SeaHARRE exercises demonstrated that the quality-assured laboratory subset 

consistently exceeded ocean color performance benchmarks regardless of ocean basin or sampling location. Mean accuracy 70 

and precision for TChl a in replicate field samples analyzed by the quality-assured laboratories were 6.5 % and 4.4 %, 

respectively, across five SeaHARRE intercalibration activities, with maximum values of 7.8 % and 4.9 %, respectively. 

Method validation is the process of verifying that an analytical procedure is appropriate for its intended purpose (Green, 1996; 

Van Heukelem and Hooker, 2011), such that it ensures the quality and defines the level of uncertainty associated with a 

reported data product (Araujo, 2009; Ellison and Williams, 2012; Ermer and Miller, 2006). Validation is an important 75 

component of a wider quality assurance plan (QAP), which additionally describes standardized procedures and metrics for 

sustained quality control (QC) and quality assurance (QA) of method performance. The development and implementation of 

a QAP for the HPLC measurement of pigments has been described by Van Heukelem and Hooker (2011), largely based on the 

insights gained during the intercalibration exercises and the accumulated experience at various US-based and international 

analytical facilities. Part of validation is assessing performance; in the absence of standardized reference materials, activities 80 

such as intercalibrations are a necessary substitute for accuracy assessment. Precision assessment can also be accomplished by 

large-scale data reviews such as the work presented here. 

NASA has a mandate to generate and distribute in situ data to support satellite vicarious calibration and data product validation, 

which requires measurements of the highest quality with quantified uncertainty to produce climate-quality data records 

(Hooker et al., 2007) . To that end, NASA established a centralized laboratory, currently at the Goddard Space Flight Center 85 

(GSFC), to analyze HPLC pigment samples collected in the field. This facility, run by the Field Support Group of GSFC's 

Ocean Ecology Laboratory, aims to ensure analytical integrity and traceability for NASA field observations. Since 2011, this 

facility has processed over 30,000 pigment samples from all major ocean basins, collected by NASA-affiliated investigators. 

The GSFC facility has implemented an HPLC QAP with QA and QC procedures that document average instrument precision 

for TChl a and primary pigments of 0.5 % and 1.8 %, respectively. Instrument precision provides a calculation independent of 90 

uncertainties associated with samples (collection, storage, and extraction). Replicate sample precision, understood here as the 

percent coefficient of variation among replicates, has not been evaluated as a function of broader field parameters in a way 

that may contribute to understand sources of variability and uncertainty for the larger set of samples processed so far. For that 

reason, we performed a global assessment of precision for sample replicates analyzed from the laboratory's inception in 2011 

through 2022. The objective was to define HPLC replicate sample precision in samples analyzed for the period examined, 95 

characterize the uncertainties and natural variability inherent in field samples, and understand any systemic biases or  
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Table 1. Photosynthetic phytoplankton pigments and their sums analyzed at the NASA GSFC HPLC facility evaluated in this study. 
The primary, secondary, and tertiary pigments are shown with their variable forms, names, and calculation (when applicable). The 
secondary pigments are the individual pigments that, when summed, constitute a primary pigment. The variable forms in square 100 
brackets used to indicate the concentration of each pigment are based on the nomenclature established by the SCOR Working Group 
78 (Jeffrey and Mantoura 1997). Abbreviations are shown in parentheses. 

Primary Pigments  Calculation  
Total chlorophyll a (TChl a)  [Chlide a]+[DVChl a]+[MVChl a]  
Total chlorophyll b (TChl b)  [DVChl b]+[MVChl b]  
Total chlorophyll c (TChl c)   [Chl c1]+[Chl c2]+[Chl c3]+[MGDVP]  
Carotenes (Caro)   [β,β-Car]+[β,ε-Car]  
Alloxanthin (Allo)     
19'-Butanoyloxyfucoxanthin (But-

fuco)  

   
Diadinoxanthin (Diadino)     
Diatoxanthin (Diato)     
Fucoxanthin (Fuco)     
19'-Hexanoyloxyfucoxanthin (Hex-

fuco)  

   
Peridinin (Perid)     
Zeaxanthin (Zea)     

Secondary pigments   
Monovinyl Chlorophyll a (MVChl a)  [MVChl a]+[allomers]+[epimer] 
Divinyl Chlorophyll a (DVChl a)  [DVChl a]+[allomers]+[epimer] 
Chlorophyllide a (Chlide a)   
Monovinyl Chlorophyll b (MVChl b)  [MVChl b]+[epimer] 
Divinyl Chlorophyll b (DVChl b)  [DVChl b]+[epimer] 
Chlorophyll c1 + c2 (Chl c1 + c2) [Chl c1]+[Chl c2]+[MGDVP] 
Chlorophyll c3 (Chl c3) [Chl c3]+[ MVChl c3] 

Tertiary Pigments   
Lutein (Lut)   
Neoxanthin (Neo)   
Violaxanthin (Viol)   
Pheophtyin a (Phytin a) [Phytin a]+[Phytin a allomer]  
Pheophorbide (Phide a) Sum of up to 5 Phide a pigments 
Prasinoxanthin (Pras)  

Pigment Sums  
Total Chlorophyll (TChl) [TChl a]+[TChl b]+[TChl c] 
Photoprotective Carotenoids (PPC) [Allo]+[Diadino]+[Diato]+[Zea]+[Caro] 
Photosynthetic Carotenoids (PSC) [But-fuco]+[Fuco]+[Hex-fuco]+[Perid] 
Photosynthetic Pigments (PSP) [PSC]+[TChl] 
Total Carotenoids (TCaro) [PPC]+[PSC] 
Total Accessory Pigments (TAcc) [PPC]+[PSC]+[TChl b]+[TChl c] 
Total Diagnostic Pigments (DP) [PSC]+[Allo]+[Zea]+[TChl b] 
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biogeographic influences, particularly at the lower concentration ranges of the analytical methods, to ultimately suggest 

recommendations or modifications to best practices of NASA protocols for the collection and analysis of field samples intended 105 

for calibration and validation of existing and future ocean color sensors. 

2 Methods 

2.1 The Pigments 

Laboratories analyze various sets of pigments depending on their scientific objectives. GSFC’s Field Support Group laboratory 

routinely analyzes 26 pigments, divided into subsets of primary, secondary, tertiary, and one ancillary pigment, with two sets 110 

of pigment sums and ratios routinely reported (Table 1). The primary pigments refer to a set of chlorophylls and carotenoids 

commonly analyzed in phytoplankton research. Secondary pigments are those aggregated to quantitate the primary pigments. 

Tertiary pigments are a set of less frequently analyzed pigments and are commonly present in smaller amounts. The analysis 

presented here encompasses the primary, secondary, and tertiary pigments, excluding the seldom observed ancillary pigment 

gyroxanthin diester. The nomenclature and lexicon used are similar to the usage in SeaHARRE and are based on the 115 

recommendations of SCOR Working Group 78 (Claustre, 1994; Hooker and Van Heukelem, 2011; Jeffrey and Mantoura, 

1997). 

2.2 Analytical Methods 

The measurement of phytoplankton pigments at the GSFC facility is routinely, and has been since its inception, performed 

following the method described by Van Heukelem and Thomas (2001) using an Agilent RR1200 (Agilent Technologies, Palo 120 

Alto, CA) with a programmable autoinjector (900 μL syringe head), refrigerated autosampler and thermostatted column 

compartments, quaternary pump within-line vacuum degasser, and photo-diode array detector with deuterium and tungsten 

lamps to measure in-line visible absorbance spectra for each pigment. The column was an Agilent 4.6 x 150 mm Eclipse XDB 

with a C8 stationary phase (3.5μm particle size) maintained at 60◦C. The mobile phase consisted of two solvents: solvent A 

was 70 % methanol, 30 % 28 mmol L−1 tetrabutylammonium acetate (TbAA, pH 6.5) and solvent B was 100 % methanol. A 125 

linear gradient adjusted the mixture of the mobile phase from 5 % to 95 % solvent B over 27 minutes.   The chromatographic 

output was quantified using discrete wavelengths at 450 (± 10 nm) and 665 (± 10 nm) with visible wavelength absorption 

spectra acquired between 350 and 750 nm. Beginning in September 2018, a reference wavelength of 700 nm (± 10 nm) was 

added to the 665 nm wavelength. Thirty-six peaks were quantified that resulted in 26 pigments reported; some pigments 

comprise multiple components that are summed and reported as a single value (Table 1). 130 

Extraction volume is the total amount of liquid (solvent + water) in which the pigment sample is processed for HPLC analysis. 

This volume can be determined using an assumed volume (estimated from the volumes of acetone added, filter water retention, 

and any additional water) or calculated using an internal standard. An internal standard accounts for small variations in filter 
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water retention, extraction solvent addition, HPLC injector precision, and evaporation during extraction. The GSFC facility 

used vitamin E (α-tocopheryl acetate, C₃₁H₅₂O₃) as internal standard. With maximum absorbance at 222 nm, vitamin E does 135 

not interfere with pigment quantitation at 450 and 665 nm, allowing use at concentrations that achieve much higher signal-to-

noise ratios than pigment-based internal standards, contributing to excellent injection repeatability averaging 0.6 %. 

Calibration was performed using individual dilution series of pigment standards whose concentrations had been determined 

spectrophotometrically using absorption coefficients in common with those used by most other laboratories (Hooker et al., 

2005). Standards were acquired in solution with concentrations provided (DHI Water and Environment, Hørsholm, Denmark) 140 

or as a crystallized solid and prepared in solution in the laboratory (Sigma-Aldrich, St. Louis, Missouri). 

2.3 Dataset 

The pigment dataset analyzed consists of quality-controlled HPLC measurements from water samples collected globally by 

NASA-affiliated investigators from 2012-2022 (Table 2). In total, 19,125 individual samples with TChl a concentrations above 

the limit of quantitation were analyzed at the NASA GSFC facility, of which 5,820 were part of a two or more replicate sample 145 

set, yielding 2,811 concentration values usable for precision analyses. For other measured pigments, the number of values  

Table 2. Summary of phytoplankton pigment samples analyzed at the NASA GSFC HPLC facility that were evaluated in this study. 
For each pigment, the total number of samples with values above the limit of quantitation (n samples), the number of unique samples 
without replicate measurements (n samples w/o replicates), the number of samples that are part of a replicate set (n samples in a 
replicate set), the total number of values obtained from the replicate measurements (n values from replicates), and the percentage 150 
of invariant replicate sets (i.e., sets with identical concentration values (i.e., standard deviation = 0). 

  Pigment    n samples     n samples      n samples in      n values       Invariant 
                            w/o replicates  replicate set   from replicates  replicates(%) 

___________________________________________________________________________________ 
TChl a       19125       13305             5820            2811            3.5 155 
TChl b       18822       13112             5710            2760           24.7 
TChl c       19016       13212             5804            2804           14.9 
Caro         19051       13241             5810            2806           26.9 
But-fuco     15456       10957             4499            2185           45.6 
Hex-fuco     17239       12214             5025            2434           26.4 160 
Allo         15935       11053             4882            2365           43.0 
Diadino      18959       13156             5803            2803           27.2 
Diato        14655       10014             4641            2251           47.2 
Fuco         19030       13220             5810            2806           21.7 
Perid        17334       12064             5270            2549           35.3 165 
Zea          18530       12791             5739            2774           25.6 
MVChl a      19109       13293             5816            2809            5.0 
DVChl a       9789        7070             2719            1305           47.2 
Chlide a     17774       12245             5529            2699           22.8 
MVChl b      18816       13106             5710            2760           27.8 170 
DVChl b       9064        6667             2397            1152           71.3 
Chl c1+c2     19011       13209             5802            2803           21.5 
Chl c3       17683       12419             5264            2546           33.1 
Lut          11646        7893             3753            1812           54.4 
Neo          15668       10944             4724            2309           54.4 175 
Viola        17605       12151             5454            2650           51.8 
Phytin a     18213       12690             5523            2683           39.7 
Phide a      16650       11730             4920            2392           21.4 
Pras         12571        8925             3646            1768           50.5 

  180 
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were fewer given their lower relative abundance compared to TChl a. This dataset encompasses coastal, estuarine, and oceanic 

water types across all major ocean basins including some inland and riverine waters. Measurements included in this dataset 

were derived from whole water samples amenable to satellite validation activities, including natural phytoplankton populations 

from the photic zone (<250 m depth). Excluded were experimental samples (nutrient manipulations, productivity assays), size-

fractionated samples, phytoplankton cultures, and damaged samples. 185 

2.4 Data Analysis 

Replicate filter precision was measured as the coefficient of variation of sample (S) replicates, expressed as the percent ratio 

of the standard deviation in the replicates (σ) with respect to the average sample concentration (𝐶̅) for each pigment (P) 

evaluated: 

𝐶𝑉	% = 100
𝜎!(𝑆)
𝐶̅!

 (1) 

To evaluate factors potentially influencing pigment measurement precision, individual coefficient of variation (CV %) values 190 

were computed for each pigmen within each replicate filter set, across all replicate sets. Precision was assessed with respect to 

the following sample parameters: 1) average pigment concentration within replicate sample sets, 2) average pigment mass 

injected into the HPLC instrument for analysis, 3) average filtered sample volume (Vf), 4) geographic classification as either 

"coastal" (<200 km from shore) or "oceanic" (>200 km from shore) based on collection location, and 5) phytoplankton 

community size structure estimated from diagnostic pigment concentrations. Community structure was categorized into 195 

microplankton (>20 μm), nanoplankton (2-20 μm), and picoplankton (<2 μm) fractions using the approach developed by 

Claustre (1994) and Vidussi et al. (2001), as implemented by (Uitz et al., 2006): 

𝐹"#$%& =
[Fuco] + [Perid]

[DP]  (2) 

𝐹'()&

=
[Hex_fuco] + [But_fuco] + [Allo]

[DP]  

(3) 

𝐹!#$& =
[TChl	𝑏] + [Zea]

[DP]  (4) 

where [DP] represents the total diagnostic pigment concentration (Table 1).The use of diagnostic pigments to estimate size 

classes, while having some limitations, provides a reasonable first approximation of community structure (Uitz et al., 2010). 

Application here aimed to evaluate if taxonomic differences related to cell size and inferred fragility, particularly during 200 

filtration, affect sample measurement precision. Additional variables were initially assessed but ultimately excluded from 

analyses: Ocean basin showed severely imbalanced distribution among samples, preventing robust analysis. Additionally, 

ratios of pigment concentrations to TChl a degradation products did not improve the explanatory power for precision 
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variability. Though informative analyses, these variables did not yield significant relationships or provide additional 

descriptive power. 205 

Estimated pigment mass (MP; ng) injected into the HPLC instrument was calculated using the measured concentration value: 

𝑀! =
"̅$!$"#$

$%
           (5) 

where, Vf is sample volume filtered in mL, Vinj is the volume of sample extract injected into the instrument, and Vx is the 

volume (mL) of extract obtained during sample processing. Due to changes in analytical report formatting during the study 

period, corresponding extracted volume values were available for only two-thirds of the replicate measurements, limiting 210 

pigment mass calculations to this subset of the data.  

To evaluate precision distributions, exponential probability density functions were fitted to the observed CV % values for each 

pigment. Overall precision for each pigment was quantified as the mean (µ) of CV %. Pigment precision trends along 

continuous variables (concentration, mass, filtered volume) were estimated using locally estimated scatterplot smoothing 

(LOESS) regressions fitted to CV % vs continuous variable bins containing >5 observations implemented in the language for 215 

statistical computing R (Cleveland et al., 1992; R Core Team, 2022). 

Differences in precision between coastal and oceanic samples were assessed using the Mann-Whitney U test, which is suitable 

for comparing independent groups without requiring normality. Sample sizes were 884 oceanic and 1,909 coastal samples for 

each pigment. 

Ordinary least squares regression was used to assess the simultaneous effects of concentration, filtration volume, inferred 220 

phytoplankton size structure, and coastal versus oceanic influence on pigment measurement precision. CV % was modeled as 

a function of log₁₀-transformed pigment concentration, log₁₀-transformed filtered volume, estimated microplankton size 

fraction, and a binary indicator for sample provenance (coastal = 0, oceanic = 1). For statistically significant variables (α = 

0.05), their importance in the model was ranked based on the absolute value of the standardized coefficients (i.e., t-statistics). 

Pigment mass was excluded from the primary regression analyses for two reasons: 1) reduced sample size due to limited 225 

availability of corresponding extracted volume data (only two-thirds of samples), and 2) severe multicollinearity concerns, as 

pigment mass is the product, among other parameters, of concentration and filtered volume Eq. (5). To evaluate the explanatory 

power of pigment mass relative to concentration, separate regressions using pigment mass instead of concentration were 

performed and are presented in Appendix B. 

Factors influencing measurable replicate variability were examined by repeating analyses on a censored dataset (defined here 230 

as excluding samples with CV % = 0, or invariant replicates). This approach aimed to uncover drivers of precision that may 

be obscured when invariant measures are included.  
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To provide context for the in situ measurements, summary comparisons were made between the dataset's spatial and temporal 

coverage and that of relevant NASA ocean color satellite missions. These comparisons help interpret measurement 

uncertainties by showing how the in situ data represent the broader oceanographic conditions observed by satellites and inform 235 

recommendations for future sampling strategies to optimize sea-truth validation of satellite products. 

 

Figure 1: Distribution of phytoplankton pigment concentrations (mg m-3) analyzed by HPLC at the NASA GSFC facility during 
2011-2022. Bars indicate counts for all samples, while orange stairs show replicate sample fraction. Vertical lines denote the median 
concentration. 240 

All data processing was performed using the Python programming language. The complete analysis code and output are 

documented in a Jupyter notebook (Kluyver et al., 2016) hosted in a version-controlled repository (see Code and data 

availability). 

3 Results 

The concentrations of all pigment samples analyzed followed a log-normal distribution with median values ranging from 0.470 245 

to 2 × 10−3 mg m−3, for TChl a and DVChl b, respectively (Fig 1). Although the geographic distribution of those samples 

encompasses all major ocean basins and some inland waters (Fig 2a), they were highly skewed to coastal Eastern North 

American, with the region bounded at 17-47°N latitude, 60-100°W longitude containing 41 % of all samples (Fig 2b). The 
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distribution of TChl a in analyzed samples relative to that of the satellite-derived global chlorophyll a average since mission 

onset in 2002 to 2023 (median=0.19 mg m−3; Fig 2c) for the Moderate Resolution Imaging Spectroradiometer-Aqua 250 

(MODISA; Fig 2d) shows higher relative frequency in values above ∼0.2 mg m−3 and a slight deficit below that threshold. 

Analytical precision, measured as CV % of sample replicate sets, followed exponential probability distributions for all 

pigments with modes in the lowest bin (0–1.25 %; Fig 3a-y). Mean precision ranged from 3.2% for DVChl a to 17.1% for 

Chlide a; every other pigment outperformed the latter with precision better than 10%, including 11 that achieved ≤ 5 % (Fig 

3z). The analytical precision performance benchmarks established through SeaHARRE, 5 % for TChl a and 8 % for primary 255 

pigments, were met for TChl a (4.3 %) and 10 of 12 primary pigments. The two primary pigments that exceeded the 8 % 

benchmark were Diato (8.6 %) and Perid (9.2 %). No performance benchmarks have been established for secondary or tertiary 

pigments. Neither average pigment concentration nor pigment mass explained overall precision across pigments, as linear 

regressions were not statistically significant (concentration: p = 0.58, R² = 0.01; mass: p = 0.15, R² = 0.09; Fig 4). 

 260 

Figure 2: a) Sample spatial distribution (bin counts), and b) by percent of total samples for the North American region, which 
contains 41 % of analyzed samples over the 2011-2022 period included in this study. c) Satellite-derived global total chlorophyll a 
concentration from MODIS-Aqua at 9km resolution, averaged from 2002-2023. d) Histograms comparing of satellite chlorophyll a 
concentration from (a) versus in situ total chlorophyll a measurements from HPLC analysis of samples collected globally from 2011-
2022. Vertical lines mark the median concentration for each dataset. 265 

When the entire datasets were considered, the trends of precision along concentration estimated by the LOESS fits for all the 

primary pigments showed little variation across their ranges despite some scatter in the data (Fig 5a-l). LOESS estimates were 

more variable across the concentration ranges for the secondary and tertiary pigments, except for MVChl a (Fig 5m-y). For 

most pigments (15), the LOESS fits showed the best precision towards their analytical detection limits. For TChl a and its 
primary component, MVChl a, there was no difference between the censored (i.e., CV % = 0 removed) and full datasets. In 270 

contrast, all other pigments showed large degradation in precision (i.e., higher CV %) in the censored datasets towards their 

lower detection limits. The LOESS fits of pigment mass versus precision followed very similar patterns as those for 

concentration (Fig 6). Analytical precision along the filtered volume gradient showed no trends for volumes < 1000 mL for 
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most pigments (Fig 7). For filtration volumes > 1000 mL, precision generally improved to below 10 % for the majority of 

pigments. However, for a subset, including the primary pigments Allo, Diato, and Perid; the secondary Chlide a, and all the 275 

tertiary pigments, there was marked and common pattern of deterioration in precision above 1000 mL for the censored subset, 

while the full dataset either improved or remained stable above that filtration volume (Fig 7g, i, k, o, t-y). 

Precision showed no discernable trend for most pigments along estimated phytoplankton size class fraction when LOESS was 

applied to the entire dataset (Fig A1). For the CV % > 0 subset (Fig 8) some primary (Allo, Diato, and Perid, and Diadino and 

Fuco), secondary (Chlide a), and for all tertiary pigments, LOESS fits showed an increase in CV % as the estimated fraction 280 

of microplankton in the sample fell below 0.5. The complimentary pattern to this was seen as an increase in CV % as the 

estimated fraction of picoplankton increased above 0.5 for most of the above pigments. Nanoplankton LOESS fits exhibited a 

less defined trend relative to sample precision than the other two size-fractions but often resembled the picoplankton pattern. 

 
Figure 3: a-y) Histograms of replicate sample precision (CV %) calculated for each phytoplankton pigment analyzed by HPLC from 285 
2011-2022. Overlaid in orange is the exponential probability density function for each pigment, and μ is mean precision. Panel (z.) 
shows pigments ranked by precision. Blue symbols mark instances of non-overlapping confidence intervals with the next-lowest 
pigment. 
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Figure 4: Mean coefficient of variation percentage (CV %) precision versus (a.) mean log10-transformed pigment concentration, and 290 
(b.) log10-transformed mean pigment mass. The adjusted R2 quantifies goodness of fit, while the p-value tests significance of the slope. 

Table 3. Results of ordinary least squares multiple regressions predicting phytoplankton pigment analysis precision as CV %, for 
all the data and for censored data (CV % >0 (excluding invariant replicates). The p-value tests if all coefficients equal zero; adjusted 
R² shows variance explained by independent variables. Min and max R² values are in bold in each column. The independent variables 
were: log10 of pigment concentration, log10 of filtered volume, estimated fraction of microplankton, and the categorical variable 295 
coastal or ocean, respectively. 

Pigment       All data          CV % > 0    
__________________________________________ 
            p(F), adj.R²     p(F), adj.R² 
TChl a      <0.01, 0.009     <0.01, 0.006 300 
TChl b      <0.01, 0.022     <0.01, 0.143 
TChl c      <0.01, 0.021     <0.01, 0.037 
Caro        <0.01, 0.006     <0.01, 0.090 
But-fuco    <0.01, 0.009     <0.01, 0.199 
Hex-fuco    <0.01, 0.009     <0.01, 0.082 305 
Allo        <0.01, 0.009     <0.01, 0.360 
Diadino     <0.01, 0.015     <0.01, 0.078 
Diato       <0.01, 0.021     <0.01, 0.266 
Fuco        <0.01, 0.006     <0.01, 0.080 
Perid       <0.05, 0.003     <0.01, 0.185 310 
Zea         <0.01, 0.017     <0.01, 0.143 
MVChl a     <0.01, 0.011     <0.01, 0.004 
DVChl a     <0.01, 0.012     <0.01, 0.157 
Chlide a    <0.01, 0.028     <0.01, 0.093 
MVChl b     <0.01, 0.017     <0.01, 0.164 315 
DVChl b     <0.01, 0.030     <0.01, 0.439 
Chl c1c2    <0.01, 0.018     <0.01, 0.060 
Chl c3      <0.01, 0.011     <0.01, 0.132 
Lut         <0.01, 0.009     <0.01, 0.340 
Neo         <0.01, 0.018     <0.01, 0.353 320 
Viola       <0.01, 0.011     <0.01, 0.351 
Phytin a    0.74, -0.001     <0.01, 0.292 
Phide a     <0.01, 0.015     <0.01, 0.227 
Pras        <0.01, 0.010     <0.01, 0.283 

 325 
Based on Mann-Whitney U tests, precision differed significantly between coastal and oceanic samples for most pigments, 

though patterns varied between datasets (Fig 9). In the full dataset, all pigments except DVChl a and DVChl b showed 

significantly different precision between coastal and oceanic samples, with oceanic samples consistently exhibiting better 

precision. In the censored dataset, 21 of 25 pigments showed significant differences between coastal and oceanic samples (Zea, 

MVChl a, DVChl b, and Chl c1c2 showed no significant difference). The directionality of precision differences was more 330 
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varied in the censored dataset: 16 pigments exhibited better precision in coastal samples versus six in oceanic samples. TChl 

a maintained better precision in oceanic samples in the censored dataset, while all tertiary pigments showed better precision 

in coastal regions. 

The multivariate regression analyses showed that no model explained more than 3.0 % of the CV % variability for any pigment 

using the full datasets, as indicated by the adjusted R² values ranging from -0.001 to 0.030 (Table 3). In contrast, for the CV 335 

% > 0 subset, the multivariate models explained substantially more variability, with R² values exceeding 0.25 for six pigments 

(Allo, Diato, DVChl b, Lut, Neo, and Viola) and a maximum of 44 % for DVChl b. Phytin a showed no significant relationship 

in the full dataset (p = 0.74, R² = -0.001) but became highly significant when restricted to CV % > 0 samples (p < 0.01, R² = 

0.29).  

When variables were ranked by importance for explaining statistically significant precision variability, no single variable 340 

emerged as a clear driver across all pigments (Fig 10). For the full dataset, filtered volume was the most important variable for  

 

Figure 5: Replicate sample precision (CV %) versus log10-transformed pigment concentration for each phytoplankton pigment. 
LOESS regression fits on all data (red line) and CV % > 0 only data (white line), with 95 % CIs shaded. 2D histograms display CV 
% sample density, with color bar showing percent sample density. 345 
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Figure 6. Replicate sample precision (CV %) versus log10-transformed pigment mass injected for each phytoplankton pigment. 
LOESS regression fits on all data (red line) and CV % > 0 only data (white line), with 95 % CIs shaded. 2D histograms display CV 
% sample density, with color bar showing percent sample density. 

 350 
Figure 7: Replicate sample precision (CV %) versus log10-transformed filtered volume for each phytoplankton pigment. LOESS 
regression fits on all data (red line) and CV % > 0 only data (white line), with 95 % CIs shaded. 2D histograms display CV % sample 
density, with color bar showing percent sample density. 
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Figure 8: LOESS regression fits of replicate sample precision (CV % > 0) versus estimated phytoplankton size fraction: micro (>20 355 
μm), nano (2-20 μm), and picoplankton (<2 μm) eqs. 2-4. Shaded area contains 95 % confidence bands. 
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Figure 9: Median sample precision (CV %) for phytoplankton pigments from coastal (< 200km from shore) versus oceanic (>200km). 
Differences assessed using Mann-Whitney U test on full dataset (blue) and subset with CV > 0 only (orange). Violin plots depict data 
distribution per category. Comparisons marked “*” and “**” indicate statistically significant precision differences between coastal 360 
and oceanic at α=0.05 and α=0.01, respectively. 

10 of 25 pigments, followed by coastal vs. oceanic origin (5 pigments), concentration (4 pigments), and microplankton fraction 

(3 pigments). 

For the censored dataset, concentration emerged as the dominant variable, ranking most important for 22 of 25 pigments. 

Microplankton fraction and filtered volume were each most important for two and one pigment, respectively. Filtered volume 365 

ranked second in importance most frequently (14 instances). 

4 Discussion 

Multiple lines of statistical evidence revealed no single variable as a dominant factor explaining HPLC analytical precision for 

phytoplankton pigments measured following validated protocols. Neither pigment concentration nor mass was a major driver 

of variability. This finding is particularly significant for TChl a, the foremost data product from ocean color satellite sensors, 370 

and its largest component MVChl a, as their analytical precision showed no strong dependence on concentration or pigment 

mass injected into the HPLC instrument. We had hypothesized that concentration would be an important, if not the major, 
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Figure 10: Variable importance rankings (1–4, based on normalized regression coefficient magnitudes |𝒕Jb|) from multivariate models 
predicting pigment precision. Left: full dataset. Right: censored dataset (CV% > 0, excluding invariant replicates). Symbols show 375 
effect direction: '+' = increases CV% (worsens precision), '−' = decreases CV% (improves precision), blank = non-significant (α = 
0.05). Variables [color-coded]: log₁₀([Pig]) = pigment concentration, log₁₀(Vf) = filtered volume, Fm = microplankton fraction, CvO = 
coastal vs. oceanic. 

driver of sample precision from the perspective of analytical method sensitivity limits. However, these results suggest that 

method validation and QA/QC procedures have resulted in robust, well-validated methods for pigment measurements across 380 

the entire target concentration range. Although TChl a met precision requirements, its secondary component, Chlide a, ranked 

last among all pigments (Fig 3). However, since Chlide a comprised only 3.4 % of TChl a on average in replicate samples 

(median: 1.5 %, 95th percentile: 12.6 %), this relatively poorer precision had minimal impact on overall TChl a uncertainty. In 

general, the lack of concentration dependence indicates that analytical uncertainty is dominated by factors other than 

instrumental sensitivity and repeatability, suggesting that future efforts to improve precision should focus on optimizing pre-385 

laboratory sample processing procedures, such as collection, handling, filtration, and field cold storage. 

While filtration volume appeared more frequently as the most important variable than concentration in the full dataset 

regression models, this must be interpreted in the context that no model explained more than 3.0 % of the variability (Table 

3). LOESS fits suggested that sample volume has some importance regarding sample precision along that gradient. For most 
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primary pigments, filtration volumes >1000 mL generally improved precision to below 10 %, though much smaller volumes 390 

appeared sufficient to minimize CV % for many pigments under high-biomass conditions. These precision-based observations 

must be considered alongside established accuracy requirements and filter retention efficiency characteristics. The NASA 

Ocean Optics Protocols (Bidigare et al., 2003) recommend filtering 3-4 L for oligotrophic waters, 1-2 L for mesotrophic waters, 

and 0.5–1 L for eutrophic waters, based on both analytical detection limits and filter retention efficiency mechanisms. At small 

volumes (100–300 mL), retention depends primarily on filter adsorption and electrostatic attractions, while at larger volumes 395 

(>2 L) mechanical sieving dominates, with intermediate volumes showing reduced retention efficiency for GF/F filters. Our 

precision results suggest that when phytoplankton abundance is notably high under eutrophic conditions (e.g., estuarine, inland, 

coastal, or bloom scenarios), filtration volumes at the lower end of the recommended eutrophic range (200–500 mL) can 

achieve adequate precision while maintaining sufficient filter loading for accurate pigment quantification and avoiding the 

intermediate-volume retention efficiency reduction observed in previous studies. Volumes below 200 mL showed precision 400 

degradation in our dataset and may fall into the problematic intermediate-volume regime where neither adsorptive nor sieving 

retention mechanisms dominate, while volumes well above 1 L provide minimal additional precision benefit in high-biomass 

waters though they remain important for ensuring detection of minor accessory pigments. For oligotrophic and mesotrophic 

environments, adherence to protocol-recommended larger volumes (1–4 L) remains critical for meeting detection limits and 

quantifying a minimum of four accessory pigments that indicate adequate sample concentration (Trees et al., 2000). Regardless 405 

of the filtration volume selected, collecting multiple replicate samples remains essential for quantifying measurement precision 

and generating statistically robust datasets that enable uncertainty assessment and quality control. 

Comparison of precision patterns for concentration (Fig 5) versus pigment mass (Fig 6) suggested sample heterogeneity as a 

variability source. For most carotenoids, particularly taxon-specific pigments (e.g., Perid in dinoflagellates, Fuco in diatoms), 

CV % increased at lower concentrations. However, this concentration-dependent pattern was less evident when precision was 410 

plotted against pigment mass, as revealed by examining the density distributions of observations rather than the LOESS fits. 

Purely instrumental analytical limitations would produce equally strong CV % relationships with both concentration and mass. 

The weaker mass relationship suggests that filtering larger volumes of low-concentration water improves precision by 

capturing more cells, pointing to stochastic sampling rather than instrumental sensitivity as the primary issue. When 

phytoplankton taxa are sparsely distributed in the water column, the stochastic capture of cells during filtration could introduce 415 

variability between replicates that reflects true environmental patchiness rather than measurement error. For example, if Perid-

containing dinoflagellates are rare or less abundant, replicate filters may capture different numbers of cells, leading to higher 

CV % values even though the analytical method itself performs consistently. This stochastic sampling effect may represent a 

source of variability inherent to natural sample heterogeneity, distinct from methodological factors that can be controlled 

through improved protocols and highlights the importance of collecting sample replicates to capture the natural variability in 420 

the water column. 

While the full dataset showed no apparent size class effects in the LOESS fits (Fig A1), in the censored dataset for a subset of 

pigments, mostly tertiary but also including primary (e.g., Allo, Diato, Perid) and secondary (e.g., Chlide a, DVChl b), 
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precision degraded at higher filtration volumes, suggesting preferential, taxonomic- or size-fraction-related loss as more 

material was retained on sample filters. These same pigments also showed increased CV % as the fraction of microplankton 425 

decreased and the fraction of picoplankton increased (Fig 8). This pattern suggests an additional source of precision 

degradation beyond stochastic sampling effects. This error, however, must not be systematic (i.e., consistently affecting all 

samples in the same direction and magnitude), as it would affect accuracy rather than precision and thus would not be detectable 

in this analysis. If the loss of smaller, fragile cells containing these pigments occurred uniformly across samples, all replicates 

would carry the same systematic bias without affecting analytical precision. The divergent behavior at high filtration volumes, 430 

where precision degrades despite greater sample volume, supports the interpretation that physical stresses during extended 

filtration (e.g., cell lysis, filter overloading) compound the natural heterogeneity already present. This finding highlights the 

importance of avoiding filter overloading and monitoring vacuum pressure during sample collection for pigment measurements 

and particulate organic matter (POM) in general to minimize preferential material loss. Recent protocol recommendations for 

POM collection provide guidance for implementing best practices to reduce these errors (IOCCG, 2021). 435 

The censored dataset revealed different patterns for some pigments from the full dataset analysis, but these differences should 

be interpreted within the context of overall precision performance. With invariant replicates comprising 3.5 % to 70.1 % of 

replicate sets across pigments, the statistical power and interpretability of the censored analyses varied considerably. For 

pigments like TChl a with only 3.5 % invariant replicates, the censored dataset was essentially unchanged from the full dataset, 

maintaining the same lack of systematic relationships. However, for pigments with high proportions of invariant replicates, 440 

such as DVChl b (70.1 %), removing zero-precision samples created datasets dominated by the small fraction of samples where 

analytical variability was detectable. The increase in explained variability for the censored subset (up to 44 % for DVChl b) 

reflects this statistical artifact rather than indicating fundamental differences in precision drivers. This reinforces that analytical 

precision remains primarily governed by methodological factors, with the apparent emergence of systematic relationships in 

censored datasets reflecting the statistical consequences of high invariant replicate proportions rather than true biogeochemical 445 

or concentration dependencies. Nevertheless, the censored dataset analyses did uncover valuable insights, particularly 

regarding phytoplankton size fractions (Fig 8). The observed precision degradation for certain pigments when microplankton 

fraction decreased below 0.5 suggests that more fragile phytoplankton groups may be susceptible to filtration-induced errors, 

warranting careful assessment of filtration practices for samples dominated by smaller cell sizes. These nuanced relationships, 

while modest, provide practical guidance for optimizing analytical protocols in different community composition scenarios. 450 

Additionally, it must be stated that the proportion of invariant replicates per se does not reflect analytical quality but rather the 

interaction between concentration range and analytical resolution for a given pigment. Those with narrow, low concentration 

ranges, such as DVChl b, have a much higher probability of yielding identical quantified values in replicate sets, particularly 

for duplicates, simply because the limited degrees of freedom near the analytical lower limit constrain the possible reported 

values. In contrast, pigments spanning wider concentration ranges, such as TChl a, have far more possible quantified values 455 

across their range, reducing the probability of invariant replicates occurring by chance alone. 
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The proximal cause for the observed improvement in precision for TChl a and other pigments in oceanic samples does not 

appear to be related to the size-fraction estimates presented here. One contributing factor may be the larger sample filtration 

volumes typically required in oceanic waters due to lower pigment concentrations. LOESS fits show precision degradation for 

filtration volumes < 100 mL (Fig 7), and oceanic samples likely require larger volumes to achieve adequate pigment mass for 460 

analysis. This is supported by observations from POM sampling across the South Pacific Gyre, where the uncertainty budget 

contribution from filtration volume increased substantially as samples transitioned from oceanic to coastal waters near the 

Peru-Chile upwelling region (IOCCG, 2021). In oligotrophic oceanic environments, larger filtration volumes may help 

overcome the relative measurement errors that become more pronounced when filtering smaller volumes.  

The SeaHARRE-4 and SeaHARRE-5 (Hooker et al., 2010, 2012) intercomparisons provide context for interpreting coastal 465 

versus oceanic precision and accuracy differences. Despite using exclusively coastal samples from eutrophic waters (Danish 

fjords and estuaries for SeaHARRE-4; New England and Tasmanian rivers and bays for SeaHARRE-5), the precision of 

quality-assured methods was largely indistinguishable from the three previous SeaHARRE activities conducted in open-ocean 

environments, with overall precision differences of only ~1.4–2.4 % for TChl a among validated methods across both coastal 

exercises. This consistency across environmental settings suggests that coastal conditions do not inherently compromise 470 

analytical precision when proper methodological protocols are followed. However, both coastal exercises revealed significant 

precision degradation in non-quality-assured laboratories, showing substantially worse precision than in previous activities. In 

SeaHARRE-4 specifically, the standard deviation of method uncertainties, a measure of inter-method variability distinct from 

the replicate CV % used in the present study, was approximately 6- to 150-fold larger for the non-quality-assured subset 

compared to quality-assured methods across pigment data products (Hooker et al., 2010). In contrast to the robust precision 475 

results, accuracy patterns differed between the two coastal activities: SeaHARRE-4 exhibited the highest average uncertainties 

for primary pigments among all five SeaHARRE activities for both quality-assured and non-quality-assured method subsets 

while SeaHARRE-5 showed improved accuracy more consistent with oceanic activities; quality-assured methods 

iSeaHARRE-5 achieved primary pigment accuracy within the quantitative analysis goal of 15%. This improvement in 

SeaHARRE-5, despite both exercises sampling eutrophic coastal waters, suggests that the elevated SeaHARRE-4 uncertainties 480 

could have been partially attributable to analytical challenges rather than fundamental limitations of coastal sample analysis. 

Across both coastal activities, Fuco and Diad were the only carotenoids maintaining state-of-the-art accuracy (within 10 % 

uncertainty) and showed minimal variation across all trophic regimes, while TChl a accuracy remained largely invariant to 

water type for quality-assured methods. The fact that precision performance was laboratory-dependent rather than 

environment-dependent, while accuracy showed variability between the two coastal activities even with validated protocols, 485 

indicates that analytical precision is primarily governed by laboratory practices and adherence to validated protocols, whereas 

accuracy may be influenced by both methodological factors and sample-specific characteristics. These results suggest that the 

coastal versus oceanic precision differences observed in our dataset likely reflect systematic differences in sampling 

procedures, filtration volumes, or other methodological factors, while the accuracy differences, which we did not assess, may 

involve additional complexities, pigment composition, or extraction efficiency variations between coastal and oceanic biomes. 490 

https://doi.org/10.5194/egusphere-2026-1540
Preprint. Discussion started: 26 March 2026
c© Author(s) 2026. CC BY 4.0 License.



 

21 
 

Globally, our results are consistent with recent interlaboratory comparisons that highlight the importance of quality-assurance 

standardization, though direct comparison requires careful distinction between accuracy as evaluated in SeaHARRE and others 

(inter-laboratory agreement) and precision as evaluated here (intra-laboratory replicate variability). (Canuti, 2023) assessed 

inter-laboratory accuracy, reporting mean percent differences of 10.8 % for TChl a and 16.9 % for primary pigments between 

two laboratories both using the Van Heukelem and Thomas (2001) method on 957 Mediterranean samples across a wide 495 

concentration range (0.083–27.35 mg m⁻³). Similarly, (Canuti et al., 2025) quantified inter-laboratory accuracy at 6.1 % for 

TChl a between two facilities using different HPLC methods on oligotrophic Mediterranean samples. In contrast, our study 

assessed intra-laboratory precision, achieving 4.3 % for TChl a and <10 % for most pigments. While within-lab precision and 

between-lab accuracy are distinct metrics, our precision results falling well below the inter-laboratory differences reported by 

(Canuti et al., 2025) suggests that systematic analytical or procedural differences between laboratories, rather than random 500 

analytical variance within laboratories, are a more dominant source of uncertainty in pigment intercomparisons. Both of those 

recent studies and our work converge on key findings: laboratories performed well across wide concentration ranges with no 

strong concentration dependence, uncertainty was pigment-specific (e.g., Chlide a) rather than systematic across all 

compounds, and methodological factors, whether differences between laboratories (accuracy) or adherence to protocols within 

laboratories (precision), were identified as primary drivers of variability rather than environmental conditions or sample matrix 505 

effects. 

Canuti (2023) identified sample handling as a critical source of variability, observing that "inhomogeneity in the water sample 

preparation may affect the assumed equivalence of duplicates." This parallels our distinction between analytical precision and 

sample heterogeneity. When field replicates are collected from a patchy or heterogeneous water parcel, or as discussed before, 

sample processing introduces differential cell capture or loss during filtration, the resulting variability reflects pre-analytical 510 

factors rather than instrumental limitations. This interpretation reinforces our observation that pre-analytical sample 

processing, including filtration protocols, handling procedures, and field collection practices, represents a primary opportunity 

for further precision improvements in ocean color validation activities. 

5 Conclusions and Recommendations 

The assessment of precision presented here showed that the analytical method meets legacy ocean color mission requirements 515 

for validation objectives for most pigments. These findings support the production of climate-quality data with quantified 

uncertainty estimates for validation of ocean color sensors and model outputs. Several key methodological recommendations 

emerged from this work: The value of replicate samples, particularly independent replicates collected from the same water 

mass rather than pseudo-replicates (i.e., multiple subsamples or extractions from a single water sample or Niskin bottle) should 

be emphasized for distinguishing analytical precision from environmental variability and sample heterogeneity. Notably, only 520 

30 % of samples in this dataset were collected as replicates (primarily duplicates; Table 2), with the remaining 70 % being 

singleton samples that provide no direct precision information. NASA's Ocean Biology and Biogeochemistry (OBB) program 
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recommends that a minimum of 5 % of samples be collected in replicate to enable precision assessment; however, investigators 

should routinely incorporate field replication at rates substantially exceeding this minimum threshold into their sampling 

protocols to ensure robust uncertainty quantification. New field researchers and early-stage projects should prioritize even 525 

higher replication rates until sampling procedures are well-established and precision characteristics are thoroughly 

documented. As collectively demonstrated by the SeaHARRE exercises and more recent comparisons, replicate measurements 

provide the empirical basis for quantifying uncertainty and identifying sources of variability. We strongly encourage research 

programs to prioritize replication, including collecting triplicate filters when logistically feasible, as this practice not only 

enables robust precision assessment but also provides statistical power to detect environmental variability and outliers. Beyond 530 

replication improvements, optimized filtration volumes appropriate to phytoplankton abundance and careful vacuum pressure 

monitoring during filtration represent practical steps toward improving precision. While this study encompassed diverse 

oceanographic conditions, future work should investigate the influence of optically complex Case II waters (Morel and Prieur, 

1977) on pigment extraction efficiency and analytical precision. Such environments, characterized by high suspended sediment  
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6 Appendices 535 

Appendix A: Precision Variability Across Phytoplankton Size Fractions (Full Dataset)  

 
Figure A1. LOESS regression fits of sample precision (all data) versus estimated phytoplankton size fraction: micro (>20 μm), nano 
(2-20 μm), and picoplankton (<2 μm) eqs. 2-4. Shaded area contains 95 % confidence bands. 

loads, elevated chromophoric dissolved organic matter, or substantial contributions from non-algal particles, present additional 540 

challenges during sample filtration and extraction that can affect both accuracy and precision in ways not fully characterized. 

Continued adherence to validated protocols, regular participation in inter-laboratory comparison exercises, and systematic 

documentation of field sampling conditions and replication strategies will ensure sustained analytical quality to support current 

and future ocean color satellite missions with increasingly stringent calibration and validation requirements. 

Appendix B: Multivariate Regression Analysis Using Pigment Mass 545 

Substituting pigment mass for concentration in multivariate regression models revealed both similarities and key differences. 

Overall explanatory power remained low for the full dataset (maximum R² = 0.047 vs. 0.030 for concentration models; Table 

B1), reinforcing that precision variability is predominantly random rather than systematic. However, coastal vs. oceanic origin 

emerged as the most important variable more frequently in mass-based models (10/25 pigments) compared to concentration-
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based models (5/25), suggesting that pigment mass captures additional variance related to sample provenance. This increased 550 

importance of geographic origin in mass-based models is consistent with the distinction between sample heterogeneity and  
Table B1. Results of ordinary least squares multiple regressions predicting phytoplankton pigment analysis precision as CV %, for 
all the data and CV % >0. The p-value tests if all coefficients equal zero; adjusted R² shows variance explained by independent 
variables. Min and max R2 values are underlined in each column. The independent variables were: log10 of pigment mass, log10 of 
filtered volume, estimated fraction of microplankton, and the categorical variable coastal or ocean, respectively 555 

Pigment         All data        CV % > 0   
____________________________________________ 
             p(F), adj.R²     p(F), adj.R² 
TChl a       <0.01, 0.012     <0.01, 0.011 
TChl b       <0.01, 0.025     <0.01, 0.193 560 
TChl c       <0.01, 0.033     <0.01, 0.059 
Caro         <0.01, 0.015     <0.01, 0.145 
But-fuco     <0.01, 0.028     <0.01, 0.258 
Hex-fuco     <0.01, 0.023     <0.01, 0.123 
Allo         <0.01, 0.011     <0.01, 0.421 565 
Diadino      <0.01, 0.030     <0.01, 0.138 
Diato        <0.01, 0.020     <0.01, 0.312 
Fuco         <0.05, 0.004     <0.01, 0.118 
Perid        <0.01, 0.006     <0.01, 0.200 
Zea          <0.01, 0.030     <0.01, 0.116 570 
MVChl a      <0.01, 0.017     <0.01, 0.010 
DVChl a      <0.01, 0.020     <0.01, 0.193 
Chlide a     <0.01, 0.037     <0.01, 0.099 
MVChl b      <0.01, 0.017     <0.01, 0.213 
DVChl b      <0.01, 0.047     <0.01, 0.503 575 
Chl c1 c2    <0.01, 0.032     <0.01, 0.090 
Chl c3       <0.01, 0.022     <0.01, 0.188 
Lut          <0.01, 0.015     <0.01, 0.396 
Neo          <0.01, 0.015     <0.01, 0.360 
Viola        <0.01, 0.011     <0.01, 0.372 580 
Phytin a     <0.05, 0.005     <0.01, 0.260 
Phide a      <0.01, 0.007     <0.01, 0.225 
Pras         <0.01, 0.020     <0.01, 0.276 

 
analytical precision discussed in the main text: since mass inherently incorporates filtered volume (Eq. 5), it partially accounts 585 

for the compensatory effect of filtering larger volumes in oligotrophic waters, where stochastic cell capture would otherwise 

dominate concentration-based variability. The censored dataset results showed consistency between approaches, with 

concentration and mass each dominating approximately equal numbers of pigments (22 and 21 of 25, respectively). 

For practical applications, concentration remains preferable to pigment mass for guiding analytical protocols and field 

sampling. Investigators can assess concentration in real-time through visual observations or preliminary measurements, 590 

enabling immediate adjustment of filtration volumes based on apparent phytoplankton abundance. In contrast, pigment mass 

is only determined after analysis and depends partly on laboratory protocols. Concentration-based results thus provide more 

actionable field guidance, though both approaches yield valuable insights into factors affecting analytical precision. 
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 595 
Figure B 1. Variable importance rankings from multivariate regressions predicting pigment precision for full dataset (left) and 
censored data excluding invariant replicates (right). Rankings (1–4) based on absolute t-statistics ( 𝒕J𝜷 ). Symbols indicate effect 
direction: '+' increases CV %, '−' decreases CV %, blank = non-significant (α = 0.05). Variables: log₁₀(MP) = pigment mass, log₁₀(Vf) 
= filtered volume, Fm = microplankton fraction, CvO = coastal (0) vs. oceanic (1). Colors denote variables as per the colorbar. 

Code and data availability 600 

Analysis code and data (Python scripts and Jupyter notebook) are available at: https://git.smce.nasa.gov/joaquin.chaves/hplc-

precision-analysis under NASA Apache 2.0 License. Field sample data follow NASA's SeaBASS data policy 

(https://seabass.gsfc.nasa.gov/wiki/Access _Policy) and are publicly accessible through the SeaBASS repository. Ocean color 

satellite data were obtained from NASA OB.DAAC (https://oceancolor.gsfc.nasa.gov/). 
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