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We compared and evaluated the performance of a Continuous Automatic Litter and Plankton Sampler (CALPS)
against the traditional ring net vertical haul. CALPS is a custom-made semi-automatic sampler, which collects water
using a pump system at a single depth along a predetermined transect as the ship sails. CALPS underestimated spe-
cies abundance compared to the ring net by a factor 1.61, but both datasets illustrated a similar species compos-
ition, community size structure and good agreement in the spatial distribution of abundance. Our analysis suggests
that avoidance of the CALPS is likely to be the main factor responsible for the observed difference in sampling effi-
ciency, but other factors, such as depth, area sampled and zooplankton patchiness, are also likely to play their part.
We conclude that whilst the CALPS is not suitable for investigations that require accurate measures of abundance,
it is an ideal tool to identify and quantify changes in plankton communities and diversity. A particular advantage
over more traditional vertical sampling methods is that it can be integrated within existing multidisciplinary surveys
at little extra cost, thus making the CALPS particularly valuable as part of integrated monitoring programmes to
underpin policy areas such as the EU Marine Strategy Framework Directive.
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INTRODUCTION

In pelagic ecosystems, zooplankton occupies a central
position in the food web, often controlling smaller

organisms by grazing and providing food for many
important larval and adult fish and seabirds (Pitois et al.,
2012; Lauria et al., 2013). Zooplankton are also sensitive
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indicators of climate variability as shown by studies in
various regions (Brodeur and Ware, 1992; Edwards and
Richardson, 2004; Hobday et al., 2006; Richardson,
2008; Harrop and Edwards, 2014). As a result of the
fundamental role played by zooplankton, considerable
effort has been deployed in studying their abundance,
distribution and changes through time. Zooplankton
vary in size from the microscopic to large jellyfish and
from robust to fragile and almost impossible to catch
without damage. They also exhibit extremely diverse
behaviours, daily and seasonal vertical migration, and
different feeding, reproductive, survival and escape
strategies. As a result, no single sampling device is able
to sample all the zooplankton components at any one
time and all systems underestimate at least parts of the
zooplankton community, leading researcher to select the
system they think is most appropriate to fulfil the aims
of their particular studies (Batten et al., 2013; Skjoldal
et al., 2013). As there are few dedicated monitoring sites
and surveys, our knowledge of their biomass, size com-
position and rates of production in many shelf seas
remains fragmentary; furthermore, zooplankton are dif-
ficult to simulate in ecosystem models and the lack of
data hinders calibration of such models.

Resources for monitoring are always limited and out-
side the very few areas where dedicated zooplankton
surveys are routinely conducted, such as the California
Current (Bograd et al., 2003) or the western Channel in
the UK shelf (Smyth et al., 2015) (see the COPEPOD
project, http://www.st.nmfs.noaa.gov/copepod/ for a
compilation of these survey results), it is desirable to
develop cost-efficient methodologies and increase the
time and space scales of sampling, by integrating zoo-
plankton monitoring into multipurpose surveys
(Shephard et al., 2015). Such methodologies will need to
combine cost effectiveness with scientific data quality
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.

In the UK, efforts are underway to integrate plankton
monitoring programmes (Scherer et al., 2014). This is
necessary because under Europe’s Marine Framework
Strategy Directive (MSFD—Directive 2008/56/EC
establishing a framework for community action in the
field of marine environmental policy), 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 secondly establish
and implement monitoring programmes to measure
progress towards GES. According to Borja et al. (2013),
GES is achieved if the integrity of food webs and the
long-term abundance and reproduction of component

species are maintained over time. For GES, zooplank-
ton must be present and “occur at levels that are within
acceptable ranges that will secure their long-term viabil-
ity and functioning” and the “distribution and abun-
dance of species are in line with prevailing
physiographic, geographic and climatic conditions”.
The Continuous Automatic Litter and Plankton

Sampler (CALPS) was developed with this in mind: it is
a custom-made semi-automatic sampler which collects
water using a pump system at a single depth and along
a predetermined transect as the ship sails; the system
can use up to six nets of different mesh sizes so as to be
able to collect a wide range of size fractions of plankton
and microplastic particles and fibres. A similar existing
underway system is the Continuous Underway Fish
Eggs Sampler (CUFES, Checkley et al., 1997) that
has been used worldwide to sample pelagic fish eggs
[e.g. California Current (Weber et al., 2015), Bay of
Biscay (Albaina et al., 2014), North Sea (Lelievre et al.,
2012)] and is also a good sampler for small zooplankton
(Sono et al., 2009). Underway systems such as the
CUFES and CALPS operate continuously and under
nearly all sea conditions, providing a real-time estimate
of the volumetric abundance of particles at pump depth,
and are thus particularly suitable for assessing aggre-
gated distributions. The difference between CALPS and
CUFES is that the CALPS can use a multinet system
and sampling is automated.
In order to integrate data obtained with this new sys-

tem with those obtained from other forms of sampling
such as those used at fixed point where ring nets are
deployed in a vertical haul, it is necessary to calibrate it
against the more widely used gear used at the existing
locations, in term of sampling efficiency and selectivity.
This is because the two sampling systems use different
methodologies: data from fixed point sampling sites and
CALPS can all be used to monitor changes in the zoo-
plankton, but they are likely to give different pictures of
the plankton.
This paper considers the comparison, characteriza-

tion and evaluation of the performance of the CALPS
against the traditional and widely used method of verti-
cal haul using a ring net. The aim of this study is:

(i) to compare the abundance and size of zooplankton
collected from the CALPS with those collected with
a ring net hauled from the seabed to the surface
and examine whether the data collected by the
CALPS reflect the vertically integrated abundances
from the ring net;

(ii) to evaluate the routine use of the CALPS, as part of
an integrated monitoring programme able to pro-
vide robust scientific data for the study of
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planktonic ecosystems and able to provide the evi-
dence base to support management decisions.

METHOD

Area of study and sampling strategy

The abundance and size of zooplankton collected from
the CALPS were compared with those collected with a
ring net hauled from the seabed to the surface during
the PELTIC 2014 survey (PELagic ecosystem in the
western English Channel and eastern CelTIC Sea). This
was one of five integrated yearly monitoring surveys
(2012–2016) conducted during the autumn (ICES,
2015). PELTIC 2014 was carried out from the 30th
September to the 19th October on board the RV
“Cefas Endeavour”. Zooplankton samples were col-
lected at 39 stations during night time (Fig. 1).

Sampling methodologies

Vertical hauls using ring net
Depth-integrated vertical hauls were made at the same
39 stations, from approximately 3 m above the seabed to
the surface. 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 centre 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 3.6 to
67.2 m3 per sample. The net was washed down and the
end bag thoroughly rinsed with sea water before preserv-
ing 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 calcu-
lated from the flowmeter readings.

CALPS
The CALPS consists of a pump system manufactured
by 4H Jena Engineering GmbH and additional ele-
ments fitted onto the research vessel. The additional ele-
ments include a water inlet of 20 cm diameter, a
flowmeter, six cylinder traps and associated valves and
level detectors to prevent overflowing (Fig. 2). The
CALPS is controlled by computer, so sampling start and
finish can be programmed and triggered automatically
at predetermined times and/or locations. When acti-
vated, the system pumps sea water from a depth of 4 m
at rates of between 35 and 45 L/min and distributes the
water into one or more of the six possible traps. Each

Fig. 1. Location of the 39 sampling locations where the ring net was deployed.
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trap consists of a PVC cylinder (height: 73.3 cm, diam-
eter: 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.
Approximately 2000–2500 L water needed to be filtered
to obtain a sufficiently large plankton sample for com-
parison with the ring net, corresponding to running the
CALPS system for an hour. To achieve this without
delaying vessel operations, sampling started while steam-
ing at a fixed vessel speed of 10 knots, 20 min before
arrival at the ring net station, continued during
the deployment of the ring net at station (approximately
20 min), and was stopped 20 min after leaving the sta-
tion at 10 knots vessel speed. The starting time and pos-
ition, as well as end time, position and volume filtered
were recorded for each station, the latter ranging from
1.9 to 3.9 m3 of seawater filtered per sample.

Analysis of samples

Samples were analysed using the Zooscan Imaging sys-
tem (Hydroptic v2.0). The samples preserved in 4% for-
maldehyde 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 speci-
mens overlapping. 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 col-
lected during the current and previous years’ surveys was
used to automatically categorize the specimens into dif-
ferent 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 in

the 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.

Numerical analysis

Abundance values (numbers per m3) were transformed
(log10(x + 1)) to reduce the asymmetry of the data. To
compare abundances between the ring net and CALPS
datasets, 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 abun-
dances, the ratio between the CALPS and the ring net
abundances (RingNet:CALPS) for these dominant taxa
was calculated for each station with positive abundances
for both datasets. An overall mean ratio was also calcu-
lated with associated standard deviation. To compare
the raw, non-normally distributed abundance values
from both gears 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 display-
ing good synchrony across the 39 sampling locations.
Bray–Curtis similarity coefficients between individual

sample estimates of log10(x + 1) transformed species abun-
dance 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) were performed
to test for differences between all ring net and CALPS
samples with respect to species abundance and compos-
ition, and multi-dimensional scaling (MDS) plots were
produced for the species composition similarity matrices.
Mean sizes of zooplankton, and associated standard

deviations, were calculated for each taxonomic group
and each sampling device, across all species analysed in

Fig. 2. (A) Schematic illustration of the CALPS system. (B)
Photographs of the Traps system from above. (C) Plankton net inside
each trap.
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samples and all stations. One-way Analysis of Variance
(ANOVA) was used to test for the effect of sampling
gear on the mean size of the individual organisms
caught for each taxon.

RESULTS

The most abundant taxa recorded from the CALPS
were, in decreasing order, Para/pseudocalanus spp.,
unidentified copepods, Acartia spp., Oithona spp., bivalve
larvae, Corycaeus spp., harpacticoid copepods, Centropages
spp., gastropod larvae and copepod nauplii, altogether
representing 95.30% of the total abundance. The most
abundant taxa recorded from ring net sampling were, in
decreasing order, Para/pseudocalanus spp., unidentified
copepods, Oithona spp., Acartia spp., harpacticoid cope-
pods, Corycaeus spp., bivalve larvae, chaetognatha,
Centropages spp., appendicularia, Calanus spp., polychaete
larvae, copepod nauplii and gastropod larvae, altogether
representing 97.44% of the total zooplankton abun-
dance (see Table S1 in Supplementary material for full
details). These groups contributed to at least 1% of the
total zooplankton abundance recorded with each device
and were common in both datasets, apart from chaetog-
natha, appendicularia, Calanus spp. and polychaete lar-
vae which contributed to >1% of the total abundance

in the ring net dataset only. Only the first two taxo-
nomic groups (Para/pseudocalanus spp. and unidentified
copepods) were ranked in the same order. As the rank
positions increased so did the discrepancies between the
two datasets.

Comparison of zooplankton abundances

Differences in abundance were apparent between the
CALPS and the ring net (Fig. 3 and see Fig. S1a,b in
Supplementary material for species-specific plots). In
most cases, the total zooplankton abundance estimated
from ring net samples was higher than that estimated
from CALPS samples (Fig. 3); out of 39, only 13 stations
showed higher total zooplankton abundance recorded
by the CALPS. The higher ring net abundances were
mostly due to large differences recorded for Oithona spp.,
harpacticoid copepods, chaetognatha, Calanus spp., poly-
chaete larvae and appendicularia. In particular, appen-
dicularia were captured in one CALPS sample only
while being present in most ring net samples. Only two
taxonomic groups, cnidaria and unidentified cyclopoids,
showed abundances recorded by the CALPS sampler
that were more than twice higher than those recorded
by the ring net. These two taxa however were minor
contributors (i.e. <1%) to total zooplankton abundance.
A one-way ANOSIM analysis showed that although

Fig. 3. (A) Total zooplankton abundance (individuals m−3, with log10 (x + 1) transformation) from CALPS and ring net devices at the 39 sam-
pling locations, R = 0.63, P < 0.001; (B) ring net (vs) CALPS total zooplankton abundance with dashed line representing Ring net = CALPS;
and distribution of total zooplankton collected with the CALPS (C) and ring net (D), at the 39 sampling locations plotted using the same scale.
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sample similarities between individual taxa abundance
from the CALPS and ring net groups were different to
sample similarities within groups, these difference were
small and within the 90% confidence interval
(R = 0.172, P = 0.1).

On average, the total zooplankton abundances
recorded from the ring net were 1.61 higher than
those recorded from the CALPS. Ratios of abundance
(RingNet:CALPS) calculated for the dominant taxa
varied between 1.30 for Centropages spp. and 39.3 for
appendicularia (Table I). However, the latter was
based on only one station only where appendicularia
were captured by both sampling gears and is thus not
reliable. Although abundances were variable between
the two datasets, analysis of paired zooplankton
counts obtained from the two devices revealed signifi-
cant differences (Wilcoxon test: P < 0.05) only for
Oithona spp., bivalve larvae, harpacticoids, chaetog-
natha, appendicularia and Calanus spp. Moreover, cor-
relation coefficients above 0.5 indicate that
relationships exist between the variability of zooplank-
ton recorded by the CALPS and ring net sampling
devices; half of the taxonomic groups in Table I show
significant positive relationships and no significant dif-
ference between the datasets from both devices
(Table I, see also Fig. S1 in Supplementary material
for species-specific plots).

To test whether water column depth affected the
sample size and the abundance of the organisms col-
lected by each device, we looked at the relationships
between depth sampled and volume filtered as well as

with species-specific RingNet:CALPS ratios (Fig. 4).
Pearson’s correlations were also calculated; no signifi-
cant relationship was found between depth sampled and
RingNet:CALPS ratio for total zooplankton abundance
(R = 0.30, P = 0.302), and a weak but significantly posi-
tive relationship was found between depth sampled and
volume filtered (R = 0.564, P < 0.001).

Comparison of zooplankton community
structure

The MDS analysis performed on the similarity matri-
ces of relative abundances and associated plot (Fig. 5)
showed no obvious separation of similarity coefficients.
A one-way ANOSIM analysis (Global R = 0.111,
P = 0.001) showed that, on average, similarities
between groups and within groups were similar. This
suggests that although differences in absolute zooplank-
ton abundances were noticeable between the two data-
sets, the taxonomic groups captured by each device
were similar.

Comparison of zooplankton sizes

Mean sizes calculated for each taxonomic group were
generally higher from individuals caught in the ring net
than in the CALPS (Table II, Fig. 6). The largest differ-
ences were for cnidaria, decapod larvae and appendicu-
laria which were on average at least 80% larger in
samples collected using the ring net. However, appendicu-
laria were only recorded in one CALPS sample and this

Table I: Comparison of the abundances of the main zooplankton taxa collected from the CALPS and ring
net devices

Taxa
Ratio of abundances
(RingNet:CALPS)

Number
of points

Correlation coefficient
across 39 stations

Wilcoxon
Test P-value

Para-pseudo calanus spp. 1.39 ± 0.94 38 0.9231 (<0.001) 0.971
Acartia spp. 3.52 ± 1.91 33 0.6553 (<0.001) 0.365
Oithona spp. 3.45 ± 2.41 37 0.7763 (<0.001) <0.001
Bivalve larvae 1.48 ± 2.17 35 0.4165 (0.008) 0.016
Corycaeus spp. 1.60 ± 1.70 35 0.7620 (<0.001) 0.922
Harpacticoid copepods 2.58 ± 2.76 36 0.5229 (<0.001) 0.006
Centropages spp. 1.30 ± 1.23 35 0.6921 (<0.001) 0.202
Gastropod larvae 1.69 ± 2.37 29 0.2174 (0.1837) 0.094
Copepod nauplii 2.68 ± 3.87 29 0.5527 (<0.001) 0.207
Chaetognatha 6.16 ± 5.62 31 0.3537 (0.027) <0.001
Appendicularia 39.30 1 0.1650 (0.316) <0.001
Calanus spp. 2.35 ± 1.91 22 0.5259 (<0.001) <0.001
Polychaete larvae 7.93 ± 11.63 6 0.6847 (<0.001) n/a
Total zooplankton 1.61 ± 1.04 39 0.7953 (<0.001) 0.151

Column 2: Ratio of abundances RingNet:CALPS ± 1 Standard Deviation; Column 3: number of sampling locations with positive abundances recorded
from both devices; Column 4: Pearson’s correlation coefficients between log10 (x + 1) abundances resulting from both sampling devices calculated at all
39 sampling locations, R (P-value). Those positive and significant relationships with R > 0.5 and P < 0.05 are shown in bold; Column 5: P-value resulting
from the Wilcoxon Signed Rank test on raw abundance values recorded from both devices. A P-value > 0.05 (emboldened) indicates that there is no sig-
nificant difference in the series recorded by the two devices (i.e. the median difference of the distributions is close to zero). The taxonomic groups for
which correlations are indicated and no significant difference between the datasets from both devices are greyed out.
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result is therefore statistically doubtful. Mean sizes for
gammarids, polychaete larvae, Calanus spp., Temora spp.
and Centropages spp. groups were also bigger in ring net
samples, differences ranging from 36.17% from gammar-
ids to 24.09% for Centropages spp. But again, these differ-
ences were based on only four samples for gammarids.
Results from the one-way ANOVA test (P < 0.05) also
showed differences for cnidaria, decapod larvae, appendi-
cularia, Calanus spp., Centropages spp. and Temora spp., but
not for the polychaetes and gammarids groups; this was

due to a wider range of sizes recorded in the ring net sam-
ples, and the low number of positive gammarids records
in CALPS samples. The Para-pseudocalanus groups show lit-
tle differences in mean size between the two gears
(6.22%), but the one-way ANOVA show statistical differ-
ences as a result of very narrow spread of the sizes of the
organisms recorded by each gear.

DISCUSSION

Both the CALPS and ring net datasets illustrated a similar
zooplankton community, with Para-pseudocalanus spp.,
Acartia spp. and Oithona spp., representing the most abun-
dant taxa sampled by both devices. The spatial distribu-
tion of the total zooplankton abundance estimated with
the two sampling methods was also similar (Fig. 3), and
there was good agreement in abundance series recorded
by the two devices for most individual taxa (Table I and
Fig. S1 in Supplementary material). However, the abun-
dance and rank of the taxa sampled differed from one
dataset to the other, and although abundances were on
average 1.61 times higher in samples collected from the
ring net compared to those from the CALPS, individual
RingNet:CALPS ratios varied between 1.30 and 39.3.
The highest ratio was observed for the appendicularia,
and it is clear that the CALPS’ efficiency at capturing
these organisms is very poor, seeing they were recorded at
most stations when using the ring net, with an average
density of 111.87 individuals m−3. It is possible that these

Fig. 4. Ratio RingNet:CALPS for the total abundance of zooplankton and volume filtered by the ring net as a function of depth of the water
column sampled for each of the 39 data points.

Fig. 5. Relative abundances contributed by individual taxa to total
abundance from samples taken with the CALPS (black triangles) and
ring net (open circles). Non-metric MDS scatter plot of all samples col-
lected with the CALPS and ring net based on the rank order of sample
similarities.
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fragile organisms were damaged beyond recognition, as
this has been reported in previous studies comparing
pump systems with ring net deployment (Møhlenberg,
1987). For the polychaetes and chaetognatha, the

RingNet:CALPS ratios were 7.93 and 6.16 respectively,
indicating that these groups were also poorly captured by
the CALPS. Dixon and Robertson (1986) also found sig-
nificantly greater numbers of chaetognaths, polychaete

Table II: Comparison of mean sizes (total length) of the zooplankton taxa collected from the CALPS and
ring net devices

Taxa
CALPS, mean length
(mm) ± std

Number positive
samples

Ring net, mean
length (mm) ± std

Number positive
samples

Mean size difference
ring net vs CALPS (%)

ANOVA
F-ratio (P)

Para-pseudo calanus spp. 0.774 ± 0.063 38 0.822 ± 0.069 38 +6.22 8.661 (0.004)
Acartia spp. 0.945 ± 0.095 34 1.033 ± 0.282 37 +9.34 0.147 (0.706)
Oithona spp. 0.562 ± 0.049 38 0.559 ± 0.037 38 −0.56 0.231 (0.632)
Bivalve larvae 0.380 ± 0.022 37 0.397 ± 0.050 37 +4.40 2.151 (0.147)
Corycaeus spp. 0.799 ± 0.115 36 0.827 ± 0.119 37 +3.57 0.746 (0.391)
Harpacticoid copepods 0.610 ± 0.087 38 0.595 ± 0.037 37 −2.47 1.355 (0.248)
Centropages spp. 1.086 ± 0.207 36 1.347 ± 0.334 35 +24.09 6.894 (0.011)
Gastropod larvae 0.427 ± 0.054 34 0.433 ± 0.072 33 +1.52 0.044 (0.835)
Copepod nauplii 0.430 ± 0.048 32 0.431 ± 0.063 32 +0.12 0.036 (0.851)
Chaetognatha 2.785 ± 2.017 34 2.699 ± 2.138 35 −3.09 0.065 (0.800)
Appendicularia 0.628 1 1.171 ± 0.306 32 +86.39 5.194 (0.030)
Calanus spp. 1.526 ± 0.401 23 1.975 ± 0.521 32 +29.43 9.436 (0.003)
Polychaete larvae 0.591 ± 0.179 33 0.765 ± 0.435 10 +29.48 0.851 (0.372)
Temora spp. 0.873 ± 0.170 21 1.094 ± 0.306 24 +25.39 7.789 (0.008)
Cnidaria 0.785 ± 0.157 12 1.607 ± 1.211 10 +104.89 4.693 (0.042)
Decapod larvae 1.846 ± 0.912 19 3.504 ± 1.723 22 +89.77 11.69 (0.002)
Bryozoa 0.681 ± 0.151 20 0.642 ± 0.147 14 −5.68 0.550 (0.464)
Oncaea spp. 0.565 ± 0.054 11 0.546 ± 0.068 18 −3.29 0.965 (0.335)
Echinoderm larvae 0.496 ± 0.050 9 0.524 ± 0.115 10 +5.65 0.433 (0.520)
Unidentified cyclopoids 0.620 ± 0.073 15 0.599 ± 0.061 2 −3.45 0.157 (0.698)
Gammaridae 1.234 ± 0.218 4 1.680 ± 0.752 11 +36.17 0.723 (0.409)

Columns 2 and 4: Mean total lengths and associated standard deviation calculated from all individuals counted across the 39 samples from both CALPS
and ring net devices. Columns 3 and 5: The number of positive samples is the number of sample where presence of a specific taxon was recorded.
Column 6: Relative difference in mean size difference (%) calculated from differences between average values from samples obtained with CALPS and
ring net datasets; (+) indicate that individuals in ring net samples are larger than those in CALPS. Column 7: Results of ANOVA (F ratio (P-value)) on the
effect of sampling gear on the mean size of the individual organisms caught for each taxon; a high F-ratio with a low P-value (<0.05) indicates significant
differences in the sizes of the organisms as a result of sampling gear used.

Fig. 6. Mean size (total length) of zooplankton and associated standard deviations calculated across all individuals analysed in samples from the
39 stations and for all taxonomic groups representing at least 0.1% of the total zooplankton abundance.
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larvae and appendicularia in plankton nets rather than
their pump system. They concluded that swimmers such
as the chaetognaths probably have greater ability to avoid
the pump intake, and that the much greater volumes of
water sampled with the net were also a contributory fac-
tor. This suggests that the zooplankton community was
sampled with different degrees of efficiency as is indeed
confirmed by the results of the multivariate analyses. The
most apparent difference between the two datasets is the
generally higher abundances recorded by the ring net.
Both gears were deployed at the same time and location,
they both used an identical mesh size and the analysis of
the samples was done in a standard way using Zooscan.
Several factors were identified that could be responsible
for the observed dissimilarity. These include differences in
spatial area sampled, depth sampled, volume filtered,
sampler and associated sampling design. Attributes such
as avoidance behaviour of the organisms could also have
contributed. We will discuss each of these points
separately.

Spatial coverage

A perhaps obvious reason for potential discrepancies in
zooplankton quantities sampled by the two devices is the
differences in spatial coverage; the CALPS system was
deployed for an hour, two-thirds of which while steam-
ing at 10 knots. This meant that sampling was con-
ducted over approximately 7 nautical miles compared
to a single (stationary) point of the ring net.
Zooplankton is inherently patchy (Mackas et al., 1985)
and the long horizontal sampling of the CALPS will
integrate patches of high zooplankton abundance over
large areas with lower densities, resulting in average
abundances estimated across the area sampled. If this
significantly contributed to the observed differences, we
would also have expected to find stations where the
abundances in the ring net were lower than those from
the CALPS, i.e. when the sample station was situated in
an area of low plankton abundance. This occurred only
at 13 stations out of 39 (Fig. 3), and it is unlikely that
this factor alone can be responsible for the differences in
abundance between the two datasets. Our approach
was consistent across stations; however, using underway
sampling at different ship speeds results in spatially dif-
ferent sampling effort and integration of the sampling
over different distances. We do not believe this to affect
substantially the composition of the zooplankton com-
munity, but in order to avoid any such effect in routine
deployments, CALPS should be used at a constant ship
speed.

Depth sampled

Another clear difference between the two sampling
methods was that the CALPS collected water at a fixed
depth of 4 m below the surface, whereas the ring net
sampled the entire water column. No stratification was
recorded from CTD casts, but we aimed to reduce the
effect of zooplankton vertical distribution in the water
column to this sampling offset, by collecting all zooplank-
ton samples at night time, when zooplankton tend to rise
towards the surface (Lampert, 1989). The CALPS was
therefore expected to be more effective than the ring net
at sampling most zooplankton species apart from those
that inhabit demersal habitats. This effect could have
been mitigated by vertical mixing of the water column
from turbulence and water displacement resulting from
the passage of the ship. We also expected this water mix-
ing of the surface layers to remove or minimize any
potential sub-surface peak of zooplankton abundance.
Previous studies comparing vertically integrated versus
surface sampling methods concluded that differences in
sampling depth could not be responsible for much the
observed differences in abundance between the two sam-
pling methodologies (Clark et al., 2001; Richardson et al.,
2004). In our study, the lack of any relationship between
RingNet:CALPS ratios and depth (R = 0.17, P = 0.30,
Fig. 4) suggests that “sampled depth” may influence the
sampling efficiency of the device but we do not expect
this to be substantial.

Volume filtered

As the station depth sampled increased, the volumes of
water filtered by the ring net (Fig. 4) generally became
much higher than those by the CALPS which consistently
filtered 2–2.5m3. A positive weak but significant relation-
ship was seen between volume filtered by the ring net and
depth sampled (R = 0.564, P < 0.001). However, the vol-
ume filtered is also influenced by currents as a result of
tide or high winds, which tend to pull the net frame away
from the ship as it gets lowered; this effect can be substan-
tial in strong currents and the further away the nets are
taken from the ship, the higher the volume filtered. This
can explain the high variability of volume filtered at the
deeper station. Also, anecdotal reports have suggested
that, despite the presence of a ball-bearing clutch, the
model of flowmeter used here may, at times, rotate back-
wards when operated in vertical mode. Careful visual
inspection of the flowmeter during deployment ensured
that this was not likely, however, we cannot completely
rule out the possibility that some volume readings may
have been adversely affected by this.
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Sampler and associated sampling design

Extrusion through the net mesh
Extrusion of animals through the net mesh is depend-
ent on the mesh size and the tow speed. Faster towing
speed increases filtration pressure on the mesh and
consequently increases escapement of the smaller
organisms by extrusion (Tranter and Smith, 1968).
The effect of towing speed on the extrusion of smaller
organisms through the net can be substantial and adds
to the loss of organisms due to escapement (Skjoldal
et al., 2013). In the current study, the ring net generally
filtered much higher quantities of water over a much
shorter period (i.e. 3.6–67 m3 taking a maximum of a
few minutes) than the CALPS (1.9–3.9 m3 over a period
of 40 min to 1 h), and this would suggest a higher filtra-
tion pressure on the mesh and associated extrusion for
the ring net. Although taxon-specific average lengths
were generally higher in ring net samples (Fig. 6), only
a few species showed statistically significant differences
(i.e. cnidaria, decapod larvae, Calanus spp., Temora spp.,
Centropages spp. and Para-pseudocalanus spp., Table II);
some of these taxa were the largest caught during this
survey. If extrusion was involved, we would expect: firstly
this effect to be highest for the smaller taxonomic groups,
resulting in ratios of abundance RingNet:CALPS <1 for
these groups; secondly a truncation towards the lower
end of size spectra in ring net compared to CALPS sam-
ples, consistently across taxa; and thirdly organisms
caught in ring nets to be in poorer condition than those
in CALPS samples. None of these effects were observed
(Fig. 6, Tables I and II). Differences in filtration effi-
ciency for the two devices are therefore unlikely to
explain the higher abundances recorded by the ring net.

Active and passive avoidance to the sampler
Sampling efficiency depends on factors such as towing
speed, net mouth diameter and sampler and method
design. It can result not only in a general underestimation
of abundance but also in selective sampling. This avoid-
ance can be passive or active. Passive avoidance results
from particles being pushed away from the sampler
mouth. As the aperture for the water inlet for the CALPS
is smaller (i.e. 20 cm diameter) than the ring net (i.e. 50
cm diameter), it is suggested that the hydrodynamic effects
produced by the CALPS sampler and associated with the
ship’s movement will be much greater than those pro-
duced by a conical net with a wider aperture. The result-
ing lower sampling efficiency of the CALPS could
explain, at least partly, the discrepancies in abundances
recorded for all dominant taxonomic groups.

Active avoidance depends on the ability of the organ-
isms to detect the presence of an incoming sampling

device, in particular the “bow-wave” produced in front
of the moving device (Clutter and Anraku, 1968), and
on their swimming speed. The detection ability is species
specific and a function of how an organism reacts to a
range of visual, acoustic and hydrostatic stimuli
(Fleminger and Clutter, 1965; Clutter and Anraku,
1968). In general, active avoidance of zooplankton
increases with decreasing mouth opening size, mainly
because the smaller the mouth opening, the lower the
swimming speed is required for an animal to avoid cap-
ture (Clutter and Anraku, 1968). In this study, the
effects of active avoidance are therefore expected to be
greater for the CALPS than for the ring net. As larger
organisms are generally faster, active avoidance could
explain, at least partly, the bias towards larger indivi-
duals for some of the taxa captured by the ring net. The
taxa that showed the largest difference in mean length
between the ring net and CALPS samples also hap-
pened to be the largest (Fig. 6, Table II). Even if we
omit the appendicularia, cnidaria and gammarid taxo-
nomic groups, as these were captured on very few occa-
sions, the taxa which were at least over 24% greater in
the ring net include the decapod and polychaete larvae,
Calanus spp. and Centropages spp. Apart from polychaete
larvae, these taxa represented the largest individuals in
samples from both devices which suggest that active
avoidance behaviour explains part of the observed dif-
ferences between the two sampling techniques.
Zooplankton sampling performance and the evalu-

ation and intercomparison of sampling equipment have
taken place since the introduction of quantitative techni-
ques (Fraser, 1968; Wiebe and Benfield, 2003). Primary
sources of errors across these techniques have been
found to be escapement through the mesh, sampler
avoidance and plankton patchiness. This was corrobo-
rated by the results of an in-depth intercomparison
study on various net systems (Skjoldal et al., 2013) which
found that mesh size had a major influence on the abun-
dance and zooplankton species composition; that towing
speed could substantially increase extrusion of the smal-
ler organisms through the net and that active avoidance
is only important for the larger macrozooplankton.
Passive avoidance due to sampler design was not consid-
ered. In this study, we have shown that surface samples
collected by the CALPS and vertically integrated sam-
ples collected by the ring net provide similar results on
the zooplankton community, but that different compo-
nents of the community are sampled with different
degrees of efficiency.
Our analysis suggests that avoidance of the CALPS as

a result of its design (both passive and active avoidance)
is likely to be the main factor explaining the higher
abundances recorded by the ring net, but other factors
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such as depth, area sampled, zooplankton patchiness,
and behaviour of the animals are likely to play their
part as well. Our results agree with other comparative
studies between WP-2 ring nets and surface samplers
such as the CPR (Clark et al., 2001; John et al., 2001;
Richardson et al., 2004), U-tow systems (Cook and
Hays, 2001) and pump systems (Madurell et al., 2012).
The major difference between the CALPS and these
systems is that the CALPS is an integral part of the ship
and the sample is abstracted with a pump through a
small opening rather than passed through an incoming
net or larger opening. These specifications will certainly
have an impact on the sampling efficiency of the system,
but they still remain to be studied in depth to allow
quantification. In a study comparing ichthyoplankton
samples from the CUFES with those from ring nets,
similar species compositions were found (Lelievre et al.,
2012). This is very relevant because of the similarities
between the CUFES and the CALPS as both are inte-
grated within the ship setup and their operation causes
little disruption to the baseline survey program.
Another relevant comparison of sampling efficiency

would be between the CALPS and the Continuous
Plankton Recorder (CPR). This would allow for har-
monization and standardization of the two methodolo-
gies and the integration of the datasets ultimately
allowing the CALPS to fill the data gaps where the
CPR is not deployed thereby increasing the resolution
of dataset.
It is clear that the different properties of the CALPS

and ring nets mean that they perform differently at
measuring different specific parameters, and there are
parameters for which they perform equality well, in line
with results from other similar comparisons (Taggart
and Leggett, 1984). Whilst the CALPS is not suitable
for investigations that require accurate measures of
abundance, eg accurate and vertically integrated zoo-
plankton biomass for model calibration, it can identify
and quantify changes in plankton communities as well
as a ring net. In many circumstances, the spatial integra-
tion achieved by the CALPS might be more valuable in
relation to a point sample, as a result of its integration
of zooplankton patches. Previous comparative studies
between CUFES and ring net samples have attempted
to correct fish egg data from the CUFES, using non-
linear modelling techniques, to estimate densities over
the whole water column. For example, Lelievre et al.

(2012) estimated total egg abundance in the water col-
umn from CUFES data with linear regression techni-
ques including depth, bedstress and wind-induced
mixing, which affected the vertical distribution of the
eggs. Petitgas et al. (2006) converted fish egg concentra-
tions from CUFES samples to vertically integrated

abundances, using a one-dimensional vertical biophys-
ical model, including egg properties, surface wind, tidal
currents, temperature and salinity profiles, as model
parameters. It might be possible to apply a similar
approach to CALPS zooplankton samples in order to
correct the data and make it more consistent with verti-
cally integrated profiles as collected by ring nets.
However, unlike fish eggs, zooplankton are not passive
particles and their behaviours are species specific.
Therefore, such a modelling task would be more com-
plicated requiring additional species-specific parameters
for calibration purposes.

CONCLUSION

The CALPS can identify and quantify changes in plank-
ton communities and is therefore suited to describe
broad geographic patterns in zooplankton community
structure and diversity. Because of the challenge of rec-
onciling economic efficiency with collection of robust
scientific data, the adoption of integrated monitoring
will constrain the types of sampling gear that can be
used and therefore the properties monitored should be
based on what the gear can achieve. A particular advan-
tage of the CALPS over more traditional vertical sam-
pling methods is that it can be integrated within existing
multidisciplinary surveys at little extra cost and without
requiring additional survey time. In order to optimize
zooplankton monitoring, cost associated with post-cruise
processing and analysis of the large number of samples
produced could be dealt with the development of image
analysis systems that can be used on-board the survey
vessel such as the LiZA/PIA system (Culverhouse,
2015). Because no single device is able to sample all the
zooplankton components at any one time, multidiscip-
linary programs studying marine ecosystem structure
and dynamics often use nets designed to sample particu-
lar size fractions in combination with video and/or
acoustic techniques (Postel et al., 2007; Lara-Lopez and
Neira, 2008; Lavery et al., 2010) thus allowing a large
spatial coverage and a relative high resolution in hori-
zontal and vertical planes. Such a set-up would comple-
ment the data obtained from CALPS samples. All the
above features make the CALPS a particularly useful
tool as part of integrated monitoring of environmental
status to underpin policy areas such as the MSFD.

SUPPLEMENTARY DATA

Supplementary data can be found online at
http://plankt.oxfordjournals.org.
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