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Three plankton collection methods were used to gather plankton samples in the Celtic

Sea in October 2016. The Plankton Image Analysis (PIA) system is a high-speed color

line scan-based imaging instrument, which continuously pumps water, takes images of

the passing particles, and identifies the zooplankton organisms present. We compared

and evaluated the performance of the PIA against the Continuous Automatic Litter

and Plankton Sampler (CALPS) and the traditional ring net vertical haul. The PIA

underestimated species abundance compared to the CALPS and ring net and gave an

image of the zooplankton community structure that was different from the other two

devices. There was, however, good agreement in the spatial distribution of abundances

across the three systems. Our study suggests that the image capture and analysis

step rather than the sampling method was responsible for the discrepancies noted

between the PIA and the other two datasets. The two most important issues appeared

to be differences in sub-sampling between the PIA system and the other two devices,

and blurring of specimen features due to limited PIA optical depth of field. A particular

advantage of the CALPS over more traditional vertical sampling methods is that it can

be integrated within existing multidisciplinary surveys at little extra cost without requiring

additional survey time. Additionally, PIA performs automatic image acquisition and it does

remove the need to collect physical preserved samples for subsequent analysis in the

laboratory. With the help of an expert taxonomist the system in its current form can

also integrate the sampling and analysis steps, thus increasing the speed, and reducing

the costs for zooplankton sampling in near real-time. Although the system shows some

limitation we believe that a revised PIA system will have the potential to become an

important element of an integrated zooplankton monitoring program.

Keywords: plankton collection methods, underway sampling, image analysis, mesozooplankton, integrated

monitoring, line-scan camera
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INTRODUCTION

In pelagic ecosystems, zooplankton occupy a central position in
the food web, often controlling smaller organisms by grazing and
providing food for many important larval and adult fish and
ultimately seabirds (Pitois et al., 2012; Lauria et al., 2013). Their
short life cycle render zooplankton sensitive to environmental
changes (Edwards and Richardson, 2004; Beaugrand et al., 2010;
Harris and Edwards, 2014; Serranito et al., 2016), and their
position in the food chain between primary producer (bottom-up
control) and fish (top-down control), make them a prerequisite
for an understanding of ecosystem approach to management.
Therefore, changes in their abundance, biomass, community,
and size structure are important indicators of overall ecosystem
health (Gorokhova et al., 2016). Zooplankton, however, have
not received the same amount of research attention as the
phytoplankton and fish communities within ecosystem studies
(Mitra et al., 2014), and thus, our knowledge of their biomass, size
composition, and rates of production in many shelf seas remains
fragmented. Furthermore, zooplankton are difficult to simulate
in ecosystem models and the lack of data hinders calibration of
such models.

In Europe, zooplankton are also relevant to the Marine
Strategy Framework Directive (MSFD, European Union, 2008).
The main objective of this environmental legislature is to
ensure that the use of marine resources is compatible with the
conservation of ecosystems. To this effect, member States are
required to put in place the necessary management measures to
achieve Good Environmental Status (GES) in their marine waters
by 2020, and establish and implement monitoring programmes
to measure progress toward GES. For GES to be achieved,
zooplankton must be present and “occur at levels that are within
acceptable ranges that will secure their long-term viability and
functioning” and the “distribution and abundance of species are
in line with prevailing physiographic, geographic, and climatic
conditions” (Borja et al., 2013).

The traditional collection of zooplankton samples, using nets
followed by taxonomic analysis of the preserved samples using
microscopes by a trained specialist, is a labor intensive and
time-consuming process (Wiebe and Benfield, 2003; Benfield
et al., 2007). It is also error-prone, as working with a
microscope for long periods of time can lead to fatigue of the
operator (Culverhouse, 2015), with error-rates varying from one
taxonomist to the next (Culverhouse et al., 2014). Furthermore,
while the number of taxonomic experts has been in decline
over the last 50 years, the demand for skilled analysts is now
escalating (MacLeod et al., 2010; Culverhouse, 2015). These
factors contribute to the limitation of both the availability and
quality of zooplankton data and resulting information.

While, there is a need to increase the flow of zooplankton
data, resources and budgets for monitoring are always limited.
It is therefore desirable to develop cost-efficient methods
(Danovaro et al., 2017) and increase the time and space
resolution of sampling, by integrating zooplankton monitoring
into multipurpose surveys (Shephard et al., 2015). Such methods
will need to combine cost effectiveness with quality of scientific
data, sufficient to provide effective observational platforms

for monitoring the planktonic ecosystem in relation to the
environment, and produce the necessary evidence base to
support management decisions. The incentive to reduce sample
processing time has led to the development of automated
plankton imaging systems (Benfield et al., 2007); and in
particular, advances over the past decade in computer-based
identification mean that some classes of identification are now
possible with no or little human operator intervention in routine
analysis (Culverhouse, 2015; Uusitalo et al., 2016). Such systems
include the Zooscan digital imaging system (www.hydroptic.
com), based on image analysis and pattern recognition methods
to count, measure, and classify zooplanktonic organisms
(Grosjean et al., 2004; Gorsky et al., 2010; Vandromme et al.,
2012). However, the ZooSCAN uses a flatbed scanner to digitalize
fixed wet net samples, and as such cannot be used on a moving
vessel. A more recent system has been developed by Fluid
Imaging Technologies Inc. (www.fluidimaging.com) that allows
continuous imaging technology: the FlowCAM R© Macro (Le
Bourg et al., 2015). However, this tool is limited by a flow rate of
750 ml/min. Such a low rate of sampling it is neither appropriate
for use underway over large spatial scales, or adequate for counts
of low abundance planktonic classes (e.g., Wong et al., 2017),
and would lead to high statistical error associated with the
abundance results. Deployable and towed instruments exist that
can collect and identify in-situ images of plankton. Examples
of such system comprise the VPR (Davis et al., 1992), SIPPER
(Remsen et al., 2004), ISIIS (Cowen and Guigand, 2008), and
UVP (Stemmann et al., 2008). However, these cannot be operated
in all sea conditions and their operation is labor intensive,
thus preventing their routine use as part of a low-cost routine
integrated monitoring program. At the same time, the incentive
to integrate sampling of zooplankton as part of integrated
monitoring program has led to the development of automated
sampling systems, such as the Continuous Underway Fish Eggs
Sampler (CUFES, Checkley et al., 1997) and the Continuous
Automated Litter and Plankton Sampler (CALPS, Pitois et al.,
2016). Both systems operate continuously and under nearly all
sea conditions, providing estimates of the volumetric abundance
of particles at pump depth, and are thus particularly suitable
for assessing aggregated distributions. However, both sample
collection and processing are labor intensive tasks, and in order
to optimize the acquisition of zooplankton information, there is
a need to develop a method capable of integrating both tasks
into an all-in-one set-up. The Linescan Zooplankton Analyser-
Plankton Image Analyser (LiZA-PIA) system (Culverhouse et al.,
2015) was developed with this in mind and was able to deliver
autonomously acquired and processed data, in or near real-
time, so that data are immediately available without the need
for significant amounts of post-cruise sample processing and
analysis. A new machine, known as the Plankton Image Analyser
(PIA) has been designed to improve imaging quality and water
flow rates when compared to the LiZA-PIA instrument. These
improvements are described in the Materials and Methods
section.

Our main objective is to evaluate the routine use of the
PIA system, as part of an integrated monitoring programme.
The system should be able to provide robust scientific data for
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the study of the mesozooplankton component of planktonic
ecosystems, and the evidence base to support management
decisions. For this purpose, we aim to follow-up from our
previous study on the comparison between the CALPS and
widely used method of vertical haul using a ring net at a single
point location (Pitois et al., 2016). Specifically, we aim to:

(i) Compare, characterize and evaluate the performance of
the PIA system against another underway semi-automatic
system (CALPS, Pitois et al., 2016), and the traditional ring
net deployed vertically at a single point location, in term of
sampling efficiency and selectivity.

(ii) Carry out the same comparison between the data obtained
from the CALPS and those obtained from the ring net, to
validate the results obtained in our previous study (Pitois
et al., 2016).

MATERIALS AND METHODS

Area of Study and Sampling Strategy
The abundances of zooplankton collected from the CALPS and
the PIA were compared with data collected with a ring net hauled
from the seabed to the surface during the PELTIC 2016 survey
(PELagic ecosystem in the western English Channel and eastern
CelTIC Sea, ICES, 2015). This was one of five integrated yearly
monitoring surveys (2012–2016) conducted during the autumn.
PELTIC 2016 was carried out from the 3rd to the 19th October
on board the RV “Cefas Endeavour.” Zooplankton samples and
images were collected at 40 stations during night time (Figure 1).
All data collected from the three devices are freely available
from the Cefas Data Hub (accession number doi: 10.14466/
CefasDataHub.35).

Sampling Methodologies and Taxonomic
Analysis
Vertical Hauls Using Ring Net
Depth-integrated vertical hauls weremade at the 40 stations, with
the aim of sampling from 3m above the seabed to the surface.
Due to the absence of real time depth information, to attempt to
achieve this the amount of cable used was 3m less than the water
depth. During periods of slack water this was relatively successful,
but due to the strong tides at certain times and locations, some
samples did not sample the full water column. An 80-µm-mesh
net was used, mounted on a 0.5 m-diameter ring frame equipped
with a General Oceanics mechanical flowmeter (model 2030RC,
which includes a mechanism to prevent the rotor from turning
backwards) mounted in the center of the aperture of the net. A
mini-CTD (SAIV) was attached to the bridle recording pressure
(depth), temperature, and salinity. The mesh size was chosen
to reliably sample many of the smaller copepod species that
are important grazers; it did not show any sign of clogging
throughout the survey. The net was hauled to the surface at a
speed of 0.5 m/s. This resulted in a volume filtered ranging from
8.03 to 61.25 m3 per sample. The net was washed down and the
end bag thoroughly rinsed with sea water before preserving the
sample in 4% formaldehyde. Position, date, time, seabed depth,
and sampled depth (from CTD attached to net) were recorded

and the volume filtered was calculated from the flowmeter
readings.

The CALPS
The CALPS consists of a pump system and additional elements
fitted onto the research vessel. The additional elements include
a water inlet of 20 cm diameter, a flowmeter, six-cylinder traps,
and associated valves and level detectors to prevent overflowing
(Figure 2). When activated, the system pumps sea water from
a depth of 4m at rates of ∼40 L/min and distributes the water
into one or more of the six possible traps. Each trap consists of
a PVC cylinder (height: 73.3 cm, diameter: 28.0 cm) containing
a plankton net (length 66.0 cm and diameter 26.5 cm) of chosen
mesh size. During the current survey, the samples were filtered
through an 80-µm-mesh net, identical to that of the ring net.
The volume of water filtered was measured with an electronic
flowmeter, so that zooplankton abundance (m−3) could be
determined for each sample. The CALPS system had to run for
at least an hour to obtain a sufficiently large plankton sample
for comparison with the deployment of the vertical ring net. To
achieve this without delaying vessel operations, sampling started
while steaming at a fixed vessel speed of 10 knots, 20min before
arrival at the ring net station, continued during the deployment
of the ring net at station (∼20min), and was stopped 20min after
leaving the station at 10 knots vessel speed. The starting time and
position, as well as end time, position, and volume filtered were
recorded for each station, the latter ranging from 1.9 to 2.6 m3 of
seawater filtered per sample.

Samples collected with the ring net and CALPS system were
analyzed using the Zooscan Imaging system (Hydroptic v2.0).
The samples preserved in 4% formaldehyde solution were first
rinsed with deionized water. When high densities of zooplankton
were present, sub-sampling was applied using a Folsom splitter,
with the aim to include between 800 and 1200 objects, thus
maximizing sample size while reducing the risk of specimens
overlapping. The subsampling ensured that a minimum of 200
zooplankton were identified. The sub-sample was then poured
into the scanning cell and overlapping objects were separated
using needles. The scanned image was processed using the
Zooprocess and Plankton Identifier software (Grosjean et al.,
2004; Gorsky et al., 2010). A learning set based on a subset of
vignettes from plankton samples collected during the current
and previous years’ surveys was used to automatically categorize
the specimens into different taxonomic groups. Finally, an
expert taxonomist manually validated the classifications. A
series of metrics including size were automatically exported.
A total of 33 taxonomic groupings were identified across all
samples. Calanoid and cyclopoid copepods were identified as
far as possible to genus level. The exception was the Para-
pseudocalanus taxonomic group, which also included all species
of Paracalanus, Pseudocalanus, Ctenocalanus, Clausocalanus,
and Microcalanus. These genera could not consistently be
distinguished and separated from the vignettes.

The Plankton Image Analyser (PIA)
The PIA is a high-speed color line scan-based imaging
instrument; Figure 2 illustrates its setup on RV Cefas Endeavour
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FIGURE 1 | Location of the 40 points where zooplankton were sampled using both ring net vertical deployment and CALPS, and images were collected using the PIA.

FIGURE 2 | Illustration showing the setup of the Continuous Automated Litter

and Plankton Sampler (CALPS) and Plankton Image Analyser (PIA) on-board

RV Cefas Endeavour during the PELTIC 2016 survey. (A) Schematic illustration

of the CALPS system. (B) Photograph of the plankton net inside each trap on

the trap system (C) from (A). (D) Photograph of the PIA system.

during the 2016 PELTIC survey. The flow cell is 25mm brass tube
that has two quartz optical windows halfway along its length. The
flow cell at the windows is square, with the same cross-sectional

area as the 25mm tube. A Basler 2048-70kc camera, sampling
at 70K lines per second, images the water running through the
flow cell. The flow rate is monitored by a Bell electro-magnetic
flow meter and set to 34–40 L/min. Color images are captured
using an EPIX E4 frame store. Image processing is as described in
Culverhouse et al. (2015). Essentially, RGB composite images are
constructed by joining consecutive lines together, thresholding
and extracting a region of interest ROI, or vignette, that is saved
to hard drive as a TIF file. Each TIF image is time-stamped
and named in the Zooscan convention of date+imageID.tif. Raw
images are stored to maximize dynamic range of the captured
particles. These are converted to 8-bit resolution through a
process of scaling and conversion from 12 to 8 bit resolution, for
viewing and for subsequent processing. The PIA was in operation
continuously throughout the survey and thus acquiring images
of all particles passing through the flow-cell. For the purpose
of consistency, the PIA was operated at the same time as the
CALPS, and from the same pumped clean water supply, thus
providing zooplankton information on the same body of water.
In order to reproduce the sub-sampling procedure used for
physical samples (as collected with the CALPS and ring net),
two thousand images, were randomly selected as a subsample
(each sample contained between 3,300 and over 200,000 images
of particles, see Supplementary Material for details), analyzed
with the PIA for taxonomic data and then identified and validated
by an expert taxonomist manually (also providing a new source
of training data for future use by the machine learning PIA
image recognition algorithm). Three of the 40 stations had
to be removed from the analysis because of high numbers of
bubbles passing through the PIA system and hindering the
capture of zooplankton images; 37 data points and associated
datasets were therefore used for comparison with the ring net and
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CALPS devices. For convenience of analysis, the same taxonomic
groupings were used throughout. These were defined by routine
Zooscan analysis (Grosjean et al., 2004; Gorsky et al., 2010).
Although PIA is capable of automatic classification of the image
data, insufficient color image training data were available at
the time. Consequently, the PIA just provided automatic image
taking, generated and stored vignettes, and extracted taxonomic
features (such as Equivalent Spherical Diameter) for statistical
analysis off-line.

Numerical Analysis
Abundance values (numbers per m3) were transformed
(log10(x + 1)) to reduce the asymmetry of the data. To test for
differences among abundances resulting from three gear types,
the transformed abundances of the dominant taxa (i.e., those
contributing to at least 1% of the total zooplankton abundance)
and total zooplankton, at each sampling location, were plotted
and compared visually. To enable a taxon-by-taxon comparison
of the abundances collected by each device and with each
other, the ratios of abundances CALPS:PIA, RingNet:PIA, and
RingNet:CALPS for these dominant taxa were calculated for
each station with positive abundances for the three datasets.
For each set of comparisons, an overall mean ratio was also
calculated with associated standard deviation. From then on, we
will use these three symbols (i.e., CALPS:PIA, RingNet:PIA, and
RingNet:CALPS) to refer to ratios of abundance between two
specific devices.

To test for differences in the raw, non-normally distributed
abundance values from the three gear types at each station, the
non-parametric Wilcoxon Signed Rank test was used (Wilcoxon,
1945). Correlation coefficients were calculated on log10(x +

1) abundance data to determine which taxa were displaying
good synchrony across the 40 sampling locations. The Pearson’s
coefficient was selected, assuming that zooplankton abundances
collected by two different devices with different catchabilities
increase or decrease in the same direction and at the same
rate, therefore linearly, under ideal conditions (i.e., plankton
homogeneously distributed in the water).

Bray–Curtis similarity coefficients between individual sample
estimates of log10(x + 1) transformed species abundance
and species composition (proportion contributed by each
taxon to total abundance) were calculated using the PRIMER-
7 software (Plymouth Routines In Multivariate Ecological
Research, Clarke and Warwick, 1994). Analyses of similarities
(ANOSIM, SIMPER) were performed to test for differences
between all samples both the two gears under comparison
with respect to species abundance and composition, and multi-
dimensional scaling (MDS) plots were produced for the species
composition similarity matrices.

RESULTS

Comparison of Zooplankton Abundances
The most abundant taxa recorded from the PIA were, in
decreasing order, Unidentified copepods, Para/pseudocalanus
spp. doliolids, Calanus spp. copepod nauplii, Centropages spp.
Radiolaria, Corycaeus spp. Oithona spp. and Acartia spp.

altogether representing 96.4% of the total abundance. Figure 3
shows a range of examples of image captured using the PIA on
this survey.

The most abundant taxa recorded from ring net sampling
were, in decreasing order, Para/pseudocalanus spp. bivalve larvae,
Oithona spp. unidentified copepods, doliolids, Oncaea spp.
gastropod larvae, copepod nauplii, appendicularia, Calanus spp.
Corycaeus spp. Centropages spp. chaetognatha, Acartia spp. and
harpacticoid copepods, altogether representing 96.8% of the total
zooplankton abundance. The most abundant taxa recorded from
the CALPS were, in decreasing order, Para/pseudocalanus spp.
unidentified copepods, Oithona spp. copepod nauplii, bivalve
larvae, Centropages spp. Oncaea spp. Corycaeus spp. Calanus
spp. gastropod larvae, Acartia spp. harpacticoid copepods, and
doliolids, altogether representing 96.6% of the total zooplankton
abundance (Table 1 for full details).

Unidentified copepods, Para-pseudocalanus spp. doliolids,
Calanus spp. copepod nauplii, Centropages spp. Corycaeus spp.
Oithona spp. and Acartia spp. all contributed at least 1% of
the total zooplankton abundance recorded with each device.
Differences were noted for radiolaria (>1% contribution in PIA
dataset only); chaetognatha, appendicularia (>1% contribution
in ring net dataset only), Oncaea spp. harpacticoid copepods,
and gastropod and bivalve larvae (>1% contribution in ring net
and CALPS datasets). The most striking differences, in terms of
relative densities, were for Oncaea spp. harpacticoid copepods,
and gastropod and bivalve larvae. These four taxa, seemingly
well-sampled by the ring net and CALPS devices, were not
well-represented in the PIA dataset; while appendicularia and
chaetognatha were well-recorded from the ring net but neither
from the PIA or CALPS devices. Unidentified copepods and
radiolaria were the only two taxonomic groups that were on
average more abundant in the PIA dataset than in the ring net or
CALPS, while doliolids were slightly more abundant in the PIA
than the CALPS but their number was much higher in ring net
samples (Table 1).

Differences in total abundance were apparent between the
three devices (Figure 4). While there did not seem to be any
tendency for increased overall catchability by the ring net
compared to the CALPS (out of 40, 22 stations showed higher
total zooplankton abundance recorded by the ring net), it is clear
that the PIA recorded lower abundances of zooplankton than
the ring net and CALPS at most stations (i.e., 31 and 36 out
of 37 respectively, Figures 4B,E). This is reflected in the total
zooplankton abundances recorded from the ring net which were
on average 1.34 higher than those recorded from the CALPS and
3.15 higher than those recorded from the PIA; while these were
2.39 higher from the CALPS compared to the PIA (Table 2).

Taxon-specific ratios of abundance RingNet:CALPS,
RingNet:PIA, and CALPS:PIA were also calculated for the
dominant taxa, and these were highly variable in the three
comparisons. RingNet:CALPS ratios varied between 0.78
for Para-pseudocalanus spp. and 22.07 for appendicularia,
RingNet:PIA between 1.28 for radiolaria and 138.83 for bivalve
larvae, and CALPS:PIA ranged from 0.76 for doliolids and
78.57 for bivalve larvae (Table 2, also see Supplementary
Material for taxon specific values at each station). The largest
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FIGURE 3 | Images of plankton taken using the PIA during the survey. Particles imaged in the water flow are sized prior to storage, with particles smaller than 240µm

being rejected.

discrepancies were recorded for bivalve and gastropod larvae
with RingNet:PIA and CALPS:PIA (ranging from 31.54 to
138.83), while RingNet:CALPS ratios were low and around
two for both taxa. A similar pattern was seen for harpacticoid
copepods (i.e., high RingNet:PIA and CALPS:PIA of 35.26 and
14.92 respectively combined with low RingNet:CALPS ratio of
1.71) and to a lesser extent, for copepod nauplii (RingNet:PIA =

6.81, CALPS:PIA = 6.38, RingNet:CALPS = 1.76). Oncaea spp.
and Oithona spp. were poorly captured by the CALPS and PIA
compared to the ring net, but the effect was more pronounced
for the PIA (RingNet:PIA = 55.35 and 24.25, CALPS:PIA =

32.01, and 9.54, RingNet:CALPS = 6.55 and 9.39 respectively).
Appendicularia and chaetognath were poorly recorded by both
the PIA and CALPS compared to the ring net (RingNet:PIA =

103.61 and 9.04, RingNet:CALPS= 22.07 and 6.33 respectively).
Absolute abundances were variable between the three datasets,

but differences between the three systems were not consistent.
In the case of ring net vs. CALPS datasets, analysis of paired
zooplankton counts obtained from the two devices revealed
significant differences (Wilcoxon test: P < 0.05) for over half
of the taxonomic groups, while correlation coefficients above
0.5 suggest that relationships exist between the variability of

zooplankton recorded by the two sampling devices. Even if
over half of the taxonomic groups in Table 3 show significant
positive relationships, only six of these showed no significant
difference between the datasets from both devices. A one-way
ANOSIM analysis showed that although sample similarities
between individual taxa abundance from the CALPS and ring net
groups were different to sample similarities within groups, these
differences were small (R = 0.337, P = 0.001). Analysis of paired
zooplankton counts obtained from the PIA vs. RingNet and
PIA vs. CALPS revealed significant differences for all taxonomic
groups, except for radiolaria in the case of PIA vs. ring net. When
it comes to relationships between the variability of zooplankton
recorded by two devices, 9 taxa out of 14, and 6 out of 16,
showed such positive relationship between the PIA and CALPS
and PIA and ring net respectively (Table 3). These results suggest
that, in the case of PIA vs. CALPS, even if significant differences
of absolute abundances exist between the two datasets, these
generally follow a similar variability across stations. A one-
way ANOSIM analysis confirmed the above results showing
significant differences between the two groups that were higher
for PIA vs. ring net (R = 0.842, P = 0.001) than CALPS vs.
PIA (R = 0.731, P = 0.001). We performed a SIMPER analysis
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TABLE 1 | Average abundances and proportions of taxa collected by the PIA, CALPS, and Ring Net, across all stations.

Taxon PIA Ring Net CALPS

Rank Mean

density

(#/m3)

Relative

density (%)

Cumulative

density

Rank Mean

density

(#/m3)

Relative

density (%)

Cumulative

density

Rank Mean

density

(#/m3)

Relative

density (%)

Cumulative

density

Unidentified

copepods

1 1127.0 42.0 42.0 4 625.5 11.0 11.0 2 625.7 12.9 12.9

Para-pseudocalanus

spp.

2 710.3 26.4 68.4 1 1072.7 18.9 29.9 1 1596.6 32.9 45.8

Doliolids 3 191.9 7.2 75.6 5 491.2 8.7 38.6 13 51.5 1.1 46.9

Calanus spp. 4 113.9 4.2 79.8 10 220.4 3.9 42.5 9 191.7 4.0 50.9

Copepod nauplii 5 113.6 4.2 84.0 8 236.7 4.2 46.7 5 389.9 8.0 58.9

Centropages spp. 6 109.3 4.1 88.1 12 158.4 2.8 49.4 7 273.3 5.6 64.5

Radiolaria 7 66.7 2.5 90.6 16 46.7 0.8 50.2 15 27.4 0.7 65.2

Corycaeus spp. 8 64.4 2.4 93.0 11 158.8 2.8 53.0 8 222.9 4.6 69.8

Oithona spp. 9 55.1 2.1 95.1 3 635.1 11.2 64.2 3 408.8 8.4 78.2

Acartia spp. 10 36.2 1.4 96.5 14 108.4 1.9 66.1 11 110.3 2.3 80.5

Chaetognaths 11 20.3 0.8 97.3 13 136.00 2.4 68.5 16 19.9 0.4 80.9

Euphausiids 12 16.7 0.6 97.9 20 13.2 0.2 68.7 14 37.3 0.8 81.7

Decapod larvae 13 11.2 0.4 98.3 – 1.7 < 0.1 68.7 – 0.8 < 0.1 81.7

Oncaea spp. 14 9.9 0.4 98.7 6 449.9 7.9 76.6 6 252.7 5.2 86.9

Echninoderm larvae 15 9.7 0.4 99.1 19 16.7 0.3 76.9 20 8.6 0.2 87.1

Gastropod larvae 16 6.0 0.2 99.3 7 244.4 4.3 81.2 10 150.2 3.1 90.2

Hyperiids 17 4.8 0.2 99.5 – 2.2 0.0 81.2 – 1.6 < 0.1 90.2

Bryozoan larvae 18 4.0 0.2 99.7 24 8.0 0.1 81.3 18 14.3 0.3 90.5

Fish eggs 19 3.6 0.1 99.8 – 0.0 0.0 81.3 – 0.0 0.0 90.5

Bivalve larvae 20 3.5 0.1 99.9 2 658.2 11.6 92.9 4 370.5 7.6 98.1

Appendicularia – 0.2 < 0.1 99.9 9 231.6 4.1 97.0 21 7.7 0.2 98.3

Harpacticoids – 1.7 < 0.1 99.9 15 68.6 1.2 98.2 12 58.0 1.2 99.5

Carids – 0.2 < 0.1 99.9 17 21.2 0.4 98.6 19 11.5 0.2 99.7

Gammarids – 0.9 < 0.1 99.9 18 19.2 0.3 98.7 22 5.8 0.1 99.8

Siphonophores – 0.2 < 0.1 99.9 21 13.5 0.2 98.9 – 0.0 0.0 99.8

Hydroid medusa – 0.0 0.0 99.9 22 10.1 0.2 99.1 – 0.0 0.0 99.8

Temora spp. – 2.5 < 0.1 99.9 23 8.7 0.2 99.3 17 12.3 0.3 100.0

Fish larvae – 0.4 < 0.1 99.9 25 6.9 0.1 99.4 – 0.0 0.0 100.0

Polychaete larvae – 1.4 < 0.1 99.9 26 6.6 0.1 99.5 – 3.6 0.1 100.0

Only those taxa representing at least 0.1% of the total abundance in either devices are included. Taxa representing at least 1% of the total abundance in samples collected from either

device are grayed out, and those representing at least 1% of the total abundance in samples collected from all 3 devices are in bold

to test for the contribution of each taxonomic group to the
dissimilarities in abundance obtained from the different gears.
The results supported the ANOSIM and showed that the noted
differences were mostly due (in decreasing order) to differences
in the abundance levels of appendicularia, bivalve larvae, Oncaea
spp. gastropod larvae (PIA vs. ring net); and of bivalve larvae,
Oncaea spp. gastropod larvae, doliolids (PIA vs. CALPS).

To test whether water column depth affected the sample size
and the abundance of the organisms collected by the PIA and
CALPS compared to the ring net, we looked at the relationships
between depth and volume filtered as well as with species-specific
RingNet:CALPS and RingNet:PIA ratios (Figure 5). Pearson’s
correlations were also calculated. A weak and significantly
positive relationship was found between depth sampled and
volume filtered (R = 0.47, P = 0.003), and weak but significant

negative relationships were found between depth and total
zooplankton abundance ratios (i.e., RingNet:PIA: R = −0.56,
p <0.001; RingNet:CALPS: R=−0.40, p= 0.01), suggesting that
as the depth sampled and sample size increased, the differences
in abundances from the ring net and either of the CALPS or PIA
decreases, or that zooplankton tended to be located closer to the
surface at the time of sampling.

Comparison of Zooplankton Community
Structure
The MDS analysis performed on the similarity matrices of
relative abundances for the ring net and CALPS devices and
associated plot (Figure 6A) showed no obvious separation of
similarity coefficients. Combined with the results from a one-
way ANOSIM analysis (Global R = 0.201, P = 0.1), this suggest
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FIGURE 4 | Comparison of the total zooplankton abundances recorded by the PIA, CALPS, and ring net sampling devices. Column 1: Total zooplankton abundance

[individuals m−3, with log10 (x + 1) transformation] at all stations for (A) PIA and ring net; (D) PIA and CALPS; and (G) CALPS and ring net. Column 2: Total

zooplankton abundance for one gear vs. another one, with red line representing Gear 1 = Gear 2. (B) ring net vs. PIA, (E) CALPS vs. PIA, and (H) ring net vs. CALPS.

Column 3: distribution of total zooplankton collected with (C) PIA, (F) CALPS, and (I) ring net, at all stations plotted using the same scale.

that although differences in absolute zooplankton abundances
were noticeable between the two datasets, the taxonomic
groups captured by each device were similar. In the other two
comparisons (i.e., PIA vs. CALPS and PIA vs. ring net), the same
MDS analysis (Figures 6B,C) showed some obvious separation
of similarity coefficients. As evidenced by the ANOSIM analysis,
this separation was only slightly higher for ring net vs. PIA
(Global R= 0.754, P < 0.001, Figure 6C) than for CALPS vs. PIA
(Global R = 0.695, P < 0.001, Figure 6C). This suggests that the
picture of the zooplankton community from data collected by the
PIA is different than that from the ring net and CALPS devices.

DISCUSSION

The above results showed that the PIA recorded lower total
zooplankton abundances than the ring net and the CALPS. These
were mostly due to the poor efficiency of the PIA at capturing
bivalve and gastropod larvae and to a lesser extent, harpacticoid
copepods and copepod nauplii. The small cyclopoids copepods
Oithona spp. and Oncaea spp. were poorly captured by the PIA
and the CALPS, but this effect was more pronounced for the PIA.
Appendicularia and chaetognaths were almost absent in both the
CALPS and the PIA samples. While the taxonomic communities
recorded by the CALPS and ring net were similar, differences
were noticeable between the PIA and CALPS and even more so

between the PIA and ring net. In the following sections, we are
trying to identify and explain the sources of such differences.

Inter-year Comparison of Previous Results
CALPS vs. Ring Net
We have replicated the comparative study of zooplankton
information collected by the CALPS and ring net gears
performed using the previous PELTIC survey of 2014 (Pitois
et al., 2016). Both sets of results showed that the CALPS and ring
net datasets illustrate a similar zooplankton community, and the
spatial distribution of the total zooplankton abundance estimated
with the two sampling methods is also similar (Figure 4).
There were, however, some clear differences between the results
obtained in 2014 (previous study, Pitois et al., 2016) and 2016
(present study); notably in the taxonomic groups recorded. Para-
pseudocalanus spp. Acartia spp. harpacticoids copepods and
nauplii were much less abundant in 2016 compared with 2014,
whereas Oncaea spp. bivalve larvae, doliolids, appendicularia,
and Calanus spp. seemed to be more abundant in 2016. Such
inter-annual differences in community composition is bound to
have impacted on the results of our comparison because gear
selectivity is species specific; and this could have resulted in the
slightly stronger “gear effect” in 2016, as illustrated by the MDS
and ANOSIM analysis of community structure. This selectivity is
evidenced by the range of RingNet:CALPS ratios varying between
0.78 for Para-pseudocalanus spp. and 22.07 for appendicularia.
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TABLE 2 | Comparison of the abundances of the main zooplankton taxa collected from the PIA, CALPS, and ring net devices.

Taxa RingNet:PIA # CALPS:PIA # RingNet:CALPS #

Para/pseudo calanus spp 2.46 ± 2.69 37 3.17 ± 1.43 37 0.78 ± 0.67 40

Oithona spp. 24.25 ± 26.30 36 9.54 ± 6.64 36 9.39 ± 37.78 39

Doliolids 3.67 ± 3.85 32 0.76 ± 1.14 17 12.13 ± 10.78 18

Copepod nauplii 6.81 ± 9.41 35 6.38 ± 5.22 34 1.76 ± 4.82 39

Calanus spp. 3.36 ± 4.77 37 2.05 ± 1.43 37 2.44 ± 4.24 40

Corycaeus spp. 2.97 ± 2.43 35 5.11 ± 5.00 34 0.81 ± 0.88 36

Centropages spp. 2.55 ± 2.71 37 3.00 ± 2.17 37 0.92 ± 0.91 40

Acartia spp. 5.10 ± 4.79 31 6.45 ± 8.93 29 1.22 ± 0.92 32

Bivalve larvae 138.83 ± 134.33 14 78.57 ± 84.32 14 2.16 ± 2.34 39

Oncaea spp. 55.35 ± 57.87 21 32.01 ± 31.89 21 6.55 ± 20.80 38

Gastropod larvae 56.43 ± 80.38 22 31.54 ± 27.54 21 2.53 ± 3.02 38

Appendicularia 103.61 ± 115.36 2 Not applicable 0 22.07 ± 20.76 9

Chaetognatha 9.04 ± 11.30 32 Not applicable 0 6.33 ± 7.56 22

Harpacticoid copepods 35.26 ± 64.41 9 14.92 ± 8.50 9 1.71 ± 1.84 29

Radiolaria 1.28 ± 1.49 23 0.88 ± 1.06 19 − 0

Total zooplankton 3.15 ± 2.59 37 2.39 ± 1.31 37 1.34 ± 0.97 40

Ratio of abundances GEAR1:GEAR2 ± 1 Standard Deviation and number of sampling locations (#) with positive abundances recorded from both devices.

However, these species-specific ratios of abundances were mostly
similar and/or remained within their standard error in 2014 and
2016. The only exception is for Oithona spp. which displayed a
high variability in 2016 (Table 2 of this study andTable 1 in Pitois
et al., 2016).

PIA vs. CALPS and Ring Net
The spatial distribution of the total zooplankton abundance
estimated with the three sampling methods was similar, with
higher densities generally recorded in the southern area
(Figure 4). There was good agreement in abundance series
recorded by the three devices for most individual taxa, with
9 taxonomic groups, representing at least 1% of the total
zooplankton abundance, common to all three datasets (Table 1).
However, the abundance and rank of the taxa sampled differed
from one dataset to the other, and densities recorded by the ring
net and CALPS were clearly higher than those recorded by the
PIA (Figure 4).

Overall, larger differences were found between the PIA
and the ring net than between PIA and the CALPS: There
were 9 out of 15 taxa specific significant positive relationships
(Pearson’s correlations) between the PIA and CALPS, and
only 6 out of 17 between the PIA and ring net (Table 3).
However, the Wilcoxon test showed substantial differences in
the absolute abundances recorded by the PIA compared to
the other two devices, but a less so between the time-series
recorded by the CALPS and ring net devices. This emphasizes
the lower capture efficiency of the PIA compared to the
other two devices, but the similarity in the PIA and CALPS
sampling designs leading to similar variabilities of the series
recorded by these two gears (i.e., they sampled the same
water mass). While the data from the ring net and CALPS
resulted in a similar picture of the zooplankton community
sampled, the data from the PIA led to a community structure

difference to that of either the CALPS and ring net datasets
(Figure 6).

There are several factors that could be responsible for the
observed dissimilarities. Factors such as spatial area sampled,
depth sampled, volume filtered, sampler and associated sampler
design, were previously discussed in detail in our comparative
study between CALPS and ring net sampling (Pitois et al.,
2016). To summarize, we discussed the effects of horizontal
integration of samples over the distance covered by the ship in
1-h of sampling (i.e., ∼7 nautical miles) compared to a single
stationary point and concluded that this was unlikely to affect
substantially the composition of the zooplankton community.
The effect of vertical integration of sample using a ring net,
was also expected to be minimal because we sampled at night
when the zooplankton tends to rise toward the surface. Currents
associated with tides and weather tend to pull the ring net
frame away from the ship as it is lowered, resulting in variable
volumes of water filtered by the net, especially in deeper
waters and/or high winds. Furthermore, an added potential
issue is the accuracy of flowmeters when the net is not stable
in the water. Regarding the sampler and associated sampling
design, we explained how filtration pressure, and associated
extrusion, was potentially higher on the ring net compared
to the CALPS, due to higher volumes of water filtered over
shorter periods of time. However, none of the effects associated
with extrusion were observed (i.e., in ring net we would
expect: reduced abundances of smaller organisms, truncation
toward the lower end of size spectra, consistent across taxa,
and poorer condition of organisms). Finally, we explained how
passive and active avoidance of the CALPS inlet (and that of
the PIA) was likely to be the main factor responsible for the
observed difference in sampling efficiency. Avoidance results
from hydrodynamic effects associated with the bow wave created
by the ship as it travels, the smaller aperture of the water inlet
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TABLE 3 | Relationships between the abundances of the main zooplankton taxa collected from the PIA, CALPS, and ring net devices.

Taxa RingNet vs. PIA CALPS vs. PIA RingNet vs. CALPS

Pearson R (p) Pearson R (p) Pearson R (p)

Wilcoxon p-value Wilcoxon p-value Wilcoxon p-value

Para-pseudo calanus spp. 0.721 (<0.001) 0.913 (<0.001) 0.764 (<0.001)

0.002 <0.001 0.002

Oithona spp. 0.039 (0.819) 0.621 (<0.001) 0.048 (0.769)

<0.001 <0.001 0.310

Doliolids 0.819 (<0.001) 0.500 (0.002) 0.540 (<0.001)

0.001 <0.001 <0.001

Copepod nauplii 0.564 (<0.001) 0.746 (<0.001) 0.587 (<0.001)

<0.001 <0.001 1

Calanus spp. 0.452 (0.005) 0.746 (<0.001) 0.259 (0.106)

0.004 <0.001 1

Corycaeus spp. 0.795 (<0.001) 0.843 (<0.001) 0.734 (<0.001)

<0.001 <0.001 <0.001

Centropages spp. 0.346 (0.036) 0.809 (<0.001) 0.553 (<0.001)

0.1576 <0.001 0.070

Acartia spp. 0.670 (<0.001) 0.440 (0.006) 0.687 (<0.001)

<0.001 <0.001 1

Bivalve larvae 0.408 (0.012) 0.433 (0.007) 0.698 (<0.001)

<0.001 <0.001 1

Oncaea spp. 0.351 (0.033) 0.559 (<0.001) 0.566 (<0.001)

<0.001 <0.001 0.228

Gastropod larvae 0.141 (0.405) 0.272 (0.103) 0.246 (0.217)

<0.001 <0.001 0.017

Appendicularia 0.049 (0.773) N/A 0.036 (0.824)

<0.001 <0.001

Chaetognatha 0.603 (<0.001) N/A 0.292 (0.067)

<0.001 <0.001

Harpacticoid copepods 0.345 (0.036) 0.393 (0.016) 0.842 (<0.001)

<0.001 <0.001 1

Radiolaria 0.281 (0.092) 0.395 (0.016) N/A

0.1846 0.001

Total zooplankton 0.324 (0.050) 0.683 (<0.001) 0.430 (0.006)

< 0.001 <0.001 0.340

In each cell, top row: Pearson’s correlation coefficients between log10(x + 1) abundances, resulting from comparing two sampling devices, calculated at all sampling locations, R (p-

value). Those positive and significant relationships with R > 0.5 and P < 0.05 are shown in bold. Bottom row: p-value resulting from the Wilcoxon Signed Rank test on raw abundance

values recorded from both compared devices. A p-value > 0.05 (emboldened) indicates that there is no significant difference in the series recorded by the two devices (i.e., the median

difference of the distributions is close to zero). Because of the very low success rate, we have applied a Bonferroni-Holm correction for multiple comparisons (Holm, 1979) to reduce

the probability of false positives, to the p-values. The taxonomic groups for which correlations are indicated and no significant difference between the datasets from both devices are

grayed out.

for the CALPS (and the PIA) compared to the opening of the
ring net.

These factors only apply to the comparison ring net sampling
with either of the other two surface sampling devices. Because
the CALPS and PIA were operated at the same time and pumped
water from the same water inlet at a similar flow rate, it is
fair to say that these two systems sampled the same body of
water and can be regarded as replicates. It is possible that the
exact arrangement of the pumped water supply, to PIA and
CALPS, could favor CALPS with more zooplankton, although
the mechanism is not known. A probable potential difference

lies at the enumeration step. CALPS and ring net showed similar
catchability and a similar image of the zooplankton community
sampled, and samples collected with these two gears were all
analyzed using the Zooscan method, while the CALPS and
PIA use the same sampling method. This suggests that the
large discrepancies between PIA and the other two datasets are
caused at the image capture and analysis step rather than the
sampling method. There are several possible reasons for these
discrepancies: sub-sampling differences, the depth of field of the
PIA camera system, the limit of detection of camera system and
the orientation of particles within flow cell.
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FIGURE 5 | RingNet:PIA and RingNet:CALPS ratios for the total abundance of zooplankton and volume filtered by the ring net as a function of depth of the water

column sampled at all data points. Abundance ratios at each station were calculated as described in the Materials and methods part, and are available in the

Supplementary Material.

FIGURE 6 | Differences in zooplankton community structure between ring Net, CALPS, and PIA datasets. Relative abundances contributed by individual taxa to total

abundance from samples taken with the ring net, CALPS and PIA. Non-metric MDS scatter plot of all samples collected with two gears based on the rank order of

sample similarities. (A) CALPS vs. ring net, (B) PIA vs. CALPS, (C) PIA vs. ring net.

Sub-sampling
It is known that the manual identification process of sub-
sampling can over-estimate abundances (Longhurst and Seibert,

1967). Using the present data on average samples processed
manually and using PIA, the CALPS sub-sampled-reported
abundances were approximately twice those reported by PIA
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analysis (Total zooplankton abundance in ring net: 5674
individual m−3, CALPS: 4726 m−3, and PIA: 2682 m−3). This
is consistent with reports in the literature. For example, previous
work showed that sub-sample replicates using Zooscan gave total
abundances between 1457 to 3259 across 16 replicates using
a Motoda splitter (Figure 5 in Grosjean et al., 2004), while
specimen density variations, when using a sub-sampling splitter,
can give rise to a factor of two or more difference in abundances
betweenmachine calculated abundance and a manual calculation
(Table 1 in Culverhouse et al., 2016). In this study, a sub-sample
threshold of at least 200 zooplankton identified was set, to
ensure consistency with microscope analysis. This threshold was
selected as a pragmatic balance between time for the analyses and
error introduced. We also note that the same value is used in
long standing existing protocols. Larger subsamples would have
required more time spent on validation and was prohibitively
time consuming. As the system develops, larger subsamples will
be possible.

Depth of Field of the PIA Camera System
The limited depth of field of the PIA camera system blurs some
specimens such they are unrecognizable. This is due, in part, to
the white light LED array light source not being collimated, since
collimation reveals the individual LED elements in the array.
A trade-off was made during the design, to maximize flow-rate
at cost of focus, as it was deemed acceptable for much of the
mesozooplankton size range (0.2–20mm). This has impacted on
the ecological analysis of smaller mesozooplankton. At times,
passing particles are so blurred that they appear as “blobs” and
their identification is not possible (Figure 7). These are classified
as “non-biota,” and could explain the lower capture efficiency
of the PIA compared to the Zooscan system and thus the
other two devices, where organisms are laid flat on a scanner
and where camera focus is not an issue. This physical effect
on sample quality affected about 10% of the images from PIA
samples (estimated by manual inspection of one 24-h period
of samples during the cruise). Because the impact of blurring
affects taxonomic groups differently on how well they can be
taxonomically identified, this ultimately can have a large impact
on the absolute and distribution of many taxa. It is thought
that the smaller specimens will suffer greater ambiguity of
identification than others, since the taxonomic features that can
be seen through stereo microscopy will not be available in the
optically blurred specimens. Indeed, our study shows that the
smallest organisms, such as bivalve and gastropod larvae were
the most poorly captured by the PIA. Other small copepods
(i.e., harpacticoids, nauplii, Oncaea spp. and Oithona spp.)
were also poorly captured by the PIA. Organisms with regular
shapes and/or few distinguishable features (bivalve and gastropod
larvae, Figure 3) seemed to be particularly affected because the
difficulty of identifying a blurred object of regular shape, whose
image quickly become “blobs.” Whereas small organisms with
distinguishable features such as the copepod nauplii become
unidentifiable in the more extreme out-of-focus cases, and the
other small copepods are likely to still be recognized at the
higher taxonomic level as “unidentified copepod.” This explains
the higher number of “unidentified copepod” taxonomic group

FIGURE 7 | PIA images of specimens of similar size, but with features used for

class identification (A) Features visible: from left to right,

Paracalanus/Pseudocalanus, appendicularia, and bryozoan. (B) Features

blurred: for images that lack distinguishing features, the taxonomist observes

the triangular object, although bryozoan-looking, is most likely detritus as the

internal structures cannot be seen.

captured by the PIA. At the same time, the distinctive features
of the radiolaria (Figure 3), which remain apparent on blurred
images, make them one of the easiest organisms to identify,
explaining why these were the only identified organisms that
were equally well-sampled by the PIA compared to the ring net.
Oncaea spp. and Oithona spp. were poorly captured by both the
CALPS and PIA compared to the ring net, but the effect wasmore
pronounced for the PIA, this is likely to be a consequence of both
a difference of catchability between vertical and surface samplers
as reported in our previous study (Pitois et al., 2016) as well
as the PIA’s inefficiency. Appendicularia and chaetognaths were
poorly recorded by both the PIA and CALPS compared to the
ring net. Appendicularia are very fragile organisms and likely to
be damaged beyond recognition by the pump system, as reported
in our previous study (Pitois et al., 2016) and others comparing
pump systems with ring net deployment (Møhlenberg, 1987);
while chaetognaths (Figure 3) are active swimmers likely to be
able to avoid the pump intake (Dixon and Robertson, 1986; Pitois
et al., 2016). Doliolids (Figure 3) were still numerous in the
PIA and CALPS but much less so than in the ring net dataset.
It is thought that these gelatinous organisms are also damaged
by the pump system as was evidenced by the images recorded.
As a rule, we only counted those specimen that were at least
50% whole. Gelatinous species are also known to be damaged
by the formaldehyde preservative, and such damage is likely to
be accentuated on animals that are already pump-damaged; thus,
explaining the lower number of doliolids in the CALPS samples
compared to the PIA.

The taxa that were the most poorly captured by the
PIA system also happened to form an important component
of the zooplankton communities sampled by the ring net
and CALPS devices i.e., bivalve (11.6% contribution to total
zooplankton abundance in ring net samples) and gastropod
larvae (4.31% contribution), Oncaea spp. (7.93% contribution),
and appendicularia (4.08% contribution), and were also mostly
responsible for the differences in recorded absolute abundances.
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This confirms that discrepancies at the analysis step rather than
the sampling method that is responsible for the differences noted
in this study between the PIA and the other two devices.

Limit of Detection of Camera System
The PIA had a processing limitation that resulted in very
small objects being ignored. A 10-pixel length or width was
set as the lower limit of detection for PIA. Due to the Bayer
color encoding method used in the camera, 10 pixels equals
240µm (although these are post-processed to interpolate to
120µm). Thus, specimens below 240µm length or width
were rejected by the PIA_Sample software in real-time this
has a good correspondence with CALPS and ring net data,
with measurements of specimen lengths revealing a lower
measurement limit of 300µm for all specimens.

Orientation of Particles within Flow Cell
The water flow-rates through the PIA flow cell were calculated
to have intermediate Reynolds Numbers, suggesting that there
is some turbulence in the flow stream. This turbulence could
rotate objects such that they were not photographed side-on
but end-on (in the case of elongated objects), causing problems
with their identification. This issue is not relevant to the use of
Zooscan system because once laid on the flat bed, it is possible
to re-position the organisms so that they are well-oriented. It
appears from inspection of PIA images, that the majority of
specimens were photographed from their side-view, such that
most copepods were imaged with antennae and bodies in plan
view. This suggests that specimens are generally aligning to the
flow direction according to their 3D profile and this is a not a
significant problem with the flow cell design and the water flow
rates.

The twomost important issues appear to be differences in sub-
sampling between the PIA system and the other two devices, and
blurring of specimen features due to limited PIA optical depth
of field. The depth of field of the optics is a linear relationship
between illumination and camera iris setting. A higher depth of
field requires the camera to behave more like a pin-hole camera,
and this means either the light source must be commensurately
more intense, or the sample rate must be slowed down to increase
the light integration time in the camera. The option of slowing
the flow down is not compatible with sampling sufficient water
volume in a reasonable time to image low abundance plankton
taxa. For this reason, there are two practical solutions to this, the
first is to increase the light intensity, the second is to construct
a wider flow-cell that is twice the width, but then half the depth.
We are addressing both optical issues in the next revision of PIA.
Sub-sampling results in approximately a two-fold difference in
abundances reported in CALPS and PIA. If it is assumed that sub-
sampling errors and PIA errors are consistent between cruises,
then these issues can be discounted from subsequent uses of the
data output from cruise analysis.

CONCLUSIONS

Despite some differences resulting from the changes in
community composition from 2014 to 2016, we have confirmed

that the CALPS is suited to describe broad geographic patterns in
zooplankton community structure and diversity. However, there
are currently clear limitations to the system, and the quality of
the information obtained from PIA is currently not on par with
that obtained from the Zooscan image recognition system. This
is due mostly to optical issues in the camera system and to a
lesser extent sub-sampling differences. These identified issues
are being addressed and improvements will translate into higher
quality images that are easier for the image identification software
to recognize and thus a higher overall identification rate which
should then be on par with the Zooscan system.

It is unquestionable that no plankton sampler, or combination
of plankton samplers, can provide a true estimate of abundance
for all components of the plankton at any given time (Batten et al.,
2013). This is because zooplankton cover a wide range of diversity
of organisms in term of size, shape, and behavior. Therefore,
each sampling system will be biased toward a specific component
of the plankton. A particular advantage of the CALPS, over
more traditional vertical sampling methods, is that it can be
integrated within existing multidisciplinary surveys at little extra
cost and without requiring additional survey time. The biggest
advantage of using the PIA, in addition to those associated with
using the CALPS, is that it removes the need to collect physical
preserved samples for subsequent analysis in the laboratory.
Provided a taxonomist is present on-board, the system in its
current form can integrate the sampling and analysis steps, thus
increasing the speed, and cutting down substantially on the cost,
of obtaining zooplankton information. Another clear advantage
is that the captured images are available in near real-time; a
simple internet connection would allow images of zooplankton
to be seen remotely as the ship is underway.

Although PIA is capable of automatic classification of the
image data, insufficient color image training data were available
at the time of the survey and data analysis to operate in this mode,
and hence the PIA just provided automatic image taking, vignette
generating and storage, and taxonomic feature extraction (such
as Equivalent Spherical Diameter) for statistical analysis off-line.
As the image library builds up and the image recognitionmachine
learning algorithm matures, we anticipate the PIA capabilities
in relation to zooplankton classification and accuracy levels
will become on par with other existing systems such as the
ZooProcess and Plankton Identifier developed for the ZooSCAN
(Gorsky et al., 2010; Gasparini and Antajan, 2013). However, the
resulting identifications from using these tools require validation
by a human operator for all objects processed and as such they
are most commonly used as a computer-assisted identification
system (Faillettaz et al., 2016). To be practical for use on very large
numbers of images collected, such as with the PIA, sub-sampling
needs to be applied, with the associated consequences discussed
above. Latest developments in deep learning and neural network
for application to object recognitions offer new opportunities for
new generations of effective zooplankton classification systems.
For example, ZooplanktoNet offers an accuracy of 93.7% in
zooplankton classification, using a deep learning architecture
based on Convolutional Neural Network (Dai et al., 2016).

PIA is operated in-flow during a cruise, either underway
or on-station, and provides a low-cost sampling instrument
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that is neither deployed or towed. There are no other
instruments that are ship-borne, and sample water at a rate
more than 1 L/min (PIA sampled at 34 and 40 L/min
in this study), which is approaching the sampling water
volumes of ring nets, albeit at a fixed seawater inlet depth.
With the aforementioned improvements, the PIA system has
therefore a high potential to become an important element
of an integrated monitoring program for the measurement of
zooplankton.
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