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A total of 46 samples from coastal and shelf sectors from the northern Argentine Sea (34°-41° S) were
digitized to compare the performance of the new Zoolmage analysis method for copepod abundance and
biovolume estimations. A training set of 1437 objects were used for automatic discrimination using a Random
Forest algorithm with a general accuracy of 83.92%. A total of 11 taxa were automatically classified. Copepods
were divided in three categories: Large calanoids, small calanoids and cyclopoids and identified with an
accuracy of 83.15%, 79.5% and 85.7% respectively.

The discriminant analysis revealed both the equivalent circular diameter (ECD) and the area were the best
variables to differentiate the three copepod categories. Samples were previously quantified by optical methods in
order to compare with automated results. Automated copepod biovolume measurements were estimated from
individual calculations applying new Zoolmage allometric parameters, and were compared with manual
calculations using specific size/biovolume equations. It was demonstrated that Zoolmage can potentially be used
as a tool for abundance and biovolume estimations of calanoid and cyclopoid copepods and allow us to obtain

results more rapidly by reducing the time lag involved using traditional measuring methods.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Copepods are among the most numerous multi-celled organisms
on Earth (Mauchline, 1998). They are considered keystones in aquatic
ecosystems because of their important role in the transfer of matter
and energy from primary producers to higher trophic levels (e.g. fish
larvae) (Irigoien et al., 2009). Biomass measurements are necessary
steps towards quantifying that energy flow across planktonic food
webs (Alcaraz et al., 2003), specially in fisheries science, in which
most approaches require the incorporation of accurate production
estimations of food web components (Christensen and Pauly, 1992).
This taxon has been a focus of major international programmes such
as GLOBEC (Irigoien et al., 2009).

Most standard biomass indicators may be expressed in terms of wet
mass, dry mass, ash-free dry mass, carbon mass or nitrogen mass, but
direct methods require destructive analytical procedures, precluding
the use of samples for other studies (Alcaraz et al., 2003 and references
therein). On the other hand, there are non-destructive estimates of
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biomass based on a combination of independent factors including
counts, biovolume determined from measures of individual body size
(length and width), conversion factors determined from body shape and
chemical measurements. Biovolume estimates and conversion factors
required by indirect methods increase opportunities for error, because
error associated with multiple independent factors can be propagated at
each stage of calculation (Baguley et al, 2004). However, these
procedures preserve the samples and allow further taxonomical and
ecological studies.

While traditional methods provide invaluable information about
zooplankton species composition and biomass, they are labor-intensive
and time-consuming, given that counting and obtaining manual
measurements of organisms are necessary for abundance and biomass
estimates. In light of these constraints, several optical imaging techniques
have been developed over the past decades to examine zooplankton
using permanent electronic records, from silhouette photography
(Ortner et al,, 1979) to a variety of digital imaging technologies that
combine with algorithms for machine learning. Consequently, it is now
possible to enumerate and measure thousands of zooplankters in a short
time, and extract various morphological parameters such as body length,
shape, and area. Hence, image acquisition techniques have evolved that
indirectly estimate zooplankton biovolume using digital image process-
ing (Benfield et al., 2007; Sieracki et al., 2010).
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Zoolmage is an open software tool that utilizes, a semi-automated
method based on image analysis and automated recognition. It was
developed to offer a fast, simple, and non-destructive mechanism for
broad taxonomic identification of zooplankton, including the estimation
of abundance and biovolume with minimum sample manipulation
(Benfield et al.,, 2007; Culverhouse et al.,, 2006). Despite the growing
worldwide interest in the application of this software (Benfield et al.,
2007; Gislason and Silva, 2009), few studies to date have used it to
estimate copepod biomass (Zarautz et al.,, 2008). Image analysis though,
has long been used for biovolume estimation of copepods and
zooplankton (Alcaraz et al., 2003; Baguley et al.,, 2004; Billones et al.,
1999; Clark et al., 2001).

In the Argentine Sea, copepods are one of the richest and
taxonomically best known zooplankton groups (Bradford-Grieve et al.,
1999). Even though they have been the subject of many studies focused
in their diversity and spatial distribution (Berasategui et al., 2006;
Cepeda, 2006; Di Mauro et al., 2009; Fernandez Araoz et al., 1994;
Marrari et al., 2004; Ramirez, 1969, 1970; Ramirez and Santos, 1994;
Santos and Ramirez, 1991; Vifias et al., 2002 ), biomass estimates remain
scarce (Fernandez Ardoz et al., 1991; Viiias et al., 2010).

In the present study we undertake a comparison between
traditional and Zoolmage automated methods to estimate copepod
biovolume for the first time in the northern Argentine Sea region. We
suggest new allometric parameters to obtain direct estimates of
calanoid and cyclopoid biovolume with Zoolmage.

2. Materials and methods
2.1. Samples collection and laboratory analysis

A total of 46 samples were collected with a 220-um meshed small
bongo net (0.20 m diameter), on three cruises carried out in coastal
and shelf sectors off the Buenos Aires province (34°S-41°S) during
spring 2002 to 2004, as part of the Engraulis anchoita assessment
project of INIDEP (Instituto Nacional de Investigacién y Desarrollo
Pesquero) (Fig. 1). Oblique tows were performed from a depth near
the bottom to the surface without clogging of the net. Filtered water
was estimated from a Hydrobios flowmeter placed at the mouth of the
net. The ship moved at 2.5 knots and tows were short in duration
(towing time: 2 minutes; towing rate: 20 m/minute). Samples were
preserved in 4% formaldehyde for further analysis.
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Fig. 1. Distribution of zooplankton sampling stations (1 - 18) of the study area.

Before image analysis, all samples were quantified by traditional
optical methods in order to compare with automated results. Copepod
species present in the samples were identified and counted under a
compound microscope. For this purpose, a subsample was obtained
from each sample and its volume determined in order to include at
least 100 adults of the dominant copepod species. Taxonomic
identification of copepods was based on the current literature for
the region (e.g., Bjornberg, 1981; Bradford-Grieve et al., 1999;
Ramirez, 1970, 1971, 1981; Ramirez and Sabatini, 2000).

In order to compare manual and automaedc counts of copepods,
the species were arranged in 3 categories consistent with those of the
training set (Section 2.3).

2.2. Image acquisition

Samples were first mixed thoroughly in a beaker, in a total volume
that varied between 200 mL and 600 mL depending on the zooplankton
density in each sample. Then, each sample was sieved into two fractions
using a 500 pm mesh to separate small and large mesozooplankton.
From each fraction A and B (<500 um and >500 um respectively)
sufficient aliquots (approximately 30 mL approximately) were taken
and stained with Bengal Rose for 24 hours to ensure good contrast at the
time of scanning, and avoid counting the detrital material at the time of
processing the images. Then, aliquots were distributed in 3 polystyrene
cells (127 x 85 mm) to be scanned. This procedure must allow the best
representation of the zooplankton diversity of each sample with
minimum overlap of the animals. Nevertheless, some manipulation
may be necessary, because specimens near the borders and those
floating in the surface must be manually positioned.

Following the procedure mentioned above a total of 46 zooplankton
samples were digitized using a commercial scanner (Epson Perfection
Photo 4490, Epson Scan software).

From the scanning process at a resolution of 1200 dpi, 276 raw
images were obtained, including 6 images per sample (3 from each
fraction A and B). At the end of the process, the 6 images were
integrated, brightness and contrast (441 and + 15 points respectively)
were adjusted for their processing using Zoolmage software, version
1.2-1 (http://www.sciviews.org/zooimage). The number of individual
vignettes (individual images automatically extracted from raw images)
obtained from each fraction, fluctuated between 200 and 600. Once the
process of automatic vignette extraction and classification is complete,
raw images from fraction A and B are integrated and only one result per
sample is delivered. Fig. 2 shows a summary of sample treatment.

2.3. Creation of the training set

From the sampling stations, a series of 18 zooplankton samples
corresponding to different locations and years were chosen in order to
represent the diversity of the study area. The training set was
established by selecting and sorting individual images (vignettes) of
the organisms following the procedure of Grosjean and Denis (2007).
Thus, the training set was built from a pool of 1437 vignettes from those
18 samples. It was possible to set a total of 13 zooplankton categories in
which copepods were manually sorted into 3 subcategories: Large
calanoids (LC), small calanoids (SC) and cyclopoids (CYC), relying on
morphological keys and sizes. LC and SC were also classified as dorsal or
lateral, given the variety of postures in which they may be found in the
scanning cells.

Once the training set was created, the Random Forest algorithm was
selected to build the classifier (training set+ learning algorithm)
according to Grosjean et al. (2004). Other algorithms provided by
Zoolmage, such as Linear Discriminant Analysis and Neural Networks
were tested during our preliminary work, but the former offered better
results. The classifier performance was then assessed by pooling the
automatic identifications and comparing them to the manual identifi-
cation of same individuals. This was done using a confusion matrix,
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Fig. 2. Summary of samples treatment using the Zoolmage automated method. Each sample is fractioned with a 500 um sieved and 6 raw images are obtained for each of the two
fractions after the scanning process. Each image is analysed using Zoolmage with particle extraction. Some individual vignettes (simple images of each organism) are used to build
the training set. After applying a learning algorithm, the classification tool is created and all particles can be then identified to produce abundance and biovolume data.

which is the diagnostic tool of the classifier efficiency. A confusion
matrix is a square contingency table that compares all groups of the
manual classification with all groups of the automatic recognition (see
Table 1). The number of items in each cell corresponds to the counting of
objects. The diagonal (from top-left to bottom-right) corresponds to the
cells where both identifications are the same. In other words, this
diagonal represents the correct counting of predicted items. All cells
outside the diagonal depict disagreement in both classifications. They
are usually errors in the automated classifier, assuming that there is no
error in the manual training set (Grosjean and Denis, 2007).

2.4. Biovolume calculation using new allometric parameters

Zoolmage calculates the surface area of the organisms from the
number of pixels contained in its two-dimensional images. The
individual area is defined by the silhouette of the organism after changes
inits grey-level threshold, and is then automatically transformed into an

ellipse of equivalent area with its major and minor axes scaled to the
general shape of the organism (Alcaraz et al, 2003 and references
therein). Consequently, the equivalent circular diameter (ECD) is
created, which represents the estimated size of each organism and the
most accurate measurement that can be obtained automatically.

To calculate biomass (B) Zoolmage uses the ECD (mm) in the
following equation:

B = (P,*ECD + P,)" (1)

where, Py, P, and P3 are allometric parameters. These parameters
describe the relationship between (ECD) and other dimensions
generally used in size/biomass equations taken from the literature
(prosome length, prosome width, etc). As default values, Zoolmage
provides Py =1, P, =0 and P3 =1, in which case, the general Eq. (1) is
thus limited to the ECD (mm).
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Confusion matrix obtained for the training set classed by the random forest algorithm. Each row of the matrix represents the groups in the training set labeled by the user,
whereas columns (1-15, same categories as rows) show the classification by ZI. There are 15 categories because of the additional lateral and dorsal positions of SC and LC. The numbers
in the diagonal line (in grey, from upper left to bottom right) represents the correct classification of vignettes, while those outside are misclassified individuals (false positives). Gen. Acc:

General accuracy in classification performance, Acc. %: accuracy of each group.
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In this study, individual biomass was calculated by estimating
biovolume. By changing the value of the allometric parameters and
replacing them with those taken from the volume equation of a
sphere, the volume of each organism (V) is then estimated by the
calculation of the corresponding volume of revolution ellipsoids. To
do that we consider first:

V =4/31Ir @)

where the radius (r) of the equivalent circle can be estimated using:
3)

and then the ECD can be replaced in the volume Eq. (1) as follows:

ECD = 2r

V = 4/3 11 (ECD/2)*. (4)

Now, in Eq. (4), the volume is referred to the object with a
particular ECD value, and when solving this equation, the allometric
parameters can be replaced in Eq. (1) by: Py =T1/6, P,=0 and P3 =3.

During the Zoolmage procedure with the above modifications of the
allometric parameters, individual biovolume estimates of the organisms
are added. Hence, sample biomass can be expressed in mm>m™2 or
any other biomass indicator by applying the corresponding conver-
sion factors. Body wet weight can be derived from measurements
of body biovolume by applying a factor of 1.025 for specific gravity
(Chojnacki, 1983). Then, dry weight is generally obtained by multiply-
ing the wet weight by 0.20 (Cushing et al., 1958) and the carbon content
can be considered to be 40% of the dry weight (Postel et al., 2000).

To validate Zoolmage calculations of individual biovolume, a series
of 19 vignettes of each copepod category were selected from the
training set to manually measure their prosome width (PW) using
Image | (an application from the Zoolmage package). PW was chosen
in order to apply the following specific size/biovolume equations
obtained by Vifias et al. (2010) from the geometric method:

Oithona nana: LogV: 2.751 log PW + 0.502 (r?=0.99, p<0.0001)
Ctenocalanus vanus and Paracalanus parvus: LogV: 3.120 log PW -
0.155 (r>=0.99, p<0.0001)

Calanoides carinatus: LogV: 3.213 log PW - 0421 (r*=0.99,
p<0.0001)

where V: volume (mm?®). These equations were chosen as representa-
tives of the three copepod categories (CYC, SC and LC, respectively),
because those species dominated in the copepod community.

The whole set of manual biovolume results were compared with
Zoolmage biovolume calculations on the same vignettes using the
parameters estimated above (P; =0.523, P, =0 and P3;=3).

2.5. Data analysis

Discriminant analysis was carried out using Infostat v. 1.1 (UNC,
2002), to evaluate which of the morphometric variables used by
Zoolmage separated the three copepod categoriesmost effectively. A
Student's t-test was applied both to the abundance and to the biovolume
data, (log transformed), to analyze differences between estimates of
automatic and manual calculations (Sokal and Rohlf, 1995). Statistica
package 7.0 (StatSoft, Inc.,, 2004) was used for abundance and
biovolume data analyses.

3. Results

The general estimated accuracy for the Zoolmage classification of
13 taxonomic categories was 83.92%. The confusion matrix is provided
in Table 1.

Zoolmage was accurate in classifying the vignettes of the majority
of the groups, particularly the fish egg category that achieved 100%
accuracy. For polychaetes it was less accurate, probably because there
were insufficient vignettes in the training set for this category.
Nevertheless, this study focused on the classification of the three
copepod categories which are the dominant members of the
community. Cyclopoids were classified with 85.7% accuracy. In the
case of large and small calanoids the classifier achieved accuracy
between 79.5% and 85.7%, considering both dorsal and lateral views of
copepods.

In order to evaluate the degree of size overlap among copepod
categories, it was necessary to examine Zoolmage automated
classification of copepod vignettes. When the copepod size distribu-
tion was represented in a scatter plot graph showing their minor and
major axis, it was apparent that smaller copepods (cyclopoids and
small calanoids) caused more confusion to the program, (Fig. 3). In
addition, from the actual review of classified vignettes, it was
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Fig. 3. Distribution of copepod categories in the training set according to major
(=length) and minor (= width) axis. Data were log transformed. Copepod size spectra
with major superposition in the scatter plot are indicated between dash lines. LC: large
calanoids, SC: small calanoids, CYC: cyclopoids.

apparent that some copepods from small calanoids category were
classified as cyclopoids and also some cyclopoid copepods were
misclassified as small calanoids.

The discriminant analysis revealed that 94.84% of the total
variance could be explained by the first canonical function and both
the ECD and the Area were the best variables to differentiate the three
copepod categories (Table 2). According to the cross validation results
for the copepod classification, a total error of 12.54% was detected in
reporting minimum and maximum errors (6.14% and 16.89%) for
large calanoid and cyclopoid categories respectively (Table 3).

No significant differences (p value>0.05) for the total copepod
counts were detected between both methods either for the large or for
the small calanoid categories, in spite of the error in the automated
classification performance. Cyclopoids showed significant but bor-
derline significance (p value: 0.044), demonstrating that the software
is less accurate while treating very small organisms (Table 4).
Nevertheless, these results allowed comparison of total biovolume
estimates by both methods and there were no significant differences
when new allometric parameters were used (t test, p=0.572).

4. Discussion and conclusions

The ability of Zoolmage to correctly identify particles from scanned
images is directly related to how well the training set represents the
zooplankton composition of the samples to be analyzed (Culverhouse

Table 2

Eigenvalues and canonical functions (Can. Func.) from discriminant analysis for copepod
category classification. Var. (%): percentage of variance explained by each canonical
function. Acum. (%): Accumulated Variance. The box shows the variables from the
first canonical function that best explain the separation of copepod categories.

Eigenvalues Var. (%) Acum. (%)
5,01 94,84 94,84
0,27 5,16 100
Can. Func. 1 2
Constant -7,10 -3,06
ECD 14,60 21,26
Area —5,46 -3,72
Perim. 0,23 -0,75
Width -0,56 -0,12
Height -0,62 -0,19
Major 0,69 -5,71
Minor -2,51 -0,23

Table 3
Cross validation table for the classification of the three copepod categories. LC: large
calanoids, SC: small calanoids, CYC: cyclopoids.

Group LC SC CYC Total Error (%)
LC 241 13 1 228 6.14
SC 0 256 46 302 15.26
CcYC 0 25 123 148 16.89
Total 214 294 170 678 12.54

et al, 1994; Embleton et al., 2003). Significant knowledge of the
diversity of the area is needed for a good performance in the selection
of the training set categories and the interpretation of the scanned
images. In this study all the samples were previously analyzed under a
microscope, so the probability of finding to find an unknown
organism was clearly reduced at the time of building the training set.

From the confusion matrix, we observed that Zoolmage was less
accurate in classifying some of the groups. Polychaetes, amphipods,
decapods, and fish larvae were present at very low density compared
to more abundant small animals, such as copepods. Consequently,
there were poorly represented in the training set, which probably
reduced accuracy below 70%. The possibility of increasing the
performance in the classification of these categories might lie in the
increment of the number of vignettes in the training set or in the
modification of the aliquot for fraction B (see Section 2.2). With a
greater aliquot for fraction B, more vignettes corresponding to these
misclassified organisms could be obtained, which would produce a
better representation of the zooplankton diversity.

Within copepods, the automated recognition algorithm was mostly
confused when trying to differentiate the small calanoids from the
cyclopoid categories. Although the general classification accuracy was
higher than 80%, the actual review of vignettes demonstrated that
within a certain range of body dimensions both categories were
misclassified and mixed even if adults were compared. This error was
probably due to the size threshold, below which the scanner did not
capture sufficient morphological details from the images, at a resolution
of 1200 dpi, to differentiate both copepod orders. Misclassification of
copepods of the smaller size classes with Zoolmage method was also
reported by Gislason and Silva (2009). These authors concluded that
shape and size were important features during the machine learning
process, but simultaneously other image properties are taken into
account for the analysis. As pointed out by Fernandes et al. (2009), it
may be difficult to establish how different features are used by
classification algorithms. Here, even with misclassification between
smaller size copepod categories, Zoolmage was considered to be
successful in the quantification of copepods in a broad sense. We
believe, higher resolution of the images may improve results for small
particles (<0.8 mm total length) that may confuse cyclopoid and small
calanoid categories.

In this work, conventional microscope abundance estimates were
taken as an absolute standard. Although we know this is not completely
true, and that manual estimates carry their own error depending on the
experience of the researcher, it was necessary to have a starting point to
compare automated estimates. In this sense, there are a few compar-
isons of automated and traditional counting of mesozooplankton. In

Table 4

Automated and manual mean abundances (log [ind.m~ 3+ 1]) for the three categories
of copepods and for the total counts. CYC: cyclopoids, SC: small calanoids, LC: large
calanoids. p: P-value.

CYc SC LC Total
Manual mean 4 SD 2354046 2984036 1.67+057 237+0.71
Automatic mean+SD  2.67+0.39 3.10+043 1.82+0.66 234+0.87
p 0.044 0.418 0.494 0.8
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coastal waters off Concepcion, Chile, Manriquez et al. (2009) reported
differences up to an order of magnitude for some mesozooplankton
groups, but the quantitative dominance within the mesozooplankton
community did not show major differences with both analyses. Also,
copepods were classified in small and large categories, but no further
details were mentioned as this comparison was not the main focus of
their study. In addition, Bell and Hopcroft (2008), and Gislason and Silva
(2009), reported that Zoolmage was able to capture trends in
mesozooplankton abundance and identify major taxa, but small
copepods (<1 mm) were poorly classified.

In the present work, Zoolmage was set up to calculate individual
biovolume automatically, which is feasible to convert into other biomass
units using published conversion factors. Individual biovolume estima-
tions of copepods have been used extensively mesozooplankton studies.
Even though all of these studies were based on the principles of
geometric volume, they used approaches different than ours. Some used
body dimensions (Alcaraz et al., 2003; Halliday, 2001; Svetlichny, 1983;
Vifias et al., 2010), whereas others used drawings of the organisms and
further geometric or morphometric approximations (Gilabert, 2001;
Rodriguez et al., 1987). Others used several image techniques obtain
semi-automatic length measures (Billones et al., 1999; Jeffries et al.,
1984; Roff and Hopcroft, 1986; Rolke and Lenz, 1984).

It is known that the size of adult copepods depends on environmental
factors acting during larval development (Gaudy and Verriopoulos,
2004), with temperature and food availability as the most important ones
(Riccardi and Mariotto, 2000 and references therein). In the study area,
seasonal variation in size has been described for some small species such
as Acartia tonsa (Hoffmeyer and Torres, 2001), Euterpina acutifrons (Vifias
and Gaudy, 1996) and Oithona nana (Temperoni et al., 2011).

The estimation of biovolume using a parameter like ECD, involves
intrinsic measures of total length and width of the animals. This
strategy allows the introduction of seasonal and latitudinal variability
in copepods sizes from temperate waters (Conover and Huntley,
1991; Uye and Sano, 1998; Vifias and Gaudy, 1996) in the biovolume
calculations as part of present Zoolmage application.

The application of a non-destructive method such as Zoolmage for the
estimation of zooplankton abundance and biovolume proved to be an
appropriate suitable and rapid way to obtain reliable results that
otherwise would take months to achieve. In addition, our primary
concern regarding Zoolmage biovolume was simply to ascertain the
feasibility of the automated results without major changes to the software
settings. In addition however, our new Zoolmage allometric parameters
for individual copepod biovolume estimation could be extended to other
components of the zooplankton community, given that it can be
converted into other biomass indicators. Although we do not dismiss
the method of Grosjean and Denis (2007), in which digital measurements
of individual vignettes for each taxa have to be made in order to set the
appropriate allometric parameters and relate them with a carbon content
equations, it is easy to take advantage of the ECD measurements provided
by the software and relate them to the volume of corresponding spheres.

We consider that this automated method encourages application
in zooplankton time series within the frameworks of international
programmes such as IGBP, I0C or GLOBEC, which relate to global
warming and ocean observation (Valdés et al., 2007). In this sense, at
the beginning of this decade, time series analysis was encouraged
within several projects of the Pelagic Fisheries Programme at INIDEP.
In the Northern Argentine Sea, the Engraulis anchoita assessment
project recently incorporated Zoolmage as a tool to process samples
collected at a mesoscale resolution. In addition, the Marine Plankton
Dynamics and Climate Change program (DiPlaMCC) of INIDEP started
automated analysis of monthly samples collected at the permanent
environmental studies station (EPEA) (Di Mauro and Vifias, 2009).

The fact that copepods constitute the main source of food for many
fish species of economic importance in the study area (Angelescu,
1982; Pajaro, 2002; Vifias and Ramirez, 1996), and the potential to use
a rapid non-destructive method to assess their abundance and

biomass, will provide an improved strategy for zooplankton studies
by reducing the time lag associated with traditional methods.
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