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Abstract 

Ballast water management systems (BWMS) are shipboard devices designed to 
treat ballast water such that concentrations of living or viable organisms in 
discharged water are sufficiently low to meet state, national, or international limits. 
At land-based, purpose-built test facilities, BWMS undergo a rigorous verification 
process to confirm their efficacy. Currently, concentrations of living organisms in 
treated water are determined by manual microscope counts. We considered sources 
of uncertainty associated with these measurements and performed empirical estimates 
of variability in samples representative of the initial, uptake water (with correspondingly 
high concentrations of organisms) and in samples representative of treated water 
(with low concentrations of organisms, near the discharge limits for organisms ≥ 50 µm 
and organisms ≥ 10 and < 50 µm in minimum dimension). The sources of uncertainty 
included both systematic error—here, the loss of organisms during sampling—and 
random error—represented by variability in organisms counts among analysts and 
among replicate subsamples, as well as variability across measurements of sample 
volumes. Systematic error for organisms ≥ 50 µm was measured by the recovery 
rates of 150-µm diameter microbeads in field-scale trials. This error was substantial: 
recovery rates were 76 ± 11%; n = 18 replicate trials. The greatest source of random 
error was due to variation in counts of organisms among replicate subsamples, with 
average coefficients of variation (CV, %) ranging from 10% to 37% for organisms 
≥ 50 µm. The variations among analysts’ counts of organisms and volumetric 
measurements, however, were negligible, approximately one order of magnitude 
smaller. Likewise, pipetting errors were unimportant. 

Key words: invasive species, ballast water, shipping, ballast water management 
systems, error propagation, type approval testing 

   
Introduction 

In an effort to reduce introductions of aquatic, non-indigenous and 
harmful species, the International Maritime Organization (IMO) set limits 
on concentrations of viable organisms in discharged ballast water (IMO 
2004). The United States set similar limits, allowing only sparse concentrations 
in ballast discharges of bacteria (fecal coliforms, enterococci, and toxicogenic 
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Vibrio cholerae), organisms ≥ 10 and < 50 μm (nominally protists), and 
organisms ≥ 50 μm (nominally zooplankton) (USCG 2012; EPA 2008; size 
limits refer to the minimum dimension of the organism). To meet these 
limits, most ships will employ a Ballast Water Management System 
(BWMS) – a shipboard installation designed to treat ballast water, typically 
by physical separation (e.g., filtration) to remove organisms ≥ 50 μm, 
combined with disinfection (e.g., ultraviolet radiation or chlorination) to 
kill bacteria and organisms < 50 μm. The biological efficacy of these systems 
is demonstrated through a series of land-based and shipboard trials 
performed to meet requirements of either the IMO or U.S. Coast Guard 
(USCG) Type Approval (TA) process. 

Determining whether individual ships comply with the numerical 
standards by sampling and analyzing discharged water is currently not 
practicable for all vessels. Therefore, TA is a critical step verifying that a 
BWMS—when properly maintained and consistently used to treat ballast 
water—meets the discharge standard so that the vessel is likely in 
compliance with applicable regulations. In the testing process to determine 
biological efficacy, careful analyses are required to 1) assure the source 
water for testing meets a threshold concentration of organisms to challenge 
BWMS, and 2) to quantify (ideally, sparse) concentrations of living or 
viable organisms in treated and untreated (control) discharged water. As 
part of its TA procedure, the USCG specifies a land-based test protocol 
(the Environmental Technology Verification Protocol; hereafter, ETV Protocol) 
outlining the requirements for experimental design, sampling and analysis 
protocols, testing, and reporting (EPA 2010). For the purposes of this 
paper, testing according to the ETV Protocol will be the model used to 
determine uncertainty in testing, but this approach will also be applicable 
to TA testing that is conducted according to the IMO Guidelines (G8) 
(IMO 2008) or IMO Code for Approval of Ballast Water Management 
Systems (BWMS Code) (IMO 2018). 

The TA Test Protocol also requires documentation to demonstrate 
laboratory and test quality, including a Test Quality Assurance Plan 
(TQAP) and a Quality Assurance Project Plan (QAPP). The QAPP requires 
an approach for assessing a suite of Data Quality Indicators (DQI), including 
accuracy, precision, and bias (see Appendix A of EPA 2010). For a test 
facility performing TA testing, the critical data produced are measurements 
of organism concentrations. Major challenges for quantifying organism 
concentrations include 1) sampling an appropriate volume, which is 
especially salient when organisms are rare (e.g., Miller et al. 2011; Frazier et 
al. 2013), and 2) variability associated with manual microscopy (e.g., First 
and Drake 2012), which includes random uncertainty originating from 
variability among samples as well as variability among analysts. Test 
facilities should also consider systematic uncertainty, for example, the loss 
of organisms during sampling or contamination, such as untreated water 
remaining in the facility’s piping system. 

https://www.invasivesnet.org
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In an effort to estimate measurement uncertainty for these critical 
assays, we examined the sources and relative importance of uncertainties 
associated with sampling and analysis of living organisms in two size 
classes: ≥ 10 and < 50 μm (typically protists) as well as ≥ 50 μm (typically 
zooplankton). Throughout this paper, the term “living” organisms is used to 
describe the parameter of interest, rather than “viable” organisms, since the 
ETV Protocol and current U.S. regulations stipulate the concentrations of 
living organisms. Concentrations of selected indicator and pathogenic 
bacteria are also specified in ballast discharges, and therefore, they are 
quantified in treated discharge. During TA testing, however, influent 
(“challenge”) water typically lacks the concentrations of specific indicator 
and pathogenic bacteria identified in the IMO and U.S. discharge 
standards, and the bacteria are not cultured and added to influent water, as 
this would represent a human health hazard. For this reason, measurement 
uncertainties of bacterial analyses were not included in this study. 

We considered two categories of uncertainty: 1) random uncertainty, 
where values are distributed around the mean value and conform to a 
Gaussian (normal) distribution; and 2) systematic uncertainty, or bias, 
where measured values deviate from the “true” value in a uniform direction. 
An example of systematic uncertainty is the loss of organisms during the 
sampling process: in this case, measured organism concentrations will 
always be less than actual concentrations in the source of the sample. The 
goal of this effort—in addition to quantifying measurement uncertainty at 
a facility performing large-scale experiments similar to TA testing—was to 
develop a protocol for generating an uncertainty “budget” for quantifying 
living organisms, especially a mixed community of sparsely distributed, 
planktonic microorganisms (i.e., in the ≥ 10 and < 50 μm size class). 

Materials and methods 

Overview of experimental protocols at test facilities 

In general, the biological efficacies of BWMS are verified by quantifying 
concentrations of living organisms in discharged water. However, to assure 
a rigorous test of the BWMS, the TA Test Protocol for land-based tests 
requires minimum concentrations of living organisms present at the start 
of each test in the challenge water as an important criterion. Further, 
minimum concentrations are also required in discharged, challenge water 
and discharged, control water. These concentrations are measured to 
ensure challenge water criteria are met and that organisms survive in 
untreated water (and therefore, their reduction in concentrations is in 
response to treatment, not conditions at the test facility). Concentrations 
vary by organism size. 

Organisms ≥ 50 μm include microinvertebrates, larval stages of fish and 
invertebrates, and some protists. Concentrations of organisms in this size 
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class range from ≥ 105 m-3 or greater (the required minimum concentration 
in challenge water) to < 10 m-3 (the discharge limit in treated water). Because 
organisms ≥ 50 μm are typically sparsely distributed (particularly in treated 
water), these organisms are usually concentrated from the sample water 
prior to analysis. In practice, a portion of the water filling or draining a 
tank (i.e., the sample) is diverted into a filtration device, such as a filter skid 
or plankton net (e.g., Gollasch 2006; Drake et al. 2014; Bradie et al. 2018), 
which retains organisms ≥ 50 μm. The concentrated sample (~ 1 L), can be 
used to estimate concentrations from the total volume that was sampled 
(≥ 1 m3). 

Organisms ≥ 10 and < 50 μm typically include microalgae, heterotrophic 
protists, and some microinvertebrates (e.g., crustacean nauplii). Concentrations 
range from ≥ 103 mL-1 (the required minimum concentration in challenge 
water) to < 10 mL-1 (the discharge limit). Samples for enumerating 
organisms in this size class are collected by diverting (at low flow rates) a 
portion of the sample stream used to collect organisms ≥ 50 μm. As with 
organisms ≥ 50 μm, samples collected for organisms ≥ 10 and < 50 μm are 
time-integrated (i.e., flow is continuous throughout the entire tank fill or 
discharge), but the water is not concentrated during sampling. Typically, 
the volume of unconcentrated sample (i.e., whole water) is ≤ 20 L. A portion 
of this whole water, after thoroughly mixing, is used for analysis. Depending 
upon the ambient concentration of organisms in the ≥ 10 and < 50 μm size 
class, the whole water may then be gently concentrated by sieving the water 
to collect organisms >10 μm (e.g., concentrating 5 L to 50 mL). 

Samples for the analysis of < 10 μm organisms are also collected from the 
time-integrated, whole water sample. The standards for organisms < 10 μm 
are based in part upon concentrations of indicator bacteria, which are 
representative of enteric pathogens (EPA 2010). Because of the variety of 
potential methods used to estimate concentrations of these bacteria, as well 
as reasons discussed above, measurement uncertainty was not estimated 
for bacterial assays. 

Sample analysis and measurement uncertainty 

Aliquots of the samples collected for the ≥ 50 μm and the ≥ 10 and < 50 μm 
size classes are analyzed by counting living organisms within the sample 
aliquot using light or epifluorescence microscopy. Test facilities evaluating 
BWMS measure the “biological efficacy” of the BWMS, that is, the 
concentrations of living organisms following treatment. The measurement 
uncertainty associated with these estimates is required to know—with high 
levels of statistical confidence—the likelihood that a measured value 
represents the actual concentration of organisms. 

Here, the approach used to estimate the uncertainty in measurements 
was adopted from standard approaches for calculating and reporting 
measurement uncertainty, specifically, the Guide to the Expression of 
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Table 1. Description of the random and systematic uncertainties used to calculate total uncertainty. If the sources of uncertainty 
estimates differ between size classes, the variable is described for each size class. Standard uncertainty (designated u, with 
subscripts defining the variable) was calculated as described in the text. Counting uncertainty (uI) was calculated from inter-analyst 
(uA) and inter-replicate (uR) variability using Eq. 3 (see text). 

Random Uncertainty Estimation Approach  
Counting uncertainty (uI)  

 Inter-analyst variability (uIA) 
Multiple analysts (n = 3) counted individual organisms in a single sample 
aliquot 

 Inter-replicate variability (uIR) 
A single sample was subsampled multiple times; individual organisms were 
counted in each subsample 

Volumetric uncertainty  
 Concentrated sample volume: (uC) 
 Dilution: (uD) 
 Aliquot sample volume: (uA) 
 Sample volume: ≥ 10 and < 50 µm (uS) 

Repeated readings of a fluid mass, which was retained or transferred by 
volumetric devices. Replicate trials were performed for each device (n = 3), 
and each trial consisted of 5 repeated readings at each of 5 volumes along the 
spectrum (e.g., 10, 25, 50, 75 and 100 mL for a 100-mL graduated cylinder) 

 Sample volume: ≥ 50 µm (uS) 
Pump manufacturer’s estimates of variability in the pump flow rate were used 
to calculate variability in the fluid volume (S) for ≥ 50 µm samples 

Systematic Uncertainty Estimation Approach 

 Sampling inefficiency (uSI) ≥ 50 µm  
Empirically determined as the recovery rate of a known quantity of 
microbeads placed in the sample; this includes all processes that result in the 
loss of organisms during sample collection, processing, and analysis  

 Sampling inefficiency (uSI) ≥ 10 and < 50 µm 
Empirically determined by sieving a known quantity of organisms and 
quantifying the organisms retained on the sieve and the organisms in the 
filtrate 

Uncertainty in Measurement (GUM; JCGM 2008). In general, measurement 
uncertainties of all of the component estimates (i.e., sample volumes, 
organism counts, etc.) were estimated—mostly by empirical studies—and 
propagated to determine the combined uncertainty. In most cases, random 
uncertainty was measured empirically by repeated measurements of 
known volumes or concentrations of organisms. Systematic uncertainty, 
which was represented as the loss of organisms during sampling (i.e., 
sampling inefficiency), was also estimated for both size classes. The 
methods used to estimate measurement uncertainty, beginning with the 
equation used to calculate population concentrations, are described below. 

Equation components 

The following equation was used to calculate the population concentration (P) 
of living organisms in either the ≥ 10 and < 50 μm or the ≥ 50 μm size class: 

 𝑃  
 ∙  ∙ 

 ∙ 
 (1) 

In this case, P is a function of the number of individual organisms 
detected in a sample aliquot (I), aliquot volume (A), volume of concentrated 
sample (C), sample dilution (D), and total sample volume (S). The population 
of interest could be defined based upon the size class of the organism (as in 
this study) or upon the taxonomic group. The uncertainty (u) of each 
variable and the approaches used to estimate these uncertainties are reported 
in Table 1. To gauge the measurement uncertainty of concentrations 
relevant to test facilities, two cases were defined for both of the size classes: 
the first case was representative of population concentrations in treated 
water (treated), and the second case represented samples with organism 
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Table 2. Model parameters used to estimate organism population concentrations. Values shown for each of the size classes (≥ 50 µm; 
≥ 10 and < 50 µm) represent two cases: treated water, where organism concentrations were set at the discharge limit for their size 
class, and untreated water, which represents minimum criteria for challenge water. Dilution is reported in units of mL mL-1 and 
was calculated as the ratio of total volume (i.e., the sum of the sample water and diluent) to the sample water; samples that were 
not diluted were assigned a dilution of 1 mL mL-1; samples with a 1.015 mL mL-1 dilution were diluted with small volumes of a 
solution with fluorescent probes. Values were used to generate the estimates and uncertainty measurements in Figure 1. 

Parameter 
≥ 50 µm parameter values ≥ 10 and < 50 µm parameter values 

Treated Untreated Treated Untreated 
Sample (S) 10 m3 1 m3 3,000 mL 600 mL 
Concentrated sample (C) 100 mL 1,000 mL 1,000 mL 200 mL 
Dilution (D) 1 mL mL-1 3.3 mL mL-1 1.015 mL mL-1 1.015 mL mL-1 
Aliquot (A) 10 mL 4 mL 1 mL 0.1 mL 
Individual (Ind.) count (I) 10 120 30 300 
Population Concentration (P) 10 Ind. m-3 100,000 Ind. m-3 ~10 Ind. mL-1 1,015 Ind. mL-1 

concentrations defined to meet minimum criteria for challenge water in 
the TA Test Protocol (untreated). Volumes and organism counts were within 
ranges typically observed at surface waters near the research facility in Key 
West, Florida, which has a ~ 16-year history of performing experiments 
(similar to TA testing) with large volumes of water (~ 200 m3). The values 
used for the two cases are defined in Table 2. 

Empirical estimates of random uncertainties 

Following the ETV Protocol, organisms in ballast water samples are 
manually quantified by brightfield (EPA 2010; First and Drake 2012) and 
epifluorescence microscopy (EPA 2010; Steinberg et al. 2011), so counting 
variation among analysts (i.e., inter-analyst variability) was identified as a 
potential source of measurement uncertainty. In facilities using approaches 
other than manual counting, this variation would be equivalent to (and could 
be substituted by) inter-instrument variability. Measurements of inter-analyst 
variability were determined empirically by multiple analysts repeatedly 
counting a single sample aliquot. Such analyses were performed consecutively 
(and usually within 2 h) to minimize in vitro organism mortality. Additionally, 
as organisms are not necessarily uniformly distributed (perhaps even after 
mixing), variation among replicate subsamples contributes to overall 
uncertainty. This inter-replicate variability was measured by repeated 
sampling and analyzing multiple subsamples, each originating from a 
single, well-mixed sample. The brine shrimp Artemia franciscana and the 
dinoflagellate Prorocentrum micans were used to represent organisms in 
the ≥ 50 μm and the ≥ 10 and < 50 μm size classes, respectively. The 
procedures used for empirical studies for each size class are outlined below. 

Organisms ≥ 50 μm 

Nauplii of A. franciscana were hatched from cysts (Brine Shrimp Direct; 
Ogden, UT), which were cultured in filtered (< 0.22 μm) seawater incubated 
at 25 °C for 22–24 h. The newly hatched nauplii measured approximately 
100 μm in length and 60–80 μm in width (excluding appendages). Samples 
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were created to represent organism concentrations typically found in two 
types of water, treated and untreated. Untreated samples are usually 
diluted prior to analysis, as organisms may be too numerous to count 
accurately, so a third sample type was created to incorporate a dilution step 
(when the concentrated A. franciscana stock was mixed with 0.22-μm 
filtered seawater) to measure variability attributable to the dilution process. 
Stock cultures of A. franciscana were diluted to yield a number of 
individuals in large (10 mL) and small (4 mL) aliquots representative of 
treated and untreated water, respectively (Table 2). Multiple subsamples 
were aliquoted into separate Bogorov Counting Chambers and analyzed 
for the treated (n = 10 subsamples) and untreated (n = 5) samples. Each of 
the aliquoted samples were counted consecutively by three analysts. 
Counting order by the analysts was randomized to reduce bias caused by 
analysis order (e.g., fatigue). Both living and dead organisms were counted 
following the approach described in the TA Test Protocol. Briefly, dead 
organisms (i.e., not moving and not responsive to gentle touching; US EPA 
2010) were counted using a light microscope (20x magnification). Then, 
Lugol’s iodine (2% final concentration) was added directly to the Bogorov 
Chamber, which chemically preserved all organisms. The Bogorov Chamber 
was then recounted to estimate the total number of organisms. Concentrations 
of living organisms were calculated as the difference between total and 
dead organisms. For both inter-analyst and inter-replicate variability, the 
mean and standard deviation of repeated readings of a single sample were 
used to calculate the coefficient of variation (CV). The final measurement 
of inter-analyst and inter-replicate variability was the mean CV of three trials. 

Organisms ≥ 10 and < 50 μm  

The dinoflagellate Prorocentrum micans was obtained from a culture 
repository (National Center for Marine Algae and Microbiota; CCMP 693; 
East Boothbay, ME), and stock concentrations were maintained at 
approximately 103 mL-1. Cell dimensions were approximately 40 μm in 
length and 20 μm in width. Following the TA Test Protocol, sample water 
was screened through a mesh sieve made of nylon monofilament (7-μm 
nominal pore size, see Molina et al. 2018) to concentrate organisms ≥ 10 μm. 
This process was performed on stock cultures of P. micans to estimate, in 
addition to the inter-analyst and inter-replicate variation, loss during 
sieving (described in more detail below). The source culture (1,000 mL), 
the filtrand (i.e., the suspended organisms retained on the sieve; ~ 300 mL), 
and the filtrate (i.e., organisms passed through the sieve; ~ 700 mL) were 
processed and analyzed separately. The filtrate, which also includes rinse 
water used during sieving, was subsequently concentrated to approximately 
10 mL using a membrane filter (0.22 μm). Details of the analytical method, 
including reagents and materials used, are described elsewhere (EPA 2010; 
Steinberg et al. 2011). Briefly, living organisms were labeled with two 
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fluorescent probes and were counted on a gridded, Sedgewick Rafter 
chamber (1 mL). The number of living P. micans in the source culture was 
adjusted by diluting a stock culture. The target concentrations were 
representative of treated and untreated water (Table 2). For inter-analyst 
variability, a single sample aliquot was labeled and read by three analysts in 
rapid succession so that all three analyses were completed within 30 min 
(to prevent sample degradation). The order of analyses was varied, so no 
analyst would always analyze the sample first, for example. The inter-
analyst and inter-replicate variability were calculated as the mean of three 
trials (described above). 

Volumetric vessels and pipettors  

The measurement uncertainties of all volumetric vessels and pipettors used 
in this study were empirically determined by measuring several volumes of 
Type II water (deionized and purified by reverse osmosis) and gravimetrically 
determining the mass of the measured water. For each vessel or pipette, 
five separate volumes were measured and weighed on a calibration-certified 
balance. For example, volumes of 10, 25, 50, 75, and 100 mL were measured 
and weighed for a 100 mL graduated cylinder. Balances were appropriate 
for the volume range of the vessel (e.g., a 0.1 mg resolution balance was 
used for a 10 μL pipette). The process of measuring and weighing water 
was repeated five times for each volume, and the entire process was 
repeated in three trials. Precision was measured as the mean CV among the 
five volumes used in each of the three replicate trials. 

Other estimates of random uncertainty 

Manufacturers’ reports  

Total sample volume for the analysis of organisms ≥ 50 μm was a function 
of sampling time (measured as the time the pump was running) and flow 
rate, which was monitored with an in-line sensor (GF Signet; El Monte, 
CA). The manufacturer of the flow meter reported that measured flow rate 
was within 1% of the actual flow rate (i.e., α = 1%) Assuming a rectangular 
distribution for this uncertainty (JCGM 2008), the standard uncertainty of 
the sample volume (uS) was calculated as: 

 𝑢  
√ .

0.58 (2) 

Historical data 

In addition to conducting studies designed specifically to measure inter-
analyst and inter-replicate variability, a large historical database of sample 
analyses was used to calculate the variability found in “real-world” 
conditions (i.e., ambient organisms in seawater at Key West). For organisms 
≥ 50 μm, the data set contained 145 independent samples, each with 
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(typically) 5 analytical replicates. For organisms ≥ 10 and < 50 μm, the data 
set contained 37 independent samples, each with between 3 and 6 
analytical replicates. The CV for each of these samples, which represented 
the combination of all sources of variability, was calculated from the mean 
and standard deviation (SD) of the analytical replicates. 

Empirical estimates of systematic uncertainty 

Sampling inefficiency of organisms ≥ 50 μm  

Sampling inefficiency results from physical mechanisms that lead to a 
disparity between the source population and samples of it. Particularly, 
inefficient sampling occurs when organisms are lost or killed during the 
sampling process. For organisms ≥ 50 μm, large volumes of water are 
screened through mesh netting or metal filters to concentrate biological 
organisms—a process that could lead to the loss (through poor retention or 
mortality) of organisms. Sampling inefficiency was estimated by measuring 
the recovery of a known quantity of 150-μm microbeads added to the 
filtration device prior to sampling. Although microbeads would not 
experience mortality, they were subjected to other loss processes, such as 
loss through imperfections in the mesh netting. Experiments measuring 
microbead recovery are described in detail elsewhere (Drake et al. 2014). 
Briefly, prior to an experiment, microbeads (100–200) were counted with a 
microscope and added to either a plankton net or a 35-μm filter bag that 
was contained within a filter housing. After ambient seawater was filtered 
through the plankton net or filter bag, microbead recovery was calculated 
as the percentage of microbeads recovered relative to microbeads added. 
The mean microbead recovery rate was calculated for 18 independent 
samples. 

Sampling inefficiency of organisms ≥ 10 and < 50 μm 

For organisms ≥ 10 and < 50 μm, sampling inefficiency was determined by 
the relative loss of organisms during sieving. As individual P. micans were 
typically 25–40 μm in length, cells should be easily retained on a mesh sieve 
nominally rated to capture objects ≥ 10 μm. Relative loss was measured as 
the ratio of the mean concentration of individuals in the filtrand (i.e., 
suspended cells retained on the sieve) to the total concentration (i.e., the 
combined filtrand and filtrate concentrations). Three independent trials 
were performed to empirically measure the retention of organisms ≥ 10 
and < 50 μm. 

Potential sources of uncertainty not included 

Some sources of random uncertainty were considered negligible a priori. 
For example, variations in temperature and pressure that cause small (< 1%) 
differences in volume measurements were not included. For test facilities 
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where the sample water deviates greatly from standard temperature and 
pressure, these factors may contribute to the overall uncertainty. If so, they 
may be included. 

A potential source of systematic uncertainty not included was in vitro 
mortality, which is the loss of organisms within the sample prior to 
analysis. Our protocol stipulated analysis within 6 h of collection, so we 
measured in vitro mortality for A. fransciscana after a 6-h hold time. To 
calculate rates of in vitro mortality, adults were held in vessels at 
concentrations similar to those observed in full-scale testing. At the start 
and the end of the sample hold period, concentrations of living and dead 
organisms were determined as described previously. Losses due to mortality 
were calculated from the initial concentrations and concentrations remaining 
at 6 h. In these experiments, the mean mortality rate after 6 h was 20 ± 13% 
(n = 3, data not shown). This loss rate, however, was not included among 
the sources of systematic uncertainty, as the samples are often analyzed 
soon after (i.e., within 3 h) sample collection, and the rate of mortality of 
ambient organisms potentially is a function of, among other variables, the 
sample holding conditions. For example, cold-water samples, if exposed to 
room temperature conditions within the laboratory, may show higher rates 
of organism mortality. Densely concentrated organisms in warm water 
may require aeration to prevent hypoxia. The rates of in vitro mortality will 
likely vary among test facilities and, potentially, at a single test facility based 
upon seasonal variations in water characteristics and the assemblages of 
organisms. 

Likewise, the efficiency of the fluorescent probe method for counting 
living organisms ≥10 and < 50 μm also depends upon the assemblages of 
organisms. Rates of false positives (i.e., cells fluorescing after heat killing) 
and false negatives (i.e., motile cells that were not fluorescing) were 
generally rare at this location (< 5% and < 2%, respectively; Steinberg et al. 
2011), and, therefore, were not incorporated into the uncertainty analysis. 
The composition of the ambient community at a particular location, 
however, may include taxa that yield high rates of false positives or 
negatives (e.g., MacIntyre and Cullen 2016). In this case, inclusion of this 
systematic uncertainty would be warranted. 

Data analysis and calculations 

General approach  

Following standard approaches, the uncertainties estimated from empirical 
studies were combined to yield an overall uncertainty of the measurement 
of the population concentration (JCGM 2008). All measurements were 
considered independent, and covariances between measurements were not 
included in the final uncertainty estimate. A coverage factor—a multiplier 
of the uncertainty estimate (JCGM 2008)—was not used to expand the 
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Box 1. Example calculations showing inter-analyst and inter-replicate data and summary for Trial 1 of the ≥ 10 and < 50 µm 
counting precision trials. The summary data from Trial 1 is shown in the overall summary with values from Trials 2 and 3 (not 
calculated in this box). The overall combined coefficient of variation is listed in Table 3 for “treated ≥ 10 and < 50 µm” counting precision. 

uncertainty interval. For experiments to determine the counting precision, 
an example of the data processing is shown in Box 1. Together, three 
independent trials for each of the two size classes generated measures of 
inter-analyst variation and inter-replicate variation. This relative error (in 
this case, CV reported as a percentage) allowed for the uncertainty 
measurement to be applied to the values specified in Table 2. The 
procedures used for counting and volumetric uncertainties are addressed 
below. 

Counting uncertainty 

Inter-analyst and inter-replicate SDs (σIA and σIR, respectively), which 
were determined from three independent trials, were combined in 
quadrature to yield a total counting uncertainty (σIT):  
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 σ𝐼 σ𝐼 σ𝐼  (3) 

The combined counting uncertainty was normalized to the mean 
number of individuals to yield the CV for this set of trials: 

 𝐼  (4) 

The estimate uncertainty for an organism count (including values that 
were defined in this study; (Table 2) was the product of the count and the 
CV determined experimentally: 

 𝑢  𝐼 ∙ 𝐼 = σ𝐼  (5) 

Volumetric uncertainty 

Similar to counting uncertainty, volumetric uncertainty for a pipettor or 
graduated container—the combined uncertainty of all replicate trials and 
volumes tested—was normalized to the mean volume. As with counting 
uncertainty, the uncertainty for a single vessel or pipettor was the product 
of the actual volume and the CV. The example equation below represents 
the uncertainty for C, but the template was used for other volumetric 
measurements: 

 𝑢  𝐶 ∙ 𝐶 (6) 

The dilution (D) step, if used, may involve multiple pipettors or fluid 
transfers. In this case, the overall uncertainty was the sum of uncertainties 
for all pipettors used, combined in quadrature: 

 𝑢 𝑢 𝑢 ⋯ 𝑢   (7) 

Combining random uncertainty  

The final estimate of uncertainty in population concentrations (uP) is based 
upon the combined uncertainties of the components (here I, C, D, A, and S): 

       (8) 

Values for 𝑢  were calculated for all cases and for lower and upper limits 
of uncertainty (calculated by subtracting or adding, respectively, the SD to 
the mean). 

Systematic uncertainty 

Sampling inefficiency (i.e., loss of organism during sampling or processing) 
reduces the number of individuals encountered in the sample aliquot. For 
an estimated loss of individuals (LI), individual counts were corrected 
(ICORR) for this loss using the following equation: 

 𝐼   (9) 
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Table 3. Counting precision measured as the coefficients of variation (CV, %) among repeated counts by several analysts (inter-
analyst CV) and among subsamples replicates of a single sample (inter-replicate CV). Lower and upper limits were defined by the 
mean CV ± 1 SD; these represent the best- and worst-case scenarios, respectively. Mean CV from historical datasets was not 
partitioned into inter-analyst and inter-replicate variation; a dash indicates that these data are not available. Mean and SD values are 
calculated from three independent, replicate trials. Note that “treated water” had low concentrations of organisms (near the 
discharge limits), and “untreated water” had higher concentrations of organisms (meeting the minimum concentrations in challenge 
water used during verification testing of ballast water management systems). 

 Inter-analyst CV Inter-replicate CV Combined CV 
Lower Limit  
(CV-1 SD) 

Upper Limit 
(CV+1 SD) 

≥ 50 µm  
Treated 1.2 ± 1.2% 37 ± 8.4% 37 ± 8.5% 29% 46% 
Untreated with dilution 1.5 ± 0.6% 8.3 ± 7.3% 8.4 ± 7.4% 1.0% 16% 
Untreated without dilution 1.8 ± 0.7% 12 ± 4.6% 12 ± 4.6% 7.3% 17% 
Untreated (combined) 1.6 ± 0.1% 14 ± 3.0% 14 ± 3.0% 11% 17% 

≥ 10 and < 50 µm  
Treated 6.9 ± 3.5% 18 ± 11% 19 ± 12% 7% 31% 
Untreated 8.1 ± 2.9% 8.5 ± 4.3% 12 ± 5% 7% 17% 

Historical Data  
≥ 50 µm  – – 17 ± 9% 8% 27% 
≥ 10 and < 50 µm  – – 18 ± 9% 9% 27% 

The population concentration was adjusted by substituting ICORR for I in 
equation 8. The uncertainty for this value (𝑢 ) was calculated by 
combining the uncertainties of I and LI, following the template for the 
propagation of uncertainty (Eq. 8). 

Results 

Random uncertainty 

Inter-replicate variability represented the majority of the combined 
counting uncertainty for counts of organism ≥ 50 μm; these estimates of 
variability were approximately one order of magnitude greater than inter-
analyst variability (Table 3). In all cases, mean inter-analyst CVs were < 2%. 
In treated water, where target concentrations of A. fransciscana were ~ 10 per 
10 mL of sample aliquot, inter-replicate variation was highest (37 ± 8.4%, 
n = 3). In this case, the upper limit for CV was 46%. Considering the small 
mean numbers of individuals in sample water originating from treated 
water, this large CV represents a SD of < 5 individuals per replicate aliquot. 
Notably, because there were no significant differences between the untreated 
samples with and without dilution (t-test, p > 0.05, data not shown), these 
two datasets (each with 5 replicate readings) were combined for an overall 
untreated set (with 10 replicate readings). The combined set was used in 
further calculations. 

Inter-analyst variation was greater in both treated and untreated samples 
of ≥ 10 and < 50 μm organisms than their counterparts in the ≥ 50 μm size 
class (Table 3). However, there were no significant differences in combined 
CVs between treated and untreated samples (t-test, p > 0.05, data not 
shown). The empirical estimates of measurement variability were in accord 
with the variability within historical datasets of organism counts (Table 3). 
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Table 4. Coefficients of variation (CV, %) in volumetric cylinders, flasks and beakers, and 
pipettors. Mean CV was calculated as array of CVs (n = 15) generated from the mean and 
standard deviation (SD) of 3 replicate trials, each with 5 replicate readings from each of 5 
different volumes. 

CV Mean CV SD CV Min.* CV + 1 SD 
Graduated Mixing Cylinders 
100 mL 0.4% 0.3% 0.1% 0.8% 
250 mL  0.3% 0.2% 0.1% 0.5% 
Flasks and Beakers 
1 L Flask 0.5% 0.4% 0.1% 0.9% 
3 L Beaker 0.3% 0.2% 0.1% 0.6% 
5 L Beaker 0.6% 0.8% 0.0% 1.4% 
Pipettors 
10 µL  2.4% 2.1% 0.0% 4.5% 
100 µL  0.8% 0.6% 0.1% 1.4% 
200 µL 0.7% 1.0% 0.2% 1.7% 
1 mL 0.4% 0.3% 0.1% 0.8% 
5 mL  0.4% 0.3% 0.1% 0.7% 
10 mL Serological 1.1% 1.2% 0.2% 2.2% 

* Minimum CV was used because CV – 1 SD in several cases resulted in CV < 0%. 

Volumetric vessels and pipettes were, in all cases, highly precise (Table 4). 
This high precision includes large flasks (1 L) and beakers (3 and 5 L), which 
are used, for example, to measure volumes of whole water used for sampling 
organisms in the ≥ 10 and < 50 μm size class. The highest CV was observed 
with a 10 μL pipette (2.4 ± 2.1%, n = 3), which is used to transfer small 
volumes of fluorescent probes into samples of ≥ 10 and < 50 μm organisms. 
Aside from this result, all CVs were ≤ 1.1%. 

Systematic uncertainty 

For organisms ≥ 50 μm, systematic uncertainty was represented by the loss 
of organisms, which was measured using microbeads as proxies for 
organisms. For 18 independent samples, microbead recovery was 76 ± 11%. 
Thus, the estimated mean organism count was, on average, 24% lower than 
the true concentration of organisms. 

Organism loss of the ≥ 10 and < 50 μm size class was determined by 
retention of living P. micans on a sieve. On average, 99.9 ± 0.02% and 96.4 ± 
6.0% of organisms were retained for treated and untreated trials, respectively. 
For this size class, organisms were only slightly underestimated (as 
compared to the ≥ 50 μm size class). 

Combined uncertainty 

Combined uncertainty for treated and untreated samples for both size 
classes is shown in Figure 1. Inclusion of systematic uncertainty had the 
greatest impact, as the systematic uncertainty both changes the mean 
concentration of organisms ≥ 50 μm and increases the uncertainty. For 
organisms ≥ 50 μm, the correction for systematic uncertainty increased the 
mean concentration from 10 to ~ 13 organisms m-3 for treated samples. 
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Figure 1. Estimates of organism concentrations and the associated uncertainty (u), which was 
propagated from uncertainty estimates of the variables used to calculate population concentrations 
(See Table 2). Error bars are drawn using random uncertainty (uR) and the combined random and 
systematic uncertainties (uR + uSI). Shown are samples representative of treated (top panels) and 
untreated (bottom panels) water for the ≥ 50 µm (left panels) and ≥ 10 and < 50 µm size (right 
panels) size classes. The vertical bars mark the estimated concentration (P, in various units of 
concentration) with the wide and thin bars showing the lower and upper limits of uncertainty. 
Note the differences in the y-axis scaling among the panels. 
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Discussion 

The development, finalization, and entry into force of an international 
convention (IMO 2004) as well as national regulations (e.g., U.S. Coast 
Guard 2012; EPA 2008) prompted the commercialization of BWMS, which 
employ various approaches to reduce the concentration of living organisms 
to below the discharge limits (Werschkun et al. 2014). Critically, the 
performance and efficacy of these systems must be established through 
rigorous testing prior to acceptance and approval by a verification 
organization. Accurate measurements of concentrations of living organisms 
are the central component of these verification tests, but the sampling, 
sample processing, and sample analysis protocols introduce uncertainty 
into the final measurement. This study sought to quantify this uncertainty, 
developing a model that could be adopted or adapted to suit testing 
organizations measuring the concentration of living, aquatic organisms. 
Additionally, quantifying random and systematic uncertainty clarified the 
relative contribution of different processes and measurements to the 
combined uncertainty in concentration measurements. 

Manual microscopy inherently relies upon the ability of an analyst to 
perceive organisms—including organisms in motion and transiting through 
the field of view—and determine whether the organism is within the target 
size class. Consequently, the variation in measurements among analysts 
might be expected to exceed other sources of variation. However, in this 
study, inter-analyst variation was approximately one order of magnitude 
smaller than the inter-replicate variation (i.e., variation among analysts was 
much smaller than variation among subsamples collected from a single 
sample). Nevertheless, inter-analyst variation will differ among testing groups 
based upon the experience of the analysts, and it will likely vary among 
different sets of analysts. It will also vary based upon complexity of the 
biological community and the debris load in the sample. In these empirical 
experiments, a single organism suspended in water without suspended solids 
would represent a best-case scenario, and variation would likely increase 
for challenging samples with a diverse community of organisms and a high 
debris load. Unlike inter-replicate variation—where the uncertainty 
depends greatly upon the concentration of organisms, so improving 
analytical practices (e.g., more thorough sample mixing, increasing the 
precision of volumetric devices, etc.) will likely lower variation only 
slightly—inter-analyst variation is alterable and may be reduced through 
increased training, practice, interaction with other analysts and experts, or 
changing to automated analysis. Similar to any analytical instrument, 
sample characteristics and interferences affect the microscopist’s performance: 
high concentrations of dead organisms and debris, for example, lengthen 
the analysis time (First and Drake 2012). 

In general, measurement uncertainty of volumetric vessels and pipettors 
was a very minor component of the total uncertainty. Because of the low—
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arguably negligible—contribution of volumetric devices to total uncertainty, 
it was reasonable to ignore the role of pressure and temperature in 
measuring the volume of sample water. Water temperature may range 
from 4 to 35 °C during testing (EPA 2010), and at the extremes of this 
range, temperature may affect volume measurement, particularly of air-
displacement pipettors. Volume may also be measured by the mass and 
density of sample water. In this case, the error associated with measuring 
the density of the sample water, e.g., temperature and salinity measurements 
or measurements with a specific gravity meter, should be quantified. 
Likewise, the accuracy and precision of the balances used should be known 
if sample volume is measured via sample mass. 

In this thought exercise, we assumed there was no covariance among 
measurement variables. Covariance occurs, e.g., when the sample volume 
(S) is solely responsible for number of individuals in a sample aliquot (A). 
While this would seem to be the case, the number of individuals in a 
sample aliquot was limited by the counting protocol, which sets a threshold 
of ~ 30 individuals mL-1 in (A). At higher concentrations, manual microscopy 
is challenged by multiple individuals moving in the field of view. Hence, 
highly concentrated samples are diluted. For organisms ≥ 10 and < 50 μm, 
where living organisms are labeled with a fluorescent probe, false positives 
(dead organisms fluorescing) or false negatives (live organisms unlabeled) 
contribute to measurement uncertainty. The rate of false positives and 
negatives has been shown to vary among geographical locations, primarily 
due to different taxonomic assemblages of organisms (e.g., Steinberg et al. 
2011; MacIntyre and Cullen 2016). Certain taxa appear to intrinsically 
resist either the label uptake or the intracellular transformation to yield a 
fluorescent product, and populations of living individuals are indistinguishable 
from heat-killed populations (MacIntyre and Cullen 2016). Different water 
characteristics (e.g., turbidity, temperature, pH) may also contribute to 
variable labeling efficiency and fluorescence yield. 

Perhaps the major challenge of BWMS testing is identifying and 
quantifying sources of systematic uncertainty. In this study, we chose the 
recovery of a known quantity of microbeads to estimate the loss of organisms 
during sampling. For several reasons, discussed above and elsewhere 
(Drake et al. 2014), microbeads were an imperfect proxy for living organisms. 
Some characteristics, such as surface hydrophobicity, could lead to 
increased adherence on structures. The mesh netting was particularly a 
concern, and while the microbeads were thoroughly wetted prior to the 
experiments, microbeads were still found on the mesh netting (as well as 
within the walls of disposable pipettor tips and glass flasks). Because of 
this, all materials in contact with the sample were thoroughly examined. 
Nevertheless, the mean recovery of microbeads suggested that a portion of 
organisms ≥ 50 μm were lost during sampling or sample processing. This 
rate of loss of organisms, however, would be expected in both treatment 
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and control samples as long as the sampling protocols remained 
comparable. Well-designed comparative experiments (i.e., with parity 
between sampling control and treated water) will reduce the impact of 
systematic uncertainty. Yet, this systematic uncertainty complicates 
measurements near the discharge limit (e.g., 10 org. m-3), and, notably, any 
subsequent enforcement actions that may be taken based on the results. 
Perhaps estimates of organism loss during sampling and sample processing 
are needed. Loss of organisms ≥ 10 and < 50 μm during sample processing, 
in contrast, was low, but the retention of organisms in this size class is 
likely a function of their size, and also the rigidity of their bodies. For 
example, in some instances, single-celled ciliates were poorly retained on 
mesh netting (Carrias et al. 2001). 

Conclusions 

Standardized, rigorous testing of BWMS motivates increased scrutiny on 
analytical procedures. The procedure described herein for estimating both 
random and systematic errors and determining combined uncertainty was 
applied to part of the BWMS testing process, specifically, concentrating 
and quantifying organisms via microscopy. Particularly notable was the 
potential loss rate of organisms ≥ 50 μm as measured by the recovery of 
microbeads. This observation warrants additional attention, including 
verifying the loss using different approaches, such as reduced-scale, 
laboratory experiments and numerical modeling. Regardless, facilities 
engaged in verification testing may consider a similar or more thorough 
examination of their processes to identify sources of error, verify the 
quality of manual microscope counts, and learn the uncertainty associated 
with their measurements of the concentration of living organisms in ballast 
water samples. 
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