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1 I ntroduction

In 1291 Philip IV the Fair, King of France, forbade “de
pescher avec engins de file de quoy la maille (n ait) la
moule d’un gros tournois d’argent” or, to fish with nets
with meshes smaller than the size of a silver coin of that
time (Hovart, 1985). This silver coin can be seen as a
predecessor of the present-day wedge gauge used to
check whether the meshes of fishing nets comply with
modern technical regulations.

A mesh gauge developed by C. J. W. Westhoff under
the auspices of the ICES Comparative Fishing Commit-
tee became the standard gauge for research activities in
ICES countries in 1962 (ICES, 1962a) and became
known as the ICES gauge (Figure 1). To make a meas-
urement the ICES gauge exerts a fixed longitudinal
measuring force on the mesh. The recommended measur-
ing force is 4 kilogramforce (kgf). When the ICES gauge
is correctly used, the measurements are free of human in-
fluence. Since its introduction the ICES gauge has been
generally used in selectivity experiments, to provide sci-
entific advice on minimum regulated mesh sizes. How-
ever, since 1962 a wide range of new twines and netting
types have been adopted in the fishing industry. These
modern twines vary significantly in thickness and stiff-
ness, characteristics which affect both mesh size and sel-
ectivity.

For fisheries inspection the legal mesh gauge is the
much simpler wedge gauge (Figure 2). The wedge gauge
is normally operated by hand force and this makes the
measurements liable to human influences. Therefore, a
weight or dynamometer is used to control the measuring
force in case the measurements are contested. Because
this procedure generally yields lower mesh openings than
the hand force, it is hardly ever requested by the fisher-
men.

It is generally acknowledged that the measurements
made with the ICES gauge yield lower mesh openings
than the wedge gauge used by fisheries inspectors (Ferro
and Xu, 1996; Fonteyne et al., 1998). This difference
implies that a codend with the legal minimum mesh size,
measured with the wedge gauge, will have a lower selec-
tivity than anticipated, since the proposed minimum
mesh size was based on experiments carried out with the
ICES gauge.

The question as to whether a 4 kgf load is still appro-
priate to exert sufficient force to stretch the mesh fully
lengthwise in modern netting types was first raised dur-
ing an EU-sponsored Concerted Action Project to evalu-
ate mesh measurement methodologies (Fonteyne ef al.,
1998). The participants in this project (scientists, fisher-
ies inspectors, fishermen representatives, netting manu-
facturers) recognized the need to consider the adoption
of a standard mesh measurement method for use by en-
forcement agencies, scientists and the fishing industry. In
1998/1999 the ICES Working Group on Fishing Tech-
nology and Fish Behaviour (WGFTFB) established the
need to refine mesh measurement methodologies to take
account of the wider range of
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Figure 1. ICES Mesh Gauge.
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twines and netting types used in the fishing industry
since 1962. To deal with this request, ICES adopted
Council Resolution 1999/2B02 and established a Study
Group on Mesh Measurement Methodology (SGMESH)
under the Fisheries Technology Committee with the fol-
lowing Terms of Reference:

a) advise on improvements and further standardization
of current mesh measurement practices in view of
the netting types now in use in ICES Member Coun-
tries;

b) consider whether the current definition of mesh size
is still appropriate for scientific and industrial pur-
poses;

¢) compile an inventory of commercially available net-
ting associated with the selectivity process, identify-
ing the fisheries in which they are used;

d) consider the need to define groups of netting types
for which the same measurement conditions (e.g.,
tension) can be applied; and

e) propose the specification of a suitable mesh meas-
urement methodology and the conditions under
which mesh measurements for all fishing gears in
ICES areas are made.

The Study Group was active from 2000 till 2003 and had
four meetings:

IJmuiden, The Netherlands, 8-9 April 2000;
Seattle, USA, 21-22 April 2001;

Séte, France, 3—5 June 2002; and

Oostende, Belgium, 19—21 March 2003.

A list of all participants in these four meetings is in-
cluded at the end of the report.

The 2003 meeting concentrated on the analysis and
discussion of the inter-laboratory tests made to determine
the most appropriate measuring force, the proposal for a
new mesh measurement methodology and the need for
further standardization. The ultimate aim of the
SGMESH was that the new methodology will be used by
all: scientists, fisheries inspectors and the industry. With
the general acceptance of the proposed methodology in
mind, the Study Group was of the opinion that advice
from inspection services and netting manufacturers
should be sought in this matter and invited representa-
tives of these services to its final meeting.

This ICES Cooperative Research Report reviews
relevant definitions and current mesh measurement prac-
tices and reviews the activities of SGMESH that ulti-
mately led to the proposals for a new mesh measurement
methodology.

The work in preparing this report was carried out by a
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2 Definitions and units

2.1 Definitions

The principal terms relating to netting for fishing nets are
given in the International Standard EN ISO 1107- Fish-
ing nets — Netting — Basic terms and definitions (Anon.,
2003a). The terms of interest for the present publication
are listed below:

netting: a meshed structure of indefinite shape and size
composed of one yarn or of one or more systems of yarns
interlaced or joined, or obtained by any other means, for
example by stamping or cutting from sheet material or by
extrusion;

netting yarn: all type of yarns suitable for the manufac-
turing of netting;

the principal types of netting yarns are twines;

netting twine: the product of one twisting operation em-
bracing two or more single yarns or monofilaments;

cabled netting twine: the product of further twisting op-
erations embracing two or more netting twines;

braided netting twine: the product of braiding or plaiting
netting yarns and/or netting twines;

linear density: designation of the fineness (or coarse-
ness) of a yarn expressed as mass per unit length. Ac-
cording to the International Standard ISO 858 (Anon.,
1973) netting yarns should be designated in the Tex Sys-
tem. The linear density in “tex” expresses the mass in
grammes of 1000 m of yarn: 1 tex=1 g/ 1000 m. The
complete designation of a netting yarn includes informa-
tion on the linear density of the single yarn and on the
number of single and folded yarns and twisting direction
in each twisting operation. In practice, mostly only the
linear density of the finished yarn is given, indicated as
“resultant linear density” or Rtex;

mesh: a design-formed opening, surrounded by netting
material;

diamond mesh: a mesh composed of four sides of the
same length;

square mesh: a diamond mesh in which adjacent sides
are at right angles;

N-direction: the direction at right angles to the general
course of the netting yarn;

T-direction: the direction parallel to the general course
of the netting yarn;

Three different measures are used to indicate the mesh
size:

o length of mesh side (bar length)
e length of mesh

e opening of mesh.

length of mesh side:
the distance between two se-
quential knots or joints,
measured from centre to cen-
tre when the yarn between
those points is fully extended.

length of mesh:
for knotted netting, the dis-
tance between the centres of
two opposite knots in the
same mesh when fully ex-
tended in the N-direction,

»l
»

for knotless netting, the dis-
tance between the centres of
two opposite joints in the
same mesh when fully ex-
tended along its longest pos-
sible axis.

[P
w

opening of mesh:
for knotted netting, the long-
est distance between two op-
posite knots in the same mesh
when fully extended in the N-
direction,

for knotless netting, the in-
side distance between two
opposite joints in the same
mesh when fully extended
along its longest possible
axis.

Comments

1) Since the mesh selection of fishing nets is directly
related to the opening of mesh (Reeves et al., 1992;
Wileman et al., 1996), it is the opening of mesh that
is measured for all scientific and control purposes.
The netting industry, manufacturers and suppliers,
often use the length of mesh (or the numbers of rows
per metre) which is more appropriate from an engi-
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neering point of view. There is frequently confusion
over the netting industry measuring the length of
mesh and the regulatory bodies measuring the open-
ing of mesh. The length of mesh side is often an al-
ternative to the length of mesh for fishermen and net
makers when ordering netting. The term mesh size is
often used to denote opening of mesh, e.g., as stated
in Commission Regulation (EC) No 129/2003
(Anon., 2003D).

2) In knotted netting any mesh gauge can be positioned
in two different ways relative to the knot, viz. on the
knot or next to the knot. Especially in heavy netting
these two possibilities may lead to a significant dif-
ference in measured mesh opening. Neither the
measurement procedure recommended by ICES
(ICES, 1962b) nor the different regulations give a
decisive solution to this problem. The new standard
EN ISO 1107 (Anon., 2003a) defines “opening of
mesh” as “the longest distance between two opposite
knots” and from this definition it follows that the
mesh gauge should be inserted next to the knot as il-
lustrated below.

opening of mesh

3) In knotless netting, the netting yarns and the joints in
the mesh are manufactured by the same machine in
only one manufacturing process. Examples are Ra-
schel netting, generally with small mesh sizes, and
braided knotless netting. Direction in knotless net-
ting can usually be related to the general course of
the netting yarn, but not always because the general
course of the netting yarn cannot in every case be de-
termined. Usually, the direction of the longest possi-
ble axis of the mesh is parallel to the general course
of the netting yarn. If the two axes are equal, the di-
rection of the netting cannot be determined and the
mesh size may be determined in either direction.

2.2 Units

Linear measurements are given in mm, unless otherwise
stated.

Both kilogramforce (kgf) and Newton (N) are used as
units of force in the national and European legislation.
The relation between these units is: 1 kgf =9.80665 N.

3 Review of current mesh
measur ement practices

Mesh measurements are performed by fisheries inspec-
tors, fisheries scientists, netting manufacturers and fish-
ermen. Unfortunately, these groups often use different
gauges and measure different dimensions. For example,
fisheries inspectors employ the flat wedge gauge (Figure
2) to control the mesh opening, whereas scientists make
use of the ICES mesh gauge (Figure 1). The measure
used for indicating the mesh size during the manufactur-
ing process is the length of mesh. To check the opening
of mesh a wedge gauge is used. Fishermen also use
wedge gauges to control the mesh opening of their nets.
This diversity creates a problem because the wedge
gauge and the ICES gauge use a different measurement
principle generally leading to a different outcome. A
comprehensive evaluation of both instruments was made
in the EU Concerted Action Project MESH (Fonteyne et
al., 1998), which forms the basis for the following re-
view.

31 The wedge gauge

3.1.1 Description and measurement procedure

Wedge gauges used for enforcement practices are de-
scribed in the relevant fisheries regulations, e.g., Com-
mission Regulation (EC) No 129/2003 of the European
Communities (Anon., 2003b). The gauges are usually
made of 2 mm thick plates of durable material capable
of retaining its shape. They have either tapering edges
only (Figure 2a), or a series of parallel edged sides con-
nected by intermediate tapering edges (Figure 2b). The
taper is 1:8 on each side. The width in mm is inscribed
on the gauge at | mm intervals. In the USA, wedge
gauges are marked in 2.5 mm intervals on one edge, and
in 1/8" inch intervals on the other.

To measure the opening of a mesh, the net is
stretched in the N-direction of the meshes. The gauge is
inserted into the mesh opening in a direction perpendicu-
lar to the plane of the net. The gauge is inserted either by
manual force or by using a weight or dynamometer, until
the resistance of the mesh stops further insertion. In the
USA, only a 5 kg weight is used. The opening of each
mesh corresponds to the width of the gauge at the point
where further insertion of the gauge is prevented. The
mesh size is expressed in mm and is the arithmetic mean
of the total number of meshes measured, rounded up to
the nearest mm. In the USA, the mesh size is expressed
in eighths of inches, and the arithmetic mean of the total
number of meshes is rounded to the nearest eighth.

According to the European regulation (Anon., 2003b)
a series of 20 meshes is measured manually, without us-
ing a weight or dynamometer. If the mean mesh opening
does not appear to comply with the rules in force, then
two additional rows of 20 meshes each are measured.
The mesh size is subsequently recalculated by taking into
account all 60 meshes already measured. The result is
considered the mesh opening of the net. If the captain of
the vessel contests the mesh size thus determined, this

ICES Cooperative Research Report, No. 266 9



measurement is ignored and the net is subjected to a new
series of measurements. For this purpose the net is re-
measured with a weight or dynamometer attached to the
gauge. The choice of weight or dynamometer is at the
discretion of the inspector. The mesh opening is deter-
mined by measuring only one series of 20 meshes. The
weight is fixed by a hook to the hole at the narrow end of
the gauge. The dynamometer can either be fixed to the
hole at the narrow end of the gauge or to the handle.

For nets with a mesh size of 35 mm or less a force of
19.61 Newton (equivalent to a force of 2 kgf) is applied;
for other nets the force is 49.03 Newton (equivalent to a
force of 5 kgf). The accuracy of the weight or the dyna-
mometer is certified by the competent national authority.

Wedge gauges are also used to check the opening of
mesh during the netting manufacturing process. An in-
ternational standard specifying a method for the determi-
nation of the mesh opening of fishing nets using a flat
wedge gauge with measuring weights has recently been
published (see Section 3.4 for details).

Fishermen use diverse wedge gauges to control the
mesh opening of their nets. Fishermen are unlikely to use
weights, only hand force.

3.1.2 Problemsencountered with the wedge gauge

The description of the mesh gauges as given in the rele-
vant regulations allows for differences in the final form
of the gauge. The most striking possible differences are:

1) Different materials can be used as long as they are
durable and capable of retaining the shape of the

gauge.

2) There is not a unique plan shape: a choice can be
made between a wedge gauge with tapered sides
only and a gauge with alternating tapered and paral-
lel sections.

3) The range of the mesh gauges to suit different
ranges of mesh sizes is not standardized.

4) The weight of the gauges is not specified. The
MESH project indicated a ratio of 1:5 between the
lightest and the heaviest gauge for a given range.

5) The finishing of the edges is not specified.

6) Scale markings may extend to the edge of the gauge
thus making these edges notched and likely to snag
in the twine.

Post (1987) showed that different measurements are ob-
tained with mesh gauges used by different fisheries in-
spection services, because they used different versions of
the EU gauge. The measurement procedure given in the
regulation gives less room for variation. In Europe little
use is made of the 2 or 5 kg weight or a dynamometer.
On the other hand, the standard measurement procedure
of the US Coast Guard requires the insertion of the
wedge gauge with a 5 kg weight (D. Gibson, Chief,
Northeast Fisheries Training Center, USCG, personal
communication).

Different reasons for not using the weight or dyna-
mometer are given by EU inspectors:

e fishermen rarely contest the outcome of the meas-
urements made by hand as they fear that the average
mesh size derived from measurements with the use
of a weight will be lower

e some inspectors consider that the weights are im-
practical and unsafe to use on board fishing vessels

e in most countries dynamometers are not type ap-
proved and the use of a spring to exert the force may
not be accepted by the Courts.

The EU Regulation specifies that the accuracy of the
weight or dynamometer shall be certified by the appro-
priate national authority but does not give directions for
regular calibration of weights and dynamometers. In
most countries re-calibration does not take place. If it is
carried out, then the frequency differs between countries.

3.2 The | CES mesh gauge

3.21 Description and measurement procedure

The ICES gauge is the standard gauge for research ac-
tivities, recommended by the International Council for
the Exploration of the Sea (ICES, 1962a, b). The gauge
is used with a pretension of 4 kgf. A similar instrument,
the MARFISH Net Gauge, has been developed in the
USA (Caruso and Carr, 1991).

The ICES mesh gauge was developed by C. J. W.
Westhoff under the auspices of the Comparative Fishing
Committee of the International Council for the Explora-
tion of the Sea. The construction of the ICES gauge
(ICES, 1962b; Anon., 1966) is given in Figure 1. The
two jaws (components II and IV of Figure 1) which have
a thickness of 2 mm are inserted into the diagonal of the
mesh to be measured. The sliding hinged jaw IV is then
pulled steadily away from the fixed jaw II by the handle
111, thus stretching the mesh. The handle I1I is pulled fur-
ther until the resistance of the stretched mesh against the
sliding jaw IV is sufficient to cause the latter to pivot and
compress the spring VII. The moment this happens the
pawl V is actuated and engages in the rack on the under-
side of bar I thus locking the gauge and preventing any
further movement of the jaw IV. Force on the handle is
maintained to keep the gauge in the locked position
while the mesh size is read from the position of jaw IV
on the scale on the upper side of bar I. The precision is
1 mm. More consistent measurements are obtained if the
gauge is operated twice in succession without removing
the jaws from the mesh and the second reading taken as
the mesh size. As soon as the force on the handles is re-
leased, the spring XII begins to return the sliding jaw IV
to its closed position, the pawl disengages from the rack,
and the gauge is ready for the next measurement.

It will be seen that the tension at which the gauge
operates, i.e. the stretching force on the mesh when its
size is measured, is determined automatically by the
degree of compression of spring VII, which can be
adjusted by screw VIII. The recommended tension is 4
kef.

10 ICES Cooperative Research Report, No. 266



To test the gauge, a short, rigid test spring is used. It
is provided with an eye at each end of sufficient size to
allow it to fit easily over jaws II and I'V. This spring is of
a known length when under a tensile load of 4 kgf. The
eyes of the test spring are fitted on jaws II and IV and the
gauge is operated in the normal way. When the pawl en-
gages in the rack and locks the gauge, the length is read
off the scale. This length should correspond with the
predetermined length of the spring under a load of 4 kgf.
If the length from the scale is less then the gauge is not
applying sufficient force; similarly, if the length is
greater, the gauge is applying too much force. The force
applied by the gauge can be corrected by removing the
securing device at IX and adjusting the setscrew at IX
until the gauge locks at the predetermined 4 kgf length of
the test spring. Finally the setscrew must be secured. The
scale reading can be checked by a simple standard meas-
ure to be sure that the jaws are not deformed, e.g., by a
heavy knock. The test spring itself can be checked by
measuring its length under the required load.

One noticeable outcome of the MESH project was
that the procedure for selecting the meshes to be meas-
ured differs from one country to another. In general the
meshes are selected in the wet codend, mostly in the up-
per panel, and measured in the N-direction. The number
of meshes measured often depends on the time available.
In general more meshes are measured on board research
vessels than on board chartered commercial ships.

The ICES gauge is usually operated as described in
the manual. The parallel jaws are inserted in the mesh
and the mesh is then stretched diagonally under constant
force until the pretension, usually 4 kgf, is exerted. Some
users do not operate the gauge twice in succession as
recommended (ICES, 1962b). As a rule the average
mesh opening and the standard deviation are calculated.

3.2.2 Problemsencountered with the ICES gauge

The MESH project came to the conclusion that mesh
measurements for scientific purposes are characterized
by a lack of uniformity. This is true for both the measur-
ing instruments and the measurement procedures. This
lack of uniformity occurs because no clear directives ex-
ist. The only existing written recommendations for
measuring the mesh opening of codend meshes can be
read in the report of the ICES Mesh Selection Working
Group 1959-1960, published in 1964 (ICES, 1964).
These recommendations leave room for interpretation
and are only rarely applied nowadays.

The ICES mesh gauge can be considered as the stan-
dard mesh gauge in fisheries research. Due to the set
force applied to the mesh, the measurements are close to
being free of human bias. Also the ICES gauge can be
calibrated easily. The wedge gauge is often used for
comparison. The wedge gauges are the same as those
used for inspection. Hence the comments made in Sec-
tion 3.1.2 also apply.

The selection of the meshes to be measured is based
on the selective performance of the gear. Hence the
meshes are mostly chosen in the upper panel of the
codend since this is the part of the gear where most mesh
selection takes place (Wileman ef al., 1996). The number
of meshes measured is usually much larger than for in-

spection but the reason for choosing a certain number is
not always clear.

3.3 Comparison of the wedge and | CES mesh
gauges

The MESH project identified the advantages and disad-
vantages of the wedge and ICES gauge as follows:

Wedge gauge
Pro Contra
simple e human influence
cheap e instrument not well defined, i.e.:
e internationally 1. material
accepted 2. finish
e  generally ac- 3. weight
cepted in legisla- 4.  ranges
tion e not suitable for fine and heavy
. durable twines
e casytomaintain | ® attachments needed for repro-
e portable ducible measurement
o well tested e several instruments needed for a
range of measurements
e results biased by friction between
gauge and netting
e results biased by angle of inser-
tion
®  poor ergonomics
ICES gauge
Pro Contra
consistent e calibration frequently needed
simple to operate | e acceptance by court questionable
e minor human e constant need for maintenance
influence e danger of wear
portable e poor ergonomics
well tested e rather expensive
e direct reading

After reviewing the positive and negative features of
these gauges a list of requirements for an “ideal” mesh
gauge was drawn up. The requirements can be grouped
in three categories:

1) Measuring principle and objective;
2) Design; and

3) Legal aspects.

1) Measuring principle and objective

e mesh opening when fully extended by a controlled
force

e all types of netting
e range 10-300 mm
e precision: | mm

e calibration of measuring force and distance meas-
ured

e direct reading of measuring force applied

ICES Cooperative Research Report, No. 266 11
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direct reading of mesh opening
Design

minimal human influence

no bias from material characteristics

simple to operate

portable, especially for safe boarding of fishing ves-
sels

easy maintenance

automatic recording/logging of measurement data
possible

e good ergonomics

e casy to calibrate

3) Legal aspects

e acceptability throughout the EU
e type approved

e unambiguous measurement procedure

Whether these requirements are met by the EU wedge
gauge or the ICES gauge is indicated in the table below.

Requirement Wedge gauge ICES gauge
Measuring principle and objective

e mesh opening v v
e all types of netting no no
e range 10-300 mm v no
e  precision: 1 mm v v
e  calibration of measuring force and distance measured (D) v
e  direct reading of measuring force applied 2) no
DIRECT READING OF MESH OPENING no v
Design

e minimal human influence no 3)
e 1o bias from material characteristics no v
e  simple to operate v v
e  robust and durable v )
e  portable v
e  casy maintenance v no
e  automatic recording/logging possible no no
e  good ergonomics no no
e  casy to calibrate (1) v
Legal aspects

e acceptability all over the EU v no
e  type approved v no
e unambiguous measurement procedure no no

If the wedge gauge is used with hand force calibration of the force is impossible. It is, however, possible to calibrate a dyna-

mometer.

When using a dynamometer the force perpendicular to the netting is measured, not the force in the plane of the netting.
The human influence is minimal if used in the correct way (see Section 3.2.1).
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The MESH project report concluded: “It is clear that
neither gauge is wholly satisfactory. Both gauges meet
the requirements of simplicity and robustness. Only the
wedge gauge is specified in the EU regulations for en-
forcement. Its major drawback is that the measurement is
not free of human influence and consequently is not ob-
jective.” and “The ICES mesh gauge meets the require-
ment of minimal human influence since it operates with a
pre-defined force which can easily be calibrated, though
again a spring is used for this calibration. The disadvan-
tage of gauges with springs (ICES and dynamometer
types) is that the Courts question the accuracy of springs
and are not readily convinced of the reliability of calibra-
tion procedures.”

Since none of the existing mesh gauges fulfils all the
essential requirements listed above, it was recommended
that a new, advanced instrument be developed. An EU
project with the cooperation of professional instrument
builders was thought to be the best approach to achieve
this aim. This recommendation finally resulted in the EU
Combined R&D and Demonstration Project “Develop-
ment and testing of an objective mesh gauge” (OMEGA)
(www.dvz.be/omega). This project started in October
2002 and will be finalized in February 2005, after which
the OMEGA mesh gauge will become commercially
available.

34 Standardization

Attempts have been made by the International Organiza-
tion for Standardization (ISO) to adopt the ICES gauge
as the standard gauge for mesh measurements on fishing
nets. These attempts failed, mainly because the measur-
ing force is controlled by a spring whose characteristics
may change over time. Moreover, a test spring is used to
calibrate the gauge.

Recently the Working Group CEN/TC 248/WG 3
Fishing Nets of the European Committee for Standardi-
zation (CEN), in collaboration with Technical Commit-
tee ISO/TC 38 “Textiles”, edited an international stan-
dard for a method of test for the determination of mesh
size (Anon., 2003c¢,d). The standard has two parts:

Part 1 — Mesh opening (Anon., 2003c); and
Part 2 — Length of mesh (Anon., 2003d).

Part 1 specifies a method for the determination of the
mesh opening using a flat wedge gauge. It is applicable
to active fishing gears. The draft standard is based upon
international legislation for fisheries inspection. How-
ever, both the wedge gauge and the measuring procedure
are more precisely described. The most important differ-
ences are:

e the gauge shall be made of an aluminium alloy;
e tapering sides only;
e cdges must be rounded;

e printed or engraved markings shall end 2 mm from
the edges;

e 4 size ranges are defined,

e no measurement by hand force;
o the measuring forces are:

- 2 kgf for mesh sizes of 50 mm or less;

- 5 kgf for mesh sizes above 50 mm up to 120
mm;

- 8 kgf for mesh sizes above 120 mm;

e aminimum of 20 consecutive meshes (in the N-
direction) shall be measured.

The draft standard has an important Informative Annex
which recognises the limitations of the use of the wedge
gauge as follows:

“The method of test for the determination of the mesh
opening is basically drawn upon international legislation
for the purpose of fisheries inspection (e.g., Commission
Regulation (EEC) No 2108/84 of 23 July 1984 laying
down detailed rules for determining the mesh size of fish-
ing nets). Recently the methodology using the flat wedge
mesh gauge has been questioned. The method is consid-
ered as not sufficiently precise and objective, especially
when using hand force to operate the mesh gauge.

The present European Standard has taken account of the
criticism towards the wedge gauge by giving a more pre-
cise description of the mesh gauges and by using a
weight only to exert the measuring force. The method de-
scribed in the standard is appropriate for the determina-
tion of the mesh opening under controlled laboratory
conditions but is considered as being less suitable for use
at sea.

1t is the intention to modify the present European stan-
dard as soon as a method suitable for all environmental
conditions becomes available.”

Part 2 of the draft standard deals with the determination
of the length of mesh using a ruler. It is applicable to
passive fishing gears. Since the present document fo-
cuses on the measurement of the mesh opening, this part
of the standard is not further discussed here.

35 Related regulations

To improve the selectivity of towed gears the EU has re-
cently legislated maximum permitted twine thicknesses
for several fishing gears (Anon., 2000a; 2001a; 2001b;
2001c). To control the twine thickness a pair of pliers
(Figure 3) is used with semi-circular holes milled to-
wards the front end of each jaw such that, when the
gauge is fully closed, circular holes are formed having
diameters equal to the relevant maxima set out in the
rules in force (Anon., 2003b). When the thickness of the
twine prevents the closure of the jaws or the twine does
not pass easily through the whole when the jaws are
closed, the twine thickness is considered to be too large.
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4 Inventory of towed gear codend
materials

At present most problems in measuring the opening of
mesh are related to codend meshes of towed gears. Static
gears are generally made of finer twines and require a
modified measuring technique. Mesh selection in purse
seines is of minor importance and hence mesh measure-
ments are seldom carried out. As a consequence
SGMESH decided to concentrate only on the codends of
towed gears. The Study Group began by collecting an
inventory of materials used in codends by different ICES
countries.

A codend material inventory format with the follow-
ing parameters was discussed and agreed upon by the
Study Group:

e country

e gear type

e netting material

e netting construction

e number of twines (single/double/triple)
e length of mesh

e opening of mesh

e yarn type (e.g., monofilament, multifilament; the di-
ameter of monofilament yarns is between 0.1 mm
and 1.0 mm, the diameter of multifilament yarns is <
0.05 mm (Klust, 1982)).

e twine construction (twisted/braided)
e runnage (m/kg)/Rtex (g/1000 m)

e twine thickness (mm)

e frequency of use.

An overview of typical codend materials used in the fol-
lowing countries was obtained: Belgium, Canada, Ger-
many, Italy, the Netherlands, Norway, Spain, Sweden,
the USA and the UK. The European Association of Net-
ting Manufacturers also supplied information on the net-
ting materials manufactured for codend construction.

The characteristics of the 128 codends in the inven-
tory (Table 1) can be summarized as follows:

Material: 78% of the netting types are made of polyeth-
ylene (PE) yarns, 19% is of polyamide (PA) and only 3%
of polyester (PES).

Mesh openings and gears: most entries (81%) in the list
are codends for demersal fish or Nephrops trawls or
seines. The mesh opening ranges from 70 to 165 mm, but
one otter board trawl for skate has a mesh size of 300
mm. The remaining 19% codends are used in a variety of
trawls for shrimp, pelagic fish, Mediterranean demersal
fish, squid and molluscs. The mesh opening varies from
15 to 60 mm.

Netting construction: 92% of the codends are made of
knotted netting, only 8% are knotless. The netting types
are made of single (34%), double (65%) or triple twine
(1%).

Twine construction: the netting twines are mostly
braided (85%), 10% are twisted and 5% codends are
made of Raschel knotless netting. The twisted twines and
Raschel netting are generally made of polyamide fibres.
Incomplete information was given on the fibre types, but
it can be assumed that most PE twines are made of
monofilaments (two were reported as split fibre). PA
twines in netting for trawls are generally made of
multifilaments.

Twine thickness and runnage / linear density: the
nominal twine thickness varied from 1.8 to 9.4 mm. Data
on the runnage and/or linear density was only available
for a limited number of entries.

The Study Group noted the existence of specific net-
ting materials for which the current mesh measurement
techniques, i.e. wedge or ICES gauges, may not be ap-
propriate. Examples of such materials include:

e stiff netting used in the Baltic cod trawl exit win-
dows;

e some knotless netting constructions; and

e netting constructions to reduce the effective mesh
opening such as K-meshes (meshes with unequal bar
lengths), netting with inverted (twisted) knots and
hexagonal meshes.

Due to new legislation aiming at the improvement of
species and length selectivity of towed gears, the use of
square mesh netting has increased recently. The other
netting constructions listed above, however, are not
thought to be widely used.

5 Experimental work

5.1 Introduction

The main twine characteristics which may effect mesh
opening and hence selectivity are elongation and flexural
rigidity (Ferro and O’Neill, 1994). These two character-
istics also affect longitudinal mesh opening.

It is generally assumed that up to a certain load,
Hooke’s law holds for netting yarns. The slope of the
stress-strain curve usually remains constant over the ini-
tial part of the curve. Effects in this region are normally
described as elastic, in that stress is proportional to
strain, and if the fibre is only deformed by a small exten-
sion, or load, it should recover to the original dimension.
This linear relationship is true as long as the deforma-
tions are not too large. For higher loads the deformation
becomes plastic.
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Figure 3. Pliers gauge for twine thicknss measurement.

< 4 kg 4 kg > 4 kg

8000 Rtex

diameter

Figure 4. Ratio between the mesh size obtained with a 4 kgf measuring force (ICES) and with the Textile Standard Force (TSF) in re-
lation to the twine thickness for all mesh constructions.
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The point at which this occurs is the yield point.
Klust (1982) states that for netting yarns made of poly-
ethylene (PE), polyester (PES) and polypropylene (PP)
the load-elongation curves are almost linear. For netting
yarns made of polyamide (PA) the load elongation
curves are more parabolic. A more recent study (Anon.,
2000b) demonstrated that knotted netting had greater
elongation than the original twine, and only at high load
values did the differences become significant. It may be
assumed that the netting materials are elastic within the
range of loads applied to the meshes in the present study.

Several publications report on the effect of twine
thickness on selectivity (Anon., 2000b; Lowry and
Robertson, 1996) but studies on the effect of stiffness on
mesh size measurement are rare. O’Neill (2003) made a
theoretical investigation of mesh size measurement. The
effect of twine bending stiffness, frictional resistance,
boundary slope and gauge force were examined. The
measurement method which the analysis most approxi-
mates was that of the ICES gauge. It was found that in
relation to twine bending stiffness the magnitude of the
measuring force is critical. At low measuring forces,
changes in these forces will yield relatively large varia-
tions in the measured mesh opening. With increasing
twine stiffness, higher measuring forces will also be sub-
ject to this higher variation. The influence of mesh gauge
force was presented for a number of specific examples
representative of mesh types used by the industry. Most
variation of mesh size occurs in the range 0 to 50 N. The
ICES gauge exerts 20 N on each mesh bar and so any
variation in the parameters studied is likely to lead to ap-
preciable variation in measured mesh size.

For a specific measuring force the elongation of net-
ting yarns naturally increases with decreasing twine
thickness. The ICES gauge is calibrated to deliver a con-
stant measuring force of 4 kgf. This means a varying
stress (force per unit area) on the twine for different
twine thicknesses. This variation is in conflict with
common practice for length measurement of textile
yarns, which is performed under constant stress. The In-
ternational Organisation for Standardization establishes a
pre-tension corresponding to the weight of 250125 m of
the netting yarn to be measured (Anon., 1974; Anon.,
1976; Klust, 1982). This measuring force is referred to as
the Textile Standard Force (TSF).

The TSF is equal to the 4 kgf force used with the
ICES gauge for single twine meshes of R8000tex. For
meshes with twines of around R8000tex the ratio be-
tween the mesh openings measured with a 4 kgf measur-
ing force and a force based on the TSF will be around 1.
For lower Rtex values the ICES gauge overestimates the
mesh size while underestimation occurs for values over
8000. This relationship is graphically represented in Fig-
ure 4.

In order to address the Study Group’s Term of Refer-
ence d)

“consider the need to define groups of netting types
for which the same measurement conditions (e.g.,
tension) can be applied;”

the group decided to investigate the difference between
measurements with constant force and with constant

stress (ICES, 2000). It was recommended to perform
opening of mesh measurements on representative codend
netting materials used today in ICES countries. The
opening of mesh should be measured with the ICES
gauge with a constant force of 4 kgf and a stretching
force corresponding to the TSF.

To deal with the Study Group’s Term of Reference e)

“propose the specification of a suitable mesh
measurement methodology and the conditions under
which mesh measurements for all fishing gears in
ICES areas are made;”

the group carried out a comparison of the ICES 4 kgf
gauge with the wedge gauge used for fisheries inspection
and new measuring forces were tested in order to estab-
lish the most suitable value for currently used nettings.

This leads to the following set of mesh size meas-
urements:

a) with the ICES mesh gauge with a load of 4 kgf;

b) with a load corresponding to the Textile Standard
Force;

c) with a flat wedge gauge and hand force;

d) with a flat wedge gauge with a weight of 2 kgf
(meshes <= 35 mm) or 5 kgf (meshes > 35 mm) or a
dynamometer;

e) with a 10 kgf'load (meshes <55 mm); and
f) with a 13 kgf load.(meshes <55 mm).

52 Selection of new measuring for cesto betested

Ideally the measuring force for a specific netting twine
should be related to the linear density. Alternatively the
twine thickness could be used if a significant correlation
exists between twine thickness and linear density. This
relationship was studied for the netting materials in-
volved in the mesh measurements.

The option of a measuring force depending on the
linear density of the netting twine was discussed in
length by the Study Group. It was realised that both
twine thickness and linear density can only be measured
accurately under laboratory conditions. Since mesh
measurements are generally carried out at sea, values of
the linear density or the twine thickness are not easily
obtainable. Therefore the Study Group decided to test
measuring forces based on single values (ICES, 2002).
The rationale for defining these measuring forces is set
out hereafter.

The most frequently used twine thicknesses in the
ICES area, as derived from the netting materials inven-
tory (Table 1), are given in Table 2. PE is preferred for
the larger twine thicknesses (and meshes), whereas PA is
more commonly used for smaller twine thicknesses (and
smaller meshes). Since larger mesh codend netting is
generally constructed from PE twines, a measuring force
should be selected appropriate to the range of twine
thicknesses for that material. Smaller meshes are mostly
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constructed from PA twines and consequently the appro-
priate measuring force should be applicable to that mate-
rial. Table 3 gives the Textile Standard Forces required
for these twines.

To improve the selectivity of towed fishing gears the
EU has legislated maximum permitted twines for several
fishing areas:

1) Irish Sea (ICES area VIIa): 6 mm for single twine;
multiple-twine netting is prohibited (Anon., 2000a);

2) ICES areas VIIb, ¢, f, g, h, j, k and VIlIa, b, d, e: for
mesh sizes > 55 mm: 6 mm single twine and 4 mm
double twine (Anon., 2001a);

3) North Sea (ICES area IV and Ila, b) and West of
Scotland (ICES area VI): for mesh sizes > 55 mm:
8 mm single twine and 5 mm double twine (Anon.,
2001b); and

4) Baltic Sea: for 130 mm mesh: 6 mm single twine
and 4 mm double twine (proposal for an amendment
to Council Regulation (EC) No 2555/2001 (Anon.,
2001c).

The Study Group anticipated that for the North Sea and
West of Scotland fisheries areas this restriction would
lead to replacement of the heavier twines by 5 mm dou-
ble twine and possibly 8 mm single twine (ICES, 2002).

A recent proposal for a Council Resolution (Anon.,
2002) incorporates former Council and Commission
Resolutions regarding technical measures for the protec-
tion of juvenile marine organisms. The area covered is
the Community waters outside the Baltic and the Medi-
terranean. The document stipulates for the codend and
extension piece with a mesh size > 55 mm, a maximum
twine thickness of 6 mm for single-twine netting and of
4 mm for double-twine netting.

In selecting new measuring forces, it is important that
the transition should not be detrimental to codend
selectivity and therefore deliver results similar to the
present procedures set down in technical measures
legislation. Current enforcement legislation is based on
the use of the wedge gauge operated by hand or with a
5 kg weight to be used when measurements are contested
(2 kg for meshes < 35 mm). According to Schwalbe and
Werner (1977) a weight of 5 kgf would theoretically
impose a longitudinal force of 20 kgf on the mesh being
measured. Friction between gauge and netting, however,
may considerably reduce the resulting measuring force.
Ferro and Xu (1996) demonstrated that for four PE
netting samples with a twine thickness between 2.7 mm
and 4.5 mm, readings equivalent to the 5 kgf wedge
gauge can only be obtained with an ICES gauge having
more than 8 kgf spring force.

The data in Table 3 indicate that a measuring force of
10 kgf would be appropriate for PE nettings of double
5 mm twines or single 7 mm twines. At its 2002 meeting,
(ICES, 2002) the Study Group considered that mesh
opening measurements made with a longitudinal measur-
ing force of around 100 N (10 kgf) would also approxi-
mate those obtained with a wedge gauge used with a
5 kgf weight. A measuring force of 100 N would proba-
bly underestimate the mesh opening of single 8 mm PE

twines, which at that moment (2002) was thought to be-
come more widely used. In this case a measuring force of
130 N would be more appropriate (Table 3). The Study
Group therefore decided to conduct mesh opening meas-
urements using 100 N and 130 N longitudinal forces.

Proportionally, the present 2 kg weight used with the
wedge gauge for the measurement of smaller meshes
corresponds to the 4 kgf longitudinal force provided by
the ICES gauge. The Study Group therefore decided to
test the smaller mesh materials (< 55 mm) with a 40 N
measuring force.

5.3 Material and methods

Netting materials

Thirty-four samples of netting used for the construction
of codends were measured. These samples are represen-
tative of the most important towed fishing gears em-
ployed in the ICES areas. The main characteristics are
summarized in Table 4. The selected netting materials
are used in Belgium (3), Canada (5), Denmark (3), Ger-
many (5), Iceland (1), the Netherlands (4), Norway (5),
Sweden (3), the United Kingdom (3) and the United
States (2). Eleven netting samples were made of twisted
or braided multifilament polyamide twines, 21 of braided
polyethylene, and 2 samples consisted of knotless,
twisted polyethylene. The nominal twine thickness
ranged from 1.2 to 10.8 mm, the nominal linear density
from R780tex to R53500tex. The nominal mesh size var-
ied from 18 mm to 190 mm.

Twine thickness measurement

The accuracy of the nominal twine thickness was veri-
fied by measuring the thickness of twine samples using
an optical instrument recently developed through col-
laboration between Fisheries Research Services — Marine
Laboratory Aberdeen, Yarn Engineering Services UK
and Lawson-Hemphill USA. The optical method was
originally developed in the 1980s (Ferro, 1989) and
adopted by the ICES Study Group on Twine Thickness
Measurement (Ferro, 1983). The instrument developed in
2001 uses a Imm wide laser beam to illuminate the
twine. The instrument detects the position of the twine
edges and the thickness is taken as the difference be-
tween these two readings. Cylindrical steel rods are used
for calibration.

All twine samples were sent to Fisheries Research
Services — Marine Laboratory in Aberdeen where twine
measurements were performed. The measurements were
made on 2 m lengths of spooled twine. Each twine was
stretched across the measurement area, one end secured
with a V-notch to grip the twine and the other end placed
around a pulley and tensioned by suspending a weight.
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Table 2. Most frequently used twine thicknesses.

Frequency in the inventory

Material Twine thickness (mm) Single twine Double twine
PA (14 samples) <=2 7
2-6 7
PE (74 samples) <4 3 5
4 7 14
5 2 16
5.5 2
6 4 18
>6 3

PA: polyamide; PE: polyethylene.

Table 3. Textile Standard Force (TSF) for most commonly used PE and PA netting twines.

TSF (gr)
Twine thickness Rtex Single twine Double twine
4 6 824 3412 6 824
5 10 659 5329 10 659
6 15345 7673 15345
7 20 883 10 441 20 883
8 27271 13 636 27271
TSF (gr)
Twine thickness Rtex Single twine Double twine
2 2 580 1290 2 580
3 5721 2 861 5721
4 10 067 5034 10 067
5 15 605 7 802 15 605
6 22 325 11162 22 325

PA: polyamide; PE: polyethylene.
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Table 4. Characteristics of measured netting samples.

Nominal . . Nominal
) . . . Braided/ Single/
. . . twine thick- Nominal linear . mesh
Country | Sample designation | Material . twisted / double/ .
ness density (Rtex) kn . . . opening
otless netting | triple twine
(mm) (mm)
BE DVZ 1.2 SIN PA 1.2 780 Twisted Single 18
BE DVZ 4 DBL PE 4.0 6250 Braided Double 82
BE DVZ 5 SIN PE 5.0 80001 Braided Single 82
CA DFO 1.8 SIN PE 1.8 1700 Braided Single 50
CA DFO 4 DBL PE 4.0 5600 Braided Double 150
CA DFO 5 DBL PE 5.0 8100 Braided Double 80
CA DFO 5.5 DBL PE 5.5 10 940 Braided Double 105
CA DFO 6 DBL PE 6.0 11 140 Braided Double 140
D BFAFi 2.2 DBL PA 2.2 3400 Braided Double 40
D BFAFi 2.6 SIN PA 2.6 4800 Braided Single 40
D BFAFi 4 DBL PA 4.0 12 000 Braided Double 110
D BFAFi 6 DBL PA 6.0 20 000 Braided Double 130
D BFAFi 8 SIN PA 8.0 35800 Braided Single 120
DK DIFRES 1.5 SIN PA 1.5 12111 Twisted Single 35
DK DIFRES 4 SIN 75 PE 4.0 52631 Braided Single 75
DK DIFRES 4 SIN 105 PE 4.0 52631 Braided Single 105
IS IMR-IS 6 DBL PE 6.0 10 800 Braided Double 135
N IMR-N 5 DBL PA PA 5.0 15400 Braided Double 138
N IMR-N 3.2 TRI PE 32 5300 Braided Triple 137
N IMR-N 5 DBL PE PE 5.0 13900 Braided Double 138
N IMR-N 7.1 UC PE 7.1 21170 Knotless Single 133
N IMR-N 10.8 UC PE 10.8 53 500 Knotless Single 139
NL RIVO 2 SIN PA 2.0 2450 Twisted Single 40
NL RIVO 2 DBL PA 2.0 2450 Twisted Double 40
NL RIVO 4 DBL PE 4.0 52081 Braided Double 80
NL RIVO 6 DBL PE 6.0 12 500 Braided Double 80
S IMR-S 1.5 SIN PA 1.5 16321 Twisted Single 36
S IMR-S 3.5 SIN PE 35 3915 Braided Single 70
S IMR-S 4 SIN PE 4.0 5400 Braided Single 107
UK MARLAB 3 SIN PE 3.0 4060 Braided Single 74
UK MARLAB 5 SIN PE 5.0 13 632 Braided Single 70
UK MARLAB 6 DBL PE 6.0 14 225 Braided Double 100
UsS MDMF 6 DBL PE 6.0 13 3331 Braided Double 152
us MDMF 8 SIN PE 8.0 270271 Braided Single 190

'Runnage: linear density derived from runnage.

A load of 25% of the nominal Rtex was applied dur-
ing the measurement. The twine was then allowed to set-
tle for a period of time dependent on the material and
construction type. Two measurements were then taken at
10 mm intervals along the twine length, the second read-
ing being at ninety degrees to the first to provide an av-
erage thickness (this dual measurement is especially use-
ful in twines where the cross-section may not be circu-
lar). Approximately forty measurements were taken for
each sample.

Since no spooled twine samples could be obtained for
the German PA and the Icelandic PE nettings, the twine
thickness was measured directly on the netting using a
calliper.

Linear density measurement

The linear density of the twines used for the thickness
measurements was derived by weighing a known length
of the twine. The length of the twine to be weighed was
marked under a load equal to 25% of the nominal Rtex
value. An apparatus as described in Klust (1982) and
recommended by the International Organisation for
Standardization (Anon., 1974) was used for measuring
the length.

Mesh opening measurement

The mesh opening was measured with either the ICES or
the flat wedge gauge. An alternative method was devel-
oped for mesh measurements with the TSF and the newly
proposed measuring forces. A list of experiments made is
given in Section 5.1.

ICES mesh gauge

The ICES gauge is described in Section 3.1. Measure-
ments on netting with large knots may cause problems
since the jaws of the ICES gauge can be placed under or
at the side of the knot. In the present measurements the
jaw was positioned to the side of the knot. This gives the
largest mesh opening, corresponding to the definition
given in Section 2.1.

Flat wedge gauge

The measurements were made with the flat wedge
gauges used by fisheries inspectors for minimum mesh
size control. Where possible, fisheries inspectors were
recruited to make the measurements. See Section 3.2 for
a description of the gauges. The wedge gauge was either
pushed into the mesh to be measured by hand force or a
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weight of 5 or 2 kgf was used. Some samples were
measured using a dynamometer instead of a weight.

Measurements with a load corresponding to the Textile
Standard Force (TSF) or the 10/13 kgf measuring force

The TSF was calculated from the nominal Rtex value.
Since the load that can be applied with the ICES gauge is
limited to about 6 kgf, a modified method had to be used
for measurements with the TSF and the 10 and 13 kgf
measurement forces. The method is based on the use of
an ICES mesh gauge for which the blocking mechanism
has been disabled so that the movable jaw can move
freely along the bar with the length scale (Figure 5).
With the instrument held in a vertical position, the mesh
to be measured is mounted over the jaws and a weight
corresponding to the measuring force (TSF) minus the
weight of the movable jaw is attached to the handle of
the movable jaw. The mesh opening is read on the scale
of the ICES gauge.

State of the netting

All measurements were made on dry netting under nor-
mal laboratory conditions with no extremes of tempera-
ture and humidity. The rationale for measuring on dry
netting was:

e the effect of the measuring force is investigated, not
the changes in mesh size due to the state of the net-
ting (dry or wet)

e to avoid bias due to samples being more or less wet,
it is easier to maintain the same measuring condi-
tions in the dry state.

Number of measurements

Sixty meshes were measured in each series of measure-
ments. Preliminary tests on a number of netting samples
showed that measuring 60 meshes will yield a mean
mesh size with a precision of 1 mm at the 95% level and
mostly at the 99% level. For legislative purposes 60
meshes are also used (if the average of the first 20
meshes is below the minimum mesh size, see Section
3.1.1). It is logical to select, as for inspection, 3 rows of
20 meshes.

Statistical analysis

To establish the relationship between twine thickness and
linear density several trend line types were calculated,
using the statistical tools provided with the Microsoft ®
Excel 2002 software. Based on the r? value, the best
model was chosen.

Scatter plots comparing individual mesh measure-
ments obtained by different methods (ICES 4kgf, wedge
hand, wedge 5 kg weight) were obtained using
STATISTICA data analysis software system version 6
(StatSoft, Inc, 2003). An in depth analysis of these data
was the subject of a separate study. The details of this
study are given in Annex 1.

To detect groups of netting types for which the same
measurement conditions can be applied, similarities
among the sample twine thicknesses were evaluated by
means of the Hierarchical Cluster Analysis (Anderberg,
1973). Starting with the total Rtex (Rtex of a single twine

multiplied by the number of twines) and the variation be-
tween the ICES and TSF method (%) (calculated by di-
viding the difference between the ICES and the TSF
value by the TSF value), clustering was performed using
the squared Euclidean distance and single linkage. All
the statistical procedures were performed using the SPSS
Rel. 10.0 software package (Anon., 1999). For multiple
twine nettings the equivalent single twine thickness was
calculated from the calculated twine thickness/Rtex rela-
tionships. For single twine netting the measured twine
thickness was used.

54 Resultsand analysis

54.1 Twinethicknessand linear density

Twine thickness

The results of the twine thickness measurements are
given in Table 5. For the PA samples of 2 mm or less,
measured by the optical method, the difference between
the measured and the nominal values can be ignored. The
measured value of the 5 mm PA twine, however, was 0.5
mm larger than the nominal value.

The PE twines, ranging from 1.8 to 10.8 mm, showed
greater differences, varying between 0.02 mm and 0.85
mm. The measured twine thickness was smaller than the
nominal value in 15 out of 20 samples.

Linear density

Of the 23 samples for which comparisons could be made,
15 had a measured value that was larger than the nominal
value (Table 5).

Comparison between twine thickness and linear density
A power trend line gave the best fit between the linear
density and the twine thickness for both PA (Figure 6)
and PE twines (Figure 7). Nominal values were used
where measured values were not available.

The nearly quadratic relations are:

for PA twines: Rtex = 672.32 thickness' ">’
(2 =0.9918) W

for PE twines: Rtex = 438.71 thickness'®7*
(r2=10.9521). )

The different coefficients are explained by the difference
in density of PA and PE.

5.4.2 Mesh opening

A summary of the average mesh openings obtained by
the different methods and measuring forces is given in
Table 6.
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Figure 5. Experimental setup for TSF measurements.
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Table 5. Comparison of measured and nominal twine thicknesses and linear densities.

Brgided Non_linal Meas_ured Difference quinal Measured Ef:gi;gg?
Sample . /twisted / twine twine measured linear . .
Designation Material knotless thickness thickness -nominal density h.n car den- .nommal
netting (mm) (mm) thickness (Rtex) sity (Rtex) 11ne:irt;1en-
DVZ 1.2 SIN PA Twisted 1.2 1.23 0.03 780 | 812 32
IMR-S 1.5 SIN PA Twisted 1.5 1.53 0.03 1 632! 1450 -182
DIFRES 1.5 SIN PA Twisted 1.5 1.49 -0.01 1211 1414 203
RIVO 2 SIN/DBL PA Twisted 2.0 2.01 0.01 2450
IMR-N5DBLPA| PA Braided 5.0 5.52 0.52 15385 15520 135
DFO 1.8 SIN PE Braided 1.8 2.01 0.21 1700 1 800 100
MARLAB 3 SIN PE Braided 3.0 3.19 0.19 4060 4077 17
IMR-N 3.2 TRI PE Braided 3.2 3.07 -0.13 5300 4733 -567
IMR-S 3.5 SIN PE Braided 3.5 2.92 -0.58 3915 3883 32
DFO 4 DBL PE Braided 4.0 3.75 -0.25 5600 5687 87
DIFRES 4 SIN PE
75/105 Braided 4.0 3.65 -0.35 5263 5578 315
DVZ 4 DBL PE Braided 4.0 3.98 -0.02 6 250" 6953 703
RIVO 4 DBL PE Braided 4.0 3.94 -0.06 5208" 5998 790
DFO 5 DBL PE Braided 5.0 477 -0.23 8 100 8197 97
IMR-N 5 DBL PE PE Braided 5.0 5.66 0.66 13 900 14 463 563
MARLAB 5 SIN PE Braided 5.0 5.68 0.68 13 632 13 830 298
DVZ 5 SIN PE Braided 5.0 4.43 -0.57 8 000 7918 -82
DFO 5.5 DBL PE Braided 5.5 5.15 -0.35 10 940 11170 230
RIVO 6 DBL PE Braided 6.0 5.70 -0.30 12 500 11 068 -1432
DFO 6 DBL PE Braided 6.0 5.15 -0.85 11 140 11175 35
MDMEF 6 DBL PE Braided 6.0 6.08 0.08 13 333! 12 813 -520
MARLAB 6 DBL PE Braided 6.0 5.62 -0.38 14 225 14 467 242
IMR-N 7.1 UC PE Braided 7.1 6.26 -0.84 21 170 21 020 -150
MDMF 8 SIN PE Braided 8.0 7.66 -0.34 27027 | 24510 2517
IMR-N 10.8 UC PE Braided 10.8 9.98 -0.82 53 500 59 545 6 045
'Runnage: linear density derived from runnage.
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Figure 6. Linear density in relation to the twine thickness for PA twines.
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Table 6. Results of mesh opening measurements'.

Average Mesh Opening (mm)

Twin ingl
Sampl dsignion | Viteral icknesyDouple| Ries |1CE5 8808 TSF x o | Wedge gauge| Weds gouge| 15, | 135

(mm) | Triple
BFAFi 2,2 DBL PA 2.2 DBL | 3400 41.9 42.8 39.2 40.8
BFAFi 2,6 SIN PA 2.6 SIN | 4800 47.1 45.7 42 453
BFAFi 4 DBL PA 4.0 DBL | 12 000 113.0 118.8 109.5 112.1 113.4 114.7
BFAFi 6 DBL PA 6.0 DBL | 20 000 132.1 143.1 134.5 134.6 140.1 139.5
BFAFi 8 SIN PA 8.0 SIN | 35800 | 119.9 127.0 119.8 120.1 124.2 125.2
DFO 1,8 SIN PE 2.0 SIN | 1700 50.9 472 49.2 54.7
DFO 4 DBL PE 3.746 | DBL | 5687 146.5 147.1 148.9 148.4 148.3 149.6
DFO 5 DBL PE 4.765 | DBL | 8197 82.3 83.7 87.7 86.8 84.1 85.2
DFO 5,5 DBL PE 5.149 | DBL | 11 170 105.3 108.3 110.6 111.2 108.2 109.1
DFO 6 DBL PE 5.146 | DBL | 11 175 131.6 134.3 134.6 136.3 133.9 134.7
DIFRES 4 SIN 75 PE 3.653 | SIN | 5578 106.5 104.4 109.7 108.4 108.7 109.9
DIFRES 4 SIN 105 PE 3.653 | SIN | 5578 70.5 68.8 75 72.6 73.0 74.0
DIFRES1,5 SIN PA 1.493 | SIN | 1414 34.1 30.5 349 32.7
DVZ 4 DBL PE 3.976 | DBL | 6953 81.0 81.7 84.0 83.1 83.4 84.2
DVZ 5 SIN PE 4.132 | SIN | 7918 86.9 86.9 90.9 89.6 90.9 91.7
DVZ 1,2 SIN PA 1.19 SIN 812 21.5 18.7 18.3 20.3
IMR-N 3,2 TRI PE 3.066 | TRI | 4733 135.2 142.2 141.8 137.7 142.8 143.6
IMR-N 5 DBL PE 5.661 | DBL | 14 463 137.7 147.1 141.4 140.0
IMR-IS 6 DBL PE 6.0 DBL | 10800 | 134.1 140.8 137.2 136.3 141.0 143.5
IMR-N 7,1 UC PE 6.26 SIN | 21020 | 133.2 138.7 137.2 135.2 138.7 140.5
IMR-N 10,8 UC PE 9.981 | SIN | 59 545 133.7 143.1 137.6 137.0 140.8 142.5
IMR-N 8 DBL PA 5.517 | DBL | 15520 | 136.8 146.6 137.5 137.5 143.5 146.0
IMR-S 3,5 SIN PE 2.924 | SIN | 33883 71.6 71.0 74.8 76.2 75.6 77.8
IMR-S 4 SIN PE 4.0 SIN | 5400 107.1 106.1 107.3 111.7
IMR-S 1,5 SIN PA 1.528 | SIN | 1450 37.0 35.6 38 36.4
MARLAB 3 SIN PE 3.191 | SIN | 4077 68.6 63.0 76.1 75.0 76.3 78.4
MARLAB 5 SIN PE 5.682 | SIN | 13830 74.7 78.8 81.2 79.4 81.0 82.6
MARLAB 6 DBL PE 5.615 | DBL | 14 467 99.5 104.3 104.6 101.9 101.4 103.0
MDMEF 6 DBL PE 6.083 | DBL | 13 333 149.8 158.3 165.9 156.3 158.3
MDMF 8 SIN PE 7.662 | SIN | 27028 184.6 191.2 189.3 190.0 191.2
RIVO 4 DBL PE 3.944 | DBL | 5998 75.2 77.0 82.6 80.9 80.4 81.0
RIVO 6 DBL PE 5.695 | DBL | 11 068 76.6 83.5 89.4 84.2 84.1 84.8
RIVO 2 SIN PA 2.005 | SIN | 2650 37.8 36.6 37.7 42.5
RIVO 2 DBL PA 2.005 | DBL | 2650 35.2 34.7 354 39.9
'"Twine thickness and linear densities printed in italics are nominal values.
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Comparison of existing methodologies

Figure 8 compares the mesh openings as measured with
respectively the ICES 4 kgf gauge, the hand operated
wedge gauge and the wedge gauge loaded with a weight.
Differences in terms of percentages are given in Table 7.
Throughout the following comparisons two groups of
netting samples can be distinguished:

o small mesh netting (<55 mm mesh opening) made of
thin twines (< 3 mm twine thickness)

e large mesh netting of larger meshes (=> 55 mm
mesh opening) and heavier twines (=>3 mm twine
thickness).

Scatter plots for the methodologies compared are pre-
sented in Figure 9. The measuring methods are abbrevi-
ated as ICES: ICES 4 kgf gauge; WH: hand operated
wedge gauge; WW: wedge gauge with a 2/5 kg weight or
dynamometer.

ICES 4 kgf — Wedge gauge hand force

The results for the netting samples with large meshes are
quite clear. In all cases but two, the ICES gauge yields
smaller average mesh openings than the wedge gauge,
operated by hand. The differences range from —14.3 to
+3.2%.

The small mesh netting samples give a more variable
picture. The ICES gauge gives lower average mesh open-
ings for three samples (-2.3 to -0.6%), and higher values
for the five others (0.3 to 17.5%).

ICES 4 kgf — Wedge gauge 2/5 kg weight
Again the ICES gauge gives lower average mesh open-
ings for all but one sample of the large mesh netting
samples, and differences ranging from —9.7 to 0.8%. For
most samples the differences are smaller than with the
hand operated wedge gauge.

The small mesh samples give again a mixed picture.
The differences vary between —1.8 and +5.9%.

Wedge gauge hand operated — wedge gauge 2/5 kg
weight

In general the wedge gauge used with a weight gives
smaller average mesh openings than the hand operated
wedge gauge for the large mesh netting samples. For
seven samples the mesh openings were larger if meas-
ured with the weight. The differences range from —5.8 to
4.1%.

The tendency was again less clear for the small mesh
samples, with differences between both methods varying
between —6.3 and 12.7%.

A detailed statistical analysis of the data was made
and is given in Annex 1. Due to the lack of data for all
possible categories of netting samples, the group of small
meshes had to be restricted to netting samples of single,
twisted PA twines. The netting samples retained for the
group of large meshes consisted of single and double
braided PE twines. The modelling approach used is
known as a “mixed effects model”. An exploratory
analysis suggests that for the small mesh netting samples
the ICES gauge and the wedge-hand appear to be similar
in variation, the wedge-hand yielding slightly higher val-
ues than the ICES gauge. The wedge-weight method

seems to display a larger variation. However, the analy-
sis of the three samples with a nominal mesh size of 35—
36 mm, summarized in Table 8, revealed that there is a
considerable overlap between the confidence intervals
and it is not possible to detect any statistical difference
between the three methods. The results for the large
mesh data set are displayed in Table 9. They demonstrate
that the ICES gauge gives significantly smaller mesh
openings than both the wedge-hand and wedge-weight
methods. The latter two methods do not appear to be sig-
nificantly different. An analysis was also made of the
main factors affecting the mesh measurements. For the
small mesh group the effect of Rtex could be investi-
gated (Rtex and twine thickness are strongly correlated
and since Rtex provided the best fit, this parameter was
retained in the model). Interaction effects Method:Sqrt-
(Rtex) were significant for all three methods, meaning
that Rtex has different impacts upon the three methods
(Table 10). For the large mesh group twine thickness
yielded a better fit than Rtex. Both Sqrt(thickness) and
the “twine” factor (single/double) appeared to be signifi-
cant, together with different interaction effects (Table
11).

Comparison between the 4 kgf ICES gauge and the TSF
measuring force

Table 12 compares the average mesh sizes obtained with
both measuring forces. A t-test for paired samples was
performed for each data set. The difference between the
two averages was statistically significant for all netting
samples for which the TSF was different from 4 kgf.

Because of the different density of PA and PE, and
hence the different relationship between linear density
and twine thickness of PA and PE (see equations (1) and
(2)), the analyses were made separately for the netting
samples of both materials.

The ratio between the mean mesh opening obtained
with the 4 kgf ICES gauge and the mean mesh opening
obtained with the TSF measuring force for the PA net-
tings is graphically presented in Figure 10. The ICES
gauge overestimates the mesh opening for practically all
twine thicknesses under 3 mm. The largest difference
was 15% for a 1.2 mm twine thickness. From a twine
thickness of 4 mm the ICES gauge underestimated the
mesh opening. The difference was 5-8%.

A similar situation occurs for PE netting (Figure 11).
For twine thicknesses under 3 mm the mean mesh open-
ings are overestimated by the 4 kgf ICES gauge (by 8%
for a twine thickness of 1.8 mm). For twine thicknesses
of 3—4 mm the difference is £+ 2%. For larger twine
thicknesses the mesh openings are underestimated by 4—
8%.

The cluster analysis yielded the dendrograms shown
in Figures 12 and 13. It appears that a two-cluster solu-
tion may be appropriate for both PA and PE nettings. For
PA nettings the upper group in the plot includes the sam-
ples from 1.2 mm single twine to 2.2 mm double twine
(equivalent of 3.3 mm single). The lower group includes
meshes from 4.0 mm double (equivalent of 6.2 mm sin-
gle) to 8.0 mm single).
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Figure 8. Comparison of existing methodologies.

Table 7. Comparison between different gauges.

BICES gauge 4 kg
B Wedge gauge hand force
DOWwedge gauge 5 or 2 kg

RIVO 2 SIN
RIVO 2 DBL

Mean Mesh Opening (mm) — (standard deviation)
Sample . Twine Single ICES gauge 4 | Wedge gauge | Wedge gauge 5 |(ICES-| (ICES- | (WW-
designation Materialfthickness Dopble Rtex kef hand force or 2 kgf WH)/| WW) WH)/
(mm) | Triple (ICES) (WH) (WW) WH /WW WH
Smaller meshes, smaller twine thicknesses
BFAFi 2,2 DBL PA 2.2 DBL | 3400 | 41.9 (1.54) 39.2 (1.20) 40.8 (1.46) | 6.9% | 2.7% 4.1%
BFAFi 2,6 SIN PA 2.6 SIN | 4800 | 47.1(1.55) 42 (1.80) 453 (1.84) |12.1%| 4.0% 7.9%
DFO 1,8 SIN PE 2.0 SIN | 71700 | 50.9(1.73) 49.2 (1.11) 54.7(2.15) |3.5% | -6.9% 11.2%
DIFRES1,5 SIN PA 1.493 | SIN | 1414 | 34.1(0.67) 34.9 (1.00) 32.7(0.85) |-23%| 4.3% -6.3%
DVZ 1,2 SIN PA 1.19 SIN | 812 | 21.5(0.72) 18.30.51) 20.3(0.65) |17.5%| 5.9% 10.9%
IMR-S 1,5 SIN PA 1.528 | SIN | 1450 | 37.0(0.57) 38(0.79) 36.4(1.12) |-2.6%| 1.6% -4.2%
RIVO 2 DBL PA 2.005 | DBL | 2650 | 35.2(1.27) 354 (1.25) 38.9(1.55) |-0.6%| -11.8% | 12.7%
RIVO 2 SIN PA 2.005 | SIN | 2650 | 37.8(0.98) 37.7(1.21) 42.5(1.16) ] 03% | -11.1% | 12.7%
Larger meshes, larger twine thicknesses

BFAFi 4 DBL PA 4.0 DBL |/2000| 113.0(3.57) | 109.5(3.24) 112.1 (3.11) | 3.2% 0.8% 2.4%
BFAFi 6 DBL PA 6.0 DBL |20 000| 132.1(2.76) | 134.5(3.23) 134.6 (3.00) |-1.8%| -1.9% 0.1%
BFAFi 8 SIN PA 8.0 SIN |35800| 119.9 (3.56) | 119.8 (3.56) 120.1 (2.52) | 0.1% | -0.2% 0.3%
DFO 4 DBL PE 3.746 | DBL | 5687 | 146.5(2.22) | 148.9 (1.83) 148.4 (2.00) |-1.6%| -1.3% -0.3%
DFO 5 DBL PE 4.765 | DBL | 8197 | 82.3(1.88) 87.7 (1.70) 86.8 (1.75) |-6.1%| -52% -0.9%
DFO 5,5 DBL PE 5.149 | DBL |11 170| 105.3(2.76) | 110.6 (2.73) 111.2(2.53) |-4.7% -53 0.6%
DFO 6 DBL PE 5.146 | DBL |11 175| 131.6 (3.73) | 134.3(3.71) 136.3 (3.53) |-2.0% -3.5 1.5%
DIFRES4SIN75 | PE 3.653 | SIN | 5578 | 70.5(1.51) 75 (2.15) 72.6 2.15) |-6.0%| -2.9% -3.2%
DIFRES 4 SIN 105| PE 3.653 | SIN | 5578 | 106.5(1.20) | 109.7 (1.19) 108.4 (1.15) |-2.9%| -1.8% -1.2%
DVZ 4 DBL PE 3976 | DBL | 6953 | 81.0(3.01) 84.0 (2.65) 83.1(2.92) |-3.6%| -2.6% -1.1%
DVZ 5 SIN PE 4.132 | SIN | 7918 | 86.9(1.90) 90.9(1.79) 89.6 (2.11) |[-4.4%| -3.1% -1.4%
IMR-N 10,8 UC PE 9.981 | SIN |59545| 133.7(1.28) | 137.6(1.12) 137.0 (1.41) |-2.8%| -2.4% -0.4%
IMR-N 3,2 TRI PE 3.066 | TRI | 4733 | 135.2(2.16) | 141.8(2.19) 137.7(2.27) |-4.6%| -1.8% -2.9%
IMR-N 5 DBL PE 5.661 | DBL |14463| 137.7(2.99) | 141.4(2.38) 140.0 (2.60) |-2.6% | -1.7% -1.0%
IMR-IS 6 DBL PE 6.0 DBL |10800| 134.1(3.37) | 137.2(2.99) 136.3(3.14) |-23%| -1.6% -0.7%
IMR-N 7,1 UC PE 6.26 SIN [21020| 133.2(0.81) | 137.2(0.76) 135.2(0.94) |-3.0%| -1.5% -1.5%
IMR-N 8 DBL PA 5.517 | DBL |15520| 136.8 (2.03) | 138.9 (1.68) 137.5(1.89) |-1.5%| -0.5% -1.0%
IMR-S 3,5 SIN PE 2924 | SIN | 3883 | 71.6(1.38) 74.8 (1.62) 76.2(1.47) |-43%| -6.0% 1.9%
IMR-S 4 SIN PE 4.0 SIN | 5400 | 107.1 (1.27) | 107.3(1.14) 111.7(1.13) |-0.2% | -4.1% 4.1%
MARLAB 3 SIN PE 3.191 | SIN | 4077 | 68.6(2.78) 76.1 (3.28) 75.0(2.95) |-99%| -8.6% -1.4%
MARLAB 5 SIN PE 5.682 | SIN |13 830 74.7 (1.73) 81.2 (2.88) 79.4(2.54) |-8.1%| -6.0% -2.2%
MARLAB 6 DBL | PE 5.615 | DBL |14467| 99.5(2.19) 104.6 (2.64) 101.9(2.94) |-49%| -2.4% -2.6%

MDMEF 6 DBL PE 6.083 | DBL |13 333| 149.8 (3.19) 165.9 (3.19) -9.7%

MDMEF 8 SIN PE 7.662 | SIN |27 028| 184.6 (4.68) 189.3 (6.81) -2.5%
RIVO 4 DBL PE 3944 | DBL | 5998 | 75.2(2.24) 82.6 (2.01) 80.9 (2.20) [-9.0%| -7.1% 2.1%
RIVO 6 DBL PE 5.695 | DBL |11068] 76.6(3.60) 89.4 (2.90) 84.2 (3.08) |-14.3%| -9.0% -5.8%
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Table 8. Small mesh data analysis.

95% confidence

intervals
Parameter Estimate Std. Error df t-value p-value Lo Hi
ICES 32.625 3.765 714 8.664370 <0.0001 25.25 40.00
WH 32.213 3.765 714 8.554820 <0.0001 24.34 39.59
WWwW 32.983 3.765 714 8.759534 <0.0001 25.61 40.36

Table 9. Large mesh data analysis.

The results in the first 14 lines of following table gives the expected mesh sizes for the range of nominal mesh sizes represented in
the data when measured with the ICES gauge. The last two lines gives the estimated contrasts (adjustments) when measured by the
“WH” and “WW” method.

Parameter Estimate Std. Error df t-value p-value Lo Hi

Nom. Mesh 70 73.0856 1.038096 2748 70.4035 <0.0001 71.055 75.116
Nom. Mesh 74 679113 1.065989 2748 63.7073 <0.0001 65.826 69.996
Nom. Mesh 75 69.8879 1.065989 2748 65.5616 <0.0001 67.803 71.973
Nom. Mesh 80 81.9833 1.065989 2748 76.9082 <0.0001 79.898 84.068
Nom. Mesh 82 80.4773 1.030905 6 78.0647 <0.0001 77.961 82.994
Nom. Mesh 100 96.6947 1.065989 2748 90.7089 <0.0001 94.610 98.780
Nom. Mesh 105 105.3828 1.038096 2748 101.5155 <0.0001 103.352 107.413
Nom. Mesh 107 107.5210 1.065989 2748 100.8650 <0.0001 105.436 109.606
Nom. Mesh 135 132.6662 1.465892 6 90.5020 <0.0001 129.088 136.244
Nom. Mesh 138 136.4662 1.465892 6 93.0943 <0.0001 132.888 140.044
Nom. Mesh 140 130.4333 1.065989 2748 122.3590 <0.0001 128.348 132.518
Nom. Mesh 150 144.3000 1.065989 2748 135.3672 <0.0001 142.215 146.385
Nom. Mesh 152 155.5585 1.475414 2748 105.4338 <0.0001 152.672 158.445
Nom. Mesh 190 184.6721 1.475414 2748 125.1663 <0.0001 181.786 187.558
Method WH 5.0518 0.143012 2748 35.3242 <0.0001 4.772 5.332
Method WW 4.5997 0.137092 2748 33.5517 <0.0001 4.332 4.868

Table 10. Small mesh model.

M: fixed~ method+ method:sqrt(Rtex)

Parameter Estimate Std.Error df t-value p-value
Intercept 7.23799 9.547382 711 0.75811 0.4486
WH -4.88662 0.603206 711 -8.10108 <.0001
wWWwW -10.30566 0.603206 711 -17.08482 <.0001
ICES_sqrt(Rtex) 0.65239 0.240077 711 2.71742 0.0067
WH_sqrt(Rtex) 0.76736 0.240077 711 3.19633 0.0015
WW_sqrt(Rtex) 0.92643 0.240077 711 3.85889 0.0001
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Table 11. Large mesh model.

M: fixed~ method*sqrt(dia) *Twine

Parameter Estimate Std.Error df t-value p-value
Intercept 158.3278 11.94311 2749 13.25684 <.0001
WH -16.0561 10.23822 2749 -1.56825 0.1169
WWwW -13.5162 9.76109 2749 -1.38471 0.1663
Sqrt(dia) -20.7422 3.48686 2749 -5.94868 <.0001
Twine -132.2997 8.95710 2749 -14.77038 <.0001
WH_sqrt(dia) 9.8903 4.57957 2749 2.15965 0.0309
WW_sqrt(dia) 8.2788 4.33466 2749 1.90990 0.0563
WH_Twine 35.8510 13.05468 2749 2.74622 0.0061
WW_Twine 16.3268 11.46217 2749 1.42441 0.1544
Sqrt(dia) Twine 58.3751 3.98794 2749 14.63790 <.0001
WH_sqrt(dia) Twine -18.1206 6.12022 2749 -2.96077 0.0031
WW _sqrt(dia) Twine -7.7207 5.20246 2749 -1.48405 0.1379
Table 12. Comparison between ICES 4 kgf mesh gauge and TSF.
Average Mesh Size (mm)

Sample designation | Material |  Rtex Tsfrr’l‘sn(‘;)of ICES gauge 4 kef TSF P ICES/TSF
BFAFi 2,2 DBL PA 3400 3400 41.9 (1.54) 42.8 (1.54) 2.07653E-09 0.98
BFAFi 2,6 SIN PA 4800 2400 47.1 (1.55) 45.7 (1.82) 7.14395E-06 1.03
BFAFi 4 DBL PA 12 000 12 000 113.0 (3.57) 118.8 (3.23) 1.13873E-26 0.95
BFAFi 6 DBL PA 20 000 2000 132.1 (2.76) 143.1 (2.52) 2.5055E-39 0.92
BFAFi 8 SIN PA 35800 17 900 119.9 (3.56) 127.0 (2.27) 4.96539E-19 0.94
DFO 1,8 SIN PE 1700 850 50.9 (1.73) 47.2 (1.67) 8.21833E-50 1.08
DFO 4 DBL PE 5687 5600 146.5 (2.22) 147.1 (2.18) 2.40847E-13 1.00
DFO 5 DBL PE 8197 8 100 82.3 (1.88) 83.7 (1.95) 7.46004E-30 0.98
DFO 5,5 DBL PE 11170 10 940 105.3 (2.76) 108.3 (2.81) 2.82555E-39 0.97
DFO 6 DBL PE 11175 11140 131.6 (3.73) 1343 (3.71) 3.39801E-46 0.98
DIFRES 4 SIN 105 PE 5578 2735 106.5 (1.20) 104.4 (1.61) 3.07453E-11 1.02
DIFRES 4 SIN 75 PE 5578 2735 70.5 (1.51) 68.8 (1.76) 1.30332E-07 1.02
DIFRES1,5 SIN PA 1414 698 34.1 (0.67) 30.5 (0.75) 2.81792E-36 1.12
DVZ 4 DBL PE 6953 7174 81.0 (3.01) 81.7 (3.14) 1.3624E-09 0.99
DVZ 5 SIN PE 7918 4000 86.9 (1.90) 86.9 (1.98) 1 1.00
DVZ 1,2 SIN PA 812 406 21.5(0.72) 18.7 (0.77) 4.16334E-36 1.15
IMR-N 3,2 TRI PE 41733 7950 135.2 (2.16) 142.2 (2.03) 4.23493E-27 0.95
IMR-N 5 DBL PE 14 463 13 900 137.7 (2.99) 147.1 (2.60) 6.38877E-28 0.94
IMR-IS 6 DBL PE 10 800 10 800 134.1 (3.37) 140.8 (3.56) 1.95891E-29 0.95
IMR-N 7,1 UC PE 21020 10 600 133.2 (0.81) 138.7 (0.80) 2.287E-46 0.96
IMR-N 10,8 UC PE 59 545 26 750 133.7 (1.28) 143.1(1.12) 1.06979E-46 0.93
IMR-N 8 DBL PA 15520 15400 136.8 (2.03) 146.6 (2.09) 1.84219E-43 0.93
IMR-S 3,5 SIN PE 3883 1957 71.6 (1.38) 71.0 (1.48) 6.85818E-07 1.01
IMR-S 4 SIN PE 5400 2700 107.1 (1.27) 106.1 (0.99) 2.23951E-12 1.01
IMR-S 1,5 SIN PA 1450 816 37.0 (0.57) 35.6 (0.66) 4.74876E-18 1.04
MARLAB 3 SIN PE 4077 2030 68.6 (2.78) 68.0 (2.62) 1.68884E-06 1.01
MARLAB 5 SIN PE 13 830 6 816 74.7 (1.73) 78.8 (2.05) 3.85695E-32 0.95
MARLAB 6 DBL PE 14 467 14 225 99.5(2.19) 104.3 (2.72) 1.59198E-31 0.95
MDMEF 6 DBL PE 13 333 12 813 149.8 (3.19) 158.3 (3.21) 2.27534E-41 0.95
MDMEF 8 SIN PE 27028 12 255 184.6 (4.68) 191.2 (4.98) 8.78829E-32 0.97
RIVO 4 DBL PE 5998 5200 75.2 (2.24) 77.0 (2.61) 1.79107E-18 0.98
RIVO 6 DBL PE 11 068 12 500 76.6 (3.60) 83.5 (3.50) 1.41865E-29 0.92
RIVO 2 SIN PA 2 650 1225 37.8 (0.98) 36.6 (1.06) 8.3824E-27 1.03
RIVO 2 DBL PA 2 650 2450 352(1.27) 347 (1.14) 0.00206892 1.01
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Figure 11. Ratio ICES/TSF in relation to the twine thickness for all PE nettings.

For PE nettings the upper group in the plot includes the
samples from 1.8 mm single twine to 4.1 mm single
twine. The lower group consists of the samples from
3.7 mm double (equivalent of 5.2 mm single) to 5.6 mm
double twine (equivalent of 8.5 mm single).

Mesh measurements with 10 and 13 kgf longitudinal
measuring forces

The average mesh openings obtained with 10 and 13 kgf
measuring forces are given in Table 6. For reasons ex-
plained in Section 5.2, these measurements were only
performed on the netting samples with a mesh opening
> 55 mm.

The results from all measurements made with a
longitudinal force (i.e. ICES 4 kgf, TSF, 10 and 13 kgf)
were used to calculate for each sample the stretching
force needed to obtain the same mesh opening as
obtained with the wedge gauge, cither operated by hand
or with a 5 kgf weight. To make these calculations a
linear relationship between mesh opening and measuring
force was assumed. An example is given in Figure 14. A
linear regression was calculated and by substituting the
mesh opening from the wedge gauge measurements the
“equivalent longitudinal force” was obtained. The results
for all netting samples are given in Table 13.
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Data variables: ~ Var = (ICES — TSF)/TSF

RtexT= Rtex x N of twines
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Figure 12. Hierarchical Cluster Analysis - Dendrogram for the PA netting samples.

The equivalent longitudinal force showed a great
variability with 2.9 kgf as a minimum and 21.1 kgf as
maximum value for the hand operated wedge gauge.
Surprisingly the wedge gauge used with a 5 kg weight
showed the same range of variability (3.5 kgf —21.9
kgf).

The histograms in Figures 15 and 16 show the occur-
rence of the calculated longitudinal forces equivalent to
the wedge gauge hand force and the wedge gauge 5 kgf
respectively for all samples. The histogram based on the
wedge gauge with 5 kgf force shows two peaks, one at 4-
6 kgf and one at 8-10 kgf, in contrast with one peak at
10-12 kgf for the wedge gauge with hand force.

The occurrence of equivalent forces, for both wedge
hand force and wedge with a 5 kg weight, covering 10,
11, 12, 13 and 15 kgf are presented in Table 14, together
with median and mean for each case. As most large mesh
codends (>55 mm) are made of PE yarns results for PE
netting samples only are given separately.

The relationship between measurements made with
longitudinal measuring forces of 10 kgf (Mesh10) and
4 kef (ICES4) is dealt with in Annex 1.

The simplest model does not take account of the pa-
rameters linear density, twine thickness and netting ma-
terial:

Mesh10KGF=11.440+0.8984*ICES4K GF+0.00034*ICE
S4KGF2 3)

Taking account of the twine thickness and netting mate-
rial the model becomes:

Mesh10KGF=4.551+0.8977*ICES4KGF+0.0000334*IC
ES4KGF"2+8.6544*Mat+1.0265*dia-1.3297*mat*dia
4)
in which dia = twine thickness and ma t= 0 for PE and
mat = 1 for PA.
By including the linear density and netting material
the model now becomes:

Mesh10KGF=8.0499+0.8858*ICES4KGF+0.0004 14*IC
ES4KGF~2+5.01989*Mat+0.000114*Rtex-
0.000217*Mat*Rtex (5)

The model using the twine thickness gives the best fit,
but it is believed that for practical purposes the two mod-
els perform equally well.

55 Discussion

In general the nominal values of the twine thicknesses do
not correspond well with the measured values. A similar
result was obtained for the linear density: measured val-
ues tend to be larger than the nominal values. Unfortu-
nately there is no uniformity in the determination of the
linear density of netting twines and this makes it difficult
to compare different values. According to ISO, netting
yarns should be designated in the Tex System (Anon.,
1973) but this system is rarely used by the netting industry.
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Data variables: ~ Var = (ICES — TSF)/TSF

RtexT= Rtex x N of twines

Number of complete cases: 20
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Figure 13. Hierarchical Cluster Analysis - Dendrogram for the PE netting samples

Other designations, such as the runnage (metres per kilo-
gram) or the twine thickness are more frequently used.
As a consequence care should be taken when using
nominal values of twine thickness or linear density as a
basis to calculate the pre-tension (i.e. the TSF) in certain
tests (e.g., determination of elongation of netting yarns).
Good correlation was found between the linear density
and twine thickness and the formulas (1) and (2) can be
used to convert one parameter to the other.

From the measurements with current mesh gauges
and measuring forces on the netting samples with large
meshes it was found that the mesh opening obtained with
the ICES 4 kgf gauge is lower than wedge gauge meas-
urements, whether they are made with hand force or a
5 kg weight. The difference is statistically significant.
These conclusions confirm the results from earlier com-
parative studies (e.g., Ferro and Xu, 1996; Fonteyne et
al., 1998). The wedge gauge with a 5 kg weight is known
to give smaller mesh openings than when operated by

hand force (Fonteyne ef al., 1998). In the present series
of measurements this difference was true for most net-
ting samples but for seven samples the wedge gauge op-
erated with a 5 kg weight yielded larger mesh openings.
The difference between both methods was not signifi-
cant. It is reasonable to assume that the latter results are
biased by human influences when measuring with the
wedge gauge by hand. An analysis of the forces exerted
on the netting twines when using the wedge gauge
showed a large variability for both hand force and the

5 kg weight. Differences in the value of the friction coef-
ficient (between netting material and the wedge gauge)
may also have played a role.

The small mesh netting samples gave a less clear pic-
ture for all three methods. The differences between
methods was often quite large but without clear trends in
the data. Former comparative mesh measurement studies
on this type of nettings are unknown.
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Figure 14. Linear relationship between mesh opening and measuring force (sample DVZ 5 SIN).

The standard deviation of the measured values dif-
fered from one sample to another, but seemed to be inde-
pendent of the measurement method used. This result
confirms the conclusion made by Ferro and Xu (1996)
that the variance is caused less by the method and more
by the characteristics of the netting and twine, e.g., varia-
tion in mesh size due to manufacture.

The hypothesis that the ICES gauge with a 4 kgf
measuring force, compared with the Textile Standard
Force, would overestimate the mesh opening of netting
samples with small twine thicknesses and underestimate
netting samples with large twine thicknesses proved to
be true. This finding was to be expected since a 4 kgf
measuring force corresponds to a TSF for netting made
of single twine with a linear density of R8000tex. Con-
sequently this force is too low to stretch modern netting
made of heavier, often double, twines.

The measuring principle of the wedge gauge is based
on a perpendicular measuring force transformed by the
action of a wedge into a longitudinal force, which
stretches the mesh to be measured. As set out in Section
5.2 a 5 kg weight attached to a wedge gauge with a taper
of 1:8 will theoretically exert a longitudinal stretching
force of 20 kgf, assuming that there is no friction be-
tween gauge and netting. The calculations of the longitu-
dinal force exerted by a wedge gauge on the mesh
showed a very large variation, apart from whether hand
force or the 5 kg weight was used. This variation can be
attributed to the human element, friction between gauge
and netting and deviations from the vertical position of
the gauge (Schwalbe and Werner, 1977; Post, 1987). The
resulting longitudinal force may also have been influ-

enced by movements of the netting and/or the mesh
gauge with the attached weight. The results of the meas-
urements made in the present study confirm the proposi-
tion that this instrument is unsuitable for scientific meas-
urements of the opening of mesh. The international stan-
dard for the measurement of the opening of mesh (Anon.,
2003c) makes severe reservations for the use of the in-
strument in non-laboratory conditions (see also Section
3.5). Recently the use of the wedge gauge for fisheries
inspection has also been questioned from a legal point of
view (Fonteyne et al., 2002).

The ICES gauge uses a fixed longitudinal force to
stretch the mesh and minimises human influence and ef-
fects of friction between gauge and netting. The Study
Group was of the opinion that this principle should be
maintained. The comparison with the Textile Standard
Force showed that a 4 kgf measuring force is too small
for modern netting. Ideally the measuring force should
be related to the linear density or twine thickness of the
netting material. However, such a methodology is im-
practical due to the difficulties related to the measure-
ment of linear density and/or twine thickness, especially
at sea. Nominal values are often imprecise and should
not be used without verification. Furthermore, absorption
of sediments in the netting of bottom trawls will change
their physical dimensions with time. The present study
justifies making a distinction between small mesh net-
ting, made of thin twines and large mesh netting made of
heavier twines. For the reasons set out above a division
based on linear density or twine thickness is inappropri-
ate. The international standard EN ISO 16663 (Anon.,
2003c) set a division between small and large meshes
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Figure 15. Occurrence of calculated longitudinal forces equivalent to wedge gauge hand force — all samples.
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Figure 16. Occurrence of calculated longitudinal forces equivalent to wedge gauge 5 kgf — all samples.
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Table 13. Longitudinal forces needed to obtain wedge gauge average mesh sizes.

Equivalent Force (kgf)
Sample Material Wedge hand Wedge 5 kef
BFAFi 4 DBL PA -16.89 -0.75
BFAFi 6 DBL PA 5.25 5.4
BFAFi 8 SIN PA 291 3.5
DFO 4 DBL PE 11.3 9.83
DFO 5 DBL PE 21.08 18.23
DFO 5,5 DBL PE 16.11 17.5
DFO 6 DBL PE 11.51 17.13
DIFRES 4 SIN 105 PE 12.29 9.60
DIFRES 4 SIN 75 PE 14.66 9.58
DVZ 4 DBL PE 12.42 10.02
DVZ 5 SIN PE 10.29 8.12
IMR-N 3,2 TRI PE 9.65 5.23
IMR-N 5 DBL PE 7.11 5.71
IMR-IS 6 DBL PE 6.92 5.00
IMR-N 7,1 UC PE 8.73 6.50
IMR-N 10,8 UC PE 6.54 4.81
IMR-N 8 DBL PA 5.79 4.23
IMR-S 3,5 SIN PE 8.53 10.75
MARLAB 3 SIN PE 10.47 9.40
MARLAB 5 SIN PE 10.72 8.62
MARLAB 6 DBL PE 16.16 10.05
MDMF 6 DBL PE 21.90
MDMF 8 SIN PE 9.33
RIVO 4 DBL PE 14.71 12.03
RIVO 6 DBL PE 18.10 12.11

Table 14. Occurrence of equivalent longitudinal forces with respect to longitudinal measuring forces in the range 10-15 kgf.

All samples Measuring Forces

10 kgf 11 kgf 12 kgf 13 kgf 15 kgf Median Mean
Equivalent force; Numbers below 41% 55% 64% 73% 82% 10.6 11.0
wiet e oy Lz Numbers above 59% 45% 36% 27% 18%
Equivalent force: Numbers below 63% 75% 75% 83% 83% 9.5 9.8
wedge 5 kgf Numbers above 37% 25% 25% 17% 17%
PE samples only Measuring Forces

10 kgf 11 kef 12kgf 13 kgf 15 kgf Median Mean
Equivalent force: Numbers below 32% 47% 58% 3% 79% 113 12.0
ees o Numbers above 68% 53% 42% 32% 21%
Equivalent force: Numbers below 57% 71% 71% 81% 81% 9.6 10.5
wedge 5 kgf Numbers above 43% 29% 29% 19% 19%
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at 50 mm using existing wedge gauges. European legisla-
tion related to twine thickness applies to netting of mesh
size of 55mm and above. With a view to a future stan-
dardization between methodologies for science and in-
spection, the Study Group supports 55 mm as a border-
line. The decision, for inspection purposes, on whether
the meshes to be measured should be regarded as smaller
or larger than 55 mm depends on the legislation on regu-
lated mesh sizes for specified target species and on any
declaration by the skipper concerning the species he is
targeting.

As already mentioned in Section 5.2, the Study
Group postulated that the transition to the use of a new
measuring force should not be detrimental to codend se-
lectivity and therefore should deliver results similar to
the present procedures set down in technical measures
legislation. Ferro and Xu (1996) suggested that a force of
at least 8 kgf is required to achieve similar mesh open-
ings in dry PE netting to a wedge gauge with a 5 kg
weight, but this relationship was based on much thinner
twines. Table 14 suggests that appropriate values for the
longitudinal measuring force would be closer to 10 kgf if
based on the wedge gauge with 5 kgf and 11 kgf if based
on the wedge gauge with hand force. Fisheries inspector-
ates consider the wedge gauge with a 5 kg weight as the
reference and this was also the opinion of the Study
Group in the light of present conservation concerns. Tak-
ing further into account that the difference between 10
and 11 kgf would be minimal and that most existing se-
lectivity data are based on measurements with the ICES
gauge, which uses only 4 kgf measuring force, the Study
Group agreed on 100 N (10.197 kgf) as the value for the
new measuring force. The imposition of a 100 N measur-
ing force may well result in some existing codends be-
coming illegal, and having to be removed from their re-
spective fisheries. Based on the outcome of the meas-
urements made in the present study, about 30% of the
codends that pass the inspection with the hand operated
wedge gauge will become illegal if the new force is used.
This theoretical number is raised to 40% if the wedge
gauge with a 5 kg weight is taken as a reference. In prac-
tice, codends are usually constructed from webbing with
mesh sizes at least slightly larger than the minimum
mesh size, as a prudent measure. Hence, the percentage
of codends that will need to be replaced will be lower
than suggested here.

The measuring force proposed for meshes less than
55 mm opening of mesh is 40 N (4.079 kgf). This choice
is mainly based on theoretical assumptions. For the mo-
ment a 2 kg weight is used by inspectors for the meas-
urement of small meshes using a wedge gauge. A 1:8 ta-
per will convert this weight into an 8 kgf longitudinal
force. It is reasonable to allow for a 50% reduction for
friction forces as was done for a 5 kg weight. There were
not enough measured netting samples to demonstrate this
conclusively but a 40 N measuring force would retain the
status quo with no detriment to selectivity.

The proposed measuring force of 100 N cannot be
exerted by the present ICES gauge. The Study Group
was notified that a new measuring gauge is being devel-
oped with a capacity of 150 N in the EU shared cost

OMEGA project Q5CO-2002-01335, but this instrument
will not be available until 2005. It was recommended
that in the meantime for scientific work the ICES gauge
with 4 kgf measuring force be used but the results should
be converted to 100 N using conversion formulae (3), (4)
or (5) given in Section 5.4.

6 Conclusions

The Study Group on Mesh Measurement Methodology
formulated its response to the general Terms of Refer-
ence at its final meeting:

a) Advise on improvements and further standardizsa-
tion of current mesh measurement practices in view
of the netting types now in use in ICES Member
Countries

The Study Group recommends that all parties concerned
should adhere to the specification of a suitable mesh
measurement methodology set out in Term of Reference
e) below, whether they are scientists, inspectors, netting
manufacturers, net makers or fishermen. As advice de-
rived from selectivity data determines mesh size regula-
tions, it is logical that all stakeholders should use the
same system of mesh measurement.

Until an instrument capable of making objective
measurements, not subject to human influence, becomes
widely available the Group recommends that for scien-
tific purposes the existing ICES gauge with 4 kgf meas-
uring force should continue to be used. In this interim pe-
riod one of the following conversion formulas should be
applied:

e when both the linear density and the netting material
are known

Mesh10KGF=8.0499+0.8858*ICES4KGF+0.000414*IC
ES4KGF*2+5.01989*Mat+0.000114*Rtex-
0.000217*Mat*Rtex

e when the twine thickness and netting material are
known

Mesh10KGF=4.551+0.8977*ICES4KGF+0.0000334*IC
ES4KGF"2+8.6544*Mat+1.0265*dia-1.3297*mat*dia.

In these expression “dia” is the twine thickness and Mat
= 0 for PE and Mat = 1 for PA.

e when the value of these parameters is unknown

Mesh10KGF=11.440+0.8984*ICES4KGF+0.00034*ICE
S4KGF"2.

These expressions deliver a mesh opening equivalent to
that obtained using a longitudinal force of 100N. It
should be noted that the conversion is based on the
measurements with the ICES gauge with 4 kgf and

10 kgf measuring forces. 10 kgf corresponds to 98.07 N
which is slightly lower than the proposed 100 N measur-
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ing force. This difference is considered insignificant for
mesh measurements.

For inspection purposes use of the wedge gauge with
5 kg weight must continue until the necessary changes
are made to regulations.

The Study Group also recommends that the same
methods and conditions should be used for all areas of
the gear as well as attachments, although this uniformity
will not always be possible, e.g., for lifting bags with a
limited number of meshes available for measurement. In
some circumstances a certain amount of discretion will
be required.

b) Consider whether the current definition of mesh size
is still appropriate for scientific and industrial pur-
poses

The Study Group considers the current definition of
mesh size appropriate for scientific and industrial pur-
poses. The Study Group agrees with the definition in the
European Standard EN ISO 1107 standard on basic terms
and definitions for fishing nets (Anon., 2003a). This
standard defines the mesh opening for knotted netting as
the longest distance between two opposite knots in the
same mesh. This definition eliminates the difficulty en-
countered with the measurement of netting with large
knots.

¢) Compile an inventory of commercially available net-
ting associated with the selectivity process, identify-
ing the fisheries in which they are used

The inventory is presented in Table 1.

d) Consider the need to define groups of netting types
for which the same measurement conditions (e.g.,
tension) can be applied

Ideally the measuring force for a specific netting twine
should be related to the linear density. Alternatively
twine thickness can be used to determine linear density
using the relationships (1) or (2) in Section 5.4. How-
ever, both linear density and twine thickness can only be
measured accurately under laboratory conditions. Since
mesh measurements are generally carried out at sea, val-
ues of the linear density or the twine thickness are not
casily obtainable. The measurements of linear density
and twine thickness made by the Study Group indicated
that nominal values are insufficiently precise. Therefore
the Study Group is of the opinion that the best option is
to base the mesh measuring force on single values for
smaller and larger meshes. Based on mesh measurement
data analysis and present legislation, a mesh opening of
55 mm is considered as the most appropriate value to
separate these mesh size groups.

e) Propose the specification of a suitable mesh meas-
urement methodology and the conditions under
which mesh measurements for all fishing gears in
ICES areas are made

The Study Group recommends:

1) A longitudinal force of either 40 or 100 N must be
used, depending on whether the mesh opening is
smaller than 55 mm or equal or larger than 55 mm.
The decision, for inspection purposes, on whether
the meshes to be measured should be regarded as
smaller or larger than 55 mm depends on the legisla-
tion on regulated mesh sizes for specified target spe-
cies and on any declaration by the skipper concern-
ing the species he is targeting.

2) For scientific purposes a minimum of 40 meshes is
required to be measured.

For fisheries inspections the numbers of meshes to
be measured may remain at 20 and 60 (as set out in
e.g., Anon., 2003b).

3) When measuring codends or extensions care must be
taken to observe previous recommendations (Wile-
man et al., 1996; Anon., 2003b) with regard to near-
ness of selvedges, mendings, etc. For scientific pur-
poses it is recommended that two rows of 20 meshes
should be measured in an area where fish are known
to escape, e.g., aft upper part of codend when target-
ing roundfish.

4) State whether netting is measured in a wet or dry
state.

5) Meshes must be unfrozen.

6) For scientific work the area measured must be clean
and as free from sediment as possible. For inspection
such matters are left to the discretion of Fisheries In-
spectors.

7) Netting must be stretched in the direction of the long
diagonal of the meshes (as per Anon., 2003b).

8) Square mesh netting will be measured on the longest
diagonal (as per Anon., 2003b).

9) 90° turned netting will be measured on the longest
diagonal.
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Objectives

The analyses presented in this report aim to address the
following questions:

e  Compare the three main methods “ICES” “WH”
and “WW”

e Assess main factors affecting the mesh measure-
ments and potential differences between the three
main methods

¢ Find an appropriate conversion formula between
“ICES” and “ICES10KGF”

Data

The data consist of measurements of mesh sizes con-
ducted by a number of institutes each using 6 different
methods (ICES, WW, WH, TSF, ICES10KGF and
ICES 13KGF). The analysis will primarily focus on the
first three methods. The response variable is conse-
quently considered a vector with dimensions corre-
sponding to the number of methods. Each institute
measured a number of samples of netting and 60 meshes
were measured from each sample. Each mesh was only
measured once by each method. The same pieces of net-
ting were not measured by the different institutes. In ef-
fect this forms a hierarchical structure of measurements
of Mesh within Sample and Sample within Institute.
The Method variable is called the primary covariate and
Mesh, Sample and Institute are classification variables.
In addition the data contain other variables:

SMALL

Twine: single
Institute braided twisted knotless
BFAFi 360 0 0
DFO 360 0 0
DIFRES 0 360 0
DVZ 0 360 0
IMRIS 0 0 0
IMRNO 0 0 0
IMRS 0 360 0
MARLAB 0 0 0
MDMF 0 0 0
RIVO 0 360 0

Twine: double
Institute braided twisted knotless
BFAFi 360 0 0
DFO 0 0 0
DIFRES 0 0 0
DVZ 0 0 0
IMRIS 0 0 0
IMRNO 0 0 0
IMRS 0 0 0
MARLAB 0 0 0
MDMF 0 0 0
RIVO 0 360 0

There were no measurements of triple twine netting
samples within the “SMALL” group and no samples
made of knotless netting. It is seen that the data are un-
balanced with the majority of measurements made on

Name Type Explanation : : twisted single twine. There are very limited observa-
Rtex Continuous A measurement of the twine-density tions of both single and double twine with the same
Diameter Continuous Twine diameter

NomMesh Conti Nominal mesh si treatment within the same institute (only RIVO). No in-
OmAies ontinuous  Nominal mesh size stitute measured both "braided" and "twisted" and four

Twine Factor SINGLE, DOUBLE, TRIPLE .. . ) .

Material  Factor PA, PE institutes had no measurements at all in this group. Fi-

Construct Factor BRAIDED, TWISTED, nally all nettings from the SMALL group were made of
KNOTLESS material of type PA (PolyAmide).

The analysis for this group will consequently be re-
stricted to single twine, twisted PA netting samples.
Only four institutes generated these data.

See the main-report for further explanation of these

variables. These can all potentially be entered into mod-

els for assessing the variability in the response vari-

ables. See however the note below on multi-collinearity.
Data are separated into two groups:

LARGE

Twine: single

e “SMALL”: Nominal mesh size <= 55 mm Institute braided Twisted knotless
BFAFi 360 0 0
e “LARGE”: Nominal mesh size > 55 mm DFO 0 0 0
DIFRES 720 0 0
The separate analysis of the two groups is motivated by DVZ 360 0 0
the fact that they are essentially composed of different IMRIS 0 0 0
materials. Since the material is suspected to influence IMRNO 0 0 720
the measurements it would not make much sense to IMRS 720 0 0
combine measurements from the two groups. MARLAB 720 0 0
It could be considered to conduct a combined analy- II\{/[I]\)/I\C/)[F 3 68 8 8

sis of the two groups, in which interaction effects allow
for differences between the two, wherever deemed rele-
vant or necessary.
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Twine: double

Institute braided twisted knotless
BFAFi 720 0 0
DFO 1440 0 0
DIFRES 0 0 0
DVZ 360 0 0
IMRIS 360 0 0
IMRNO 720 0 0
IMRS 0 0 0
MARLAB 360 0 0
MDMF 360 0 0
RIVO 720 0 0
Twine: triple

Institute braided twisted knotless
BFAFi 0 0 0
DFO 0 0 0
DIFRES 0 0 0
DVZ 0 0 0
IMRIS 0 0 0
IMRNO 360 0 0
IMRS 0 0 0
MARLAB 0 0 0
MDMF 0 0 0
RIVO 0 0 0

Only one institute made measurements on triple twine
and only on the "braided" type. Similarly only one insti-
tute made measurements on knotless netting. Single
twine and double twine are both well represented. There
were however only four institutes which took measure-
ments on both. One institute only measured PA mate-
rial. For this group the analysis will consequently be re-
stricted to the braided netting of PE, single or double
twine.

The total numbers of measurements distributed over
institutes and twine-types is listed in the following table.

Institute Single Double
BFAFi 360 720
DFO 0 1440
DIFRES 720 0
DVZz 360 360
IMRIS 0 360
IMRNO 0 720
IMRS 720 0
MARLAB 720 360
MDMF 360 360
RIVO 0 720

Statistical Models and Methods

A statistical model for the data

The modelling approach used here is commonly known
as mixed effects models (or random effects models).
See (Pinheiro and Bates, 2000) for a more quantitative
description of the general modelling framework.

It is essential that a statistical model reflects the
process by which the data has been sampled. To some
extent the sampling process therefore drives the model-
ling. In particular it is important for proper inference
that the model gives a realistic description of the ran-
dom variation in the data.

For the present data the following assumptions and
structures have been used:

Measurements of the meshes are assumed to be observa-
tions from independent normally distributed random
variables. These are sampled in a hierarchical structure
with 60 meshes measured from each of a number of
samples of netting, each taken within a number of insti-
tutes. It is noted that the data are not balanced. The hier-
archical structure of the random effects is presented as:

random~ 1 |Institute/Sample/Mesh

(read: Mesh within Sample, sample within institute and
a random effect associated with each institute.) A vari-
ance component is associated with each level of this hi-
erarchy. Variants of this structure can be argued (and
will be used; see below) based on the data.

Another aspect of modelling concerns the objective
of the analysis. In this respect the model is driven by the
question which the analysis aims to answer. This is not
always unambiguous and data sets may allow for a mul-
titude of different models to be analysed. This part typi-
cally addresses the so-called fixed effects.

An example of the notation for the fixed effects part
is:

fixed~Method+Rtex

with an obvious interpretation.

The data allow for a range of different models to be
fitted. The variation of models mainly concerns the
choice of fixed effects.

A comment on fixed and random effects:

Factors affecting the value of a response can be classi-
fied as either a fixed or a random effect. The actual
choice is not un-ambiguous but depends on the question
the analysis aims to answer. A factor for which the in-
terest focuses on the effect of the actual levels will be
classified as fixed. On the other hand a factor where the
levels are not of specific interest, but (can be) consid-
ered a random sample from a larger population will be
classified as a random effect. In other words a variable,
which is suspected to influence the response but which
is not of interest in itself, will be deemed random, pro-
vided its levels can be considered a random selection
from a larger population.

For the particular case, consider the Institute vari-
able. If the aim of a model is to describe the mesh size
as provided by the various methods and to assess the
levels and potential differences of the particular insti-
tutes represented in the data this variable would be con-
sidered a fixed effect. If however the particular insti-
tutes are of no interest by themselves, but merely con-
sidered a random selection from a larger population, the
Institute variable would then be considered a random ef-
fect.

A comment on multi-collinearity:

Another ambiguous aspect of building a model is the se-
lection of variables. Sometimes two or more back-
ground variables are strongly correlated, and hence es-
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sentially contain the same information about the varia-
tion in the data. Using more than one of these in a
model leads to multi-collinearity: Overlap of informa-
tion. Whenever one of them is included in the model,
including another will not provide additional informa-
tion to the model. The choice among the competing
candidates depends on various issues: If one of the can-
didates can be considered the cause for the other it
would be natural to choose this one. If however the in-
terest is on assessing the effect of a particular variable,
this one would obviously be chosen. In many cases
there is however not an obvious preference to one of the
candidates. The natural choice will then be to choose the
one which provides the best fit. This can be determined
by various statistics such as AIC (Akaike’s Information
Criterion) or BIC (Bayes Information Criterion). Both
give preference to the model with smallest value of the
statistics.

For this particular case, Rtex and dia are strongly
correlated. There are no obvious reasons for choosing
one in front of the other. Consequently this will be de-
termined by the use of AIC and BIC.

Results

The following sections contain a number of analyses,
which aim to answer the questions described above. The
focus has been on presenting the main results. Conse-
quently intermediate models are described in less detail
and results of model checks are omitted.

Exploratory analysis

Before addressing the particular questions of this analy-
sis, it is of interest to do an exploratory analysis. This
serves to provide an overview of the data and can help
in guiding the subsequent modelling.

Plots of the mesh size measurements adjusted for
nominal mesh size and grouped by Method obtain a first
assessment of the variability in the data. These are given
in Figures 1 and 2 for the SMALL and LARGE group
respectively.

SMALL

The “ICES” and the “WH” methods appear to be similar
in variation and with “WH?” at a slightly higher level
than the “ICES” method. The “WW” method seems to
display a larger variation. All three methods seem to
overestimate the mesh size in comparison with the
nominal mesh size.

LARGE
The “ICES” method appears to be at a lower level than
the two other methods and the plot indicates that this
method measures below the nominal mesh size. The
“WW” method seems to display a larger variation
These plots cover however the potential different
levels at which the institutes measure. Figures 3 and 4
give the observed measurements grouped by Method
and Institute. The larger variation within the “WW”
group is now less apparent. Instead it is seen for groups
that the Institute factor accounts for a considerable
amount of the variation, both in levels and variation for
the different methods.

A more quantitative assessment is provided by stan-
dard linear regressions for each institute. The two tables
below give the estimated ratio of measurement to nomi-
nal mesh size.

SMALL
RIVO DVZ DIFRES IMR-S

ICES 1.081 1.1963 0.9748 1.0282
WH 1.0776 1.0139 0.9971 1.0551
WW 1.2143 1.1287 0.9343 1.0116
LARGE

RIVO DvZ MAR- DIFRES IMR-S

LAB

ICES  0.9257 1.0234 09937  0.989 1.0074
WH 1.0488 1.0662 1.0686 1.0297 1.0223
WW 1.0067 1.0533 1.045 1.0105 1.0568

IMR-IS IMR-NO DFO MDMF

ICES 09932  0.9977 0.9749 0.9771
WH 1.0165 1.0244 1.0039 1.0336
wWW 1.0099 1.0145 1.0074 NA

The conclusions from these tables support the conclu-
sions from the plots.

Plots of all combinations of factors continuous co-
variates and the response variable are given in Figures 5
and 6 for the SMALL and LARGE group respectively.
A number of observations can be made from these fig-
ures and in particular from Figure 6 which present far
more data:

e There is more overlapping of Nominal mesh sizes
between the institutes for the “LARGE” data set
than for the “SMALL” one.

e Rtex and dia are close to linearly related

e Nominal mesh size and observed mesh size are close
to linearly related for all three methods

e Double twine tends to have a larger diameter (and
Rtex-value) than single twine (not unexpected)

e A similar conclusion for the relation between Nomi-
nal mesh size and Twine

Comparison of the three main methods “ICES”
G‘WH” and “WW”

Considerations for incorporation of nominal mesh size
into the model.
It is expected that the result of any reasonable mesh
measurement method is closely related to the nominal
mesh size of the meshes being measured. A given sam-
ple of netting is characterized by a nominal mesh size.
When only a few samples are measured and they are
almost all of different nominal mesh sizes, the nominal
mesh size and sample become confounded effects. In
this case it can become difficult or impossible to include
both in the model.

SMALL: Each of the four institutes represented
measured (effectively) only one sample each. It is there-
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fore not possible to estimate a variance component for
the sample. A total of 3 mesh sizes (18 mm, 35 mm, and
36 mm) were measured. The smallest was however only
measured by a single institute. The majority of the
measurements are consequently concentrated on two ad-
jacent nominal mesh sizes. This may affect the possi-
bilities of detecting an effect of nominal mesh size.

LARGE: Nine institutes are represented in the
“LARGE?” data set. Only two of these made repetitive
measurements of the same nominal mesh size on two
different samples. For the remaining institutes different
netting samples represented different nominal mesh
sizes. Consequently the nominal mesh size (within insti-
tute) is considerably confounded with the sample
(within institute). Since the nominal mesh sizes span a
considerable range it will be incorporated into the fixed
effects part of the model. This enables us to isolate the
effect caused by the choice of method. The nominal
mesh size will enter the model as a factor. This way the
estimates associated with the method parameters can be
interpreted as method specific adjustments to the nomi-
nal mesh sizes at any particular level.

SMALL
The fixed effects part used in this part of the analysis is
given by:

fixed~method-1

The -1 removes the intercept. This fits an estimate for
each method rather than a base level (= the “ICES”
method) and fitting the other methods by contrasts to
the base level.

First a simple model was fitted including only the
“Method” as fixed effect and with random~1|Inst/Mesh.
This was compared with a model with a more simple
random effects structure: random~1|Inst. A likelihood
ratio test gave preference to the simpler model. (Note
however that by convention random effects are nor-
mally not tested for, but in this particular case the vari-
ance component attributed to the mesh within institute
was very small. Furthermore inclusion of this compo-
nent impeded the estimation of confidence intervals).

It is seen that there is a considerable overlap between
the confidence intervals and it is not possible to detect
any difference between the three methods. With the
overall objective in mind (and because the data cover a
relatively wide range of nominal mesh sizes) it does
however not serve any purpose to fit a common level for
the three methods.

Instead it could be asked if the variation and imbal-
ance in nominal mesh sizes prevents the detection of
differences. A model based on a data set with the small-
est nominal mesh size removed was fitted. It did how-
ever not detect any difference. Finally a model was fit-
ted with separate levels for each combination of nomi-
nal mesh size and method. This model could also not
detect any difference between methods within any of the
three levels of nominal mesh size.

LARGE
For the large mesh data the fixed effects part used is
given by:

fixed~NomMesh+method-1

The results in the first 14 lines of the following table
gives the expected mesh sizes for the range of nominal
mesh sizes represented in the data when measured with
the “ICES” gauge. The last two lines give the estimated
contrasts (adjustments) when measured by the “WH”
and “WW” method.

Para- Esti- Std.Error df  t-value p-value
meter mate

ICES 32.625 3.765 714  8.664370  <0.0001
WH 32213 3.765 714  8.554820 <0.0001
WwW 32983  3.765 714 8.759534 <0.0001

G, =1.51and 6 =1.64

These variance components are estimates of the be-
tween-Institute and within-Institute variances.

The 95% confidence intervals for the fixed effects
parameter estimates are:

Lo Hi
ICES 25.25 40.00
WH 24.84 39.59
WWwW 25.61 40.36

Parame- Estimate  Std.Error df t-value p-value
ter

Nom. 73.0856 1.038096 2748 70.4035  <0.0001
Mesh 70

Nom. 679113  1.065989 2748 63.7073  <0.0001
Mesh 74

Nom. 69.8879 1.065989 2748 65.5616  <0.0001
Mesh 75

Nom. 81.9833 1.065989 2748 76.9082  <0.0001
Mesh 80

Nom. 80.4773  1.030905 6 78.0647  <0.0001
Mesh 82

Nom. 96.6947 1.065989 2748 90.7089  <0.0001
Mesh 100

Nom. 105.3828 1.038096 2748 101.5155  <0.0001
Mesh 105

Nom. 107.5210 1.065989 2748 100.8650  <0.0001
Mesh 107

Nom. 132.6662 1.465892 6 90.5020  <0.0001
Mesh 135

Nom. 136.4662 1.465892 6 93.0943  <0.0001
Mesh 138

Nom. 130.4333  1.065989 2748 122.3590  <0.0001
Mesh 140

Nom. 144.3000 1.065989 2748 1353672  <0.0001
Mesh 150

Nom. 155.5585 1.475414 2748 105.4338  <0.0001
Mesh 152

Nom. 184.6721 1.475414 2748 125.1663  <0.0001
Mesh 190

Method 5.0518 0.143012 2748 353242  <0.0001
WH

Method 4.5997 0.137092 2748 33.5517  <0.0001
WW
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Gy =1.435, 6g,. = 0.8864 and & = 3.265

The 95% confidence intervals for the fixed effects pa-
rameter estimates are:

Parameter Lo Hi
Nom. Mesh 70 71.055 75.116
Nom. Mesh 74 65.826 69.996
Nom. Mesh 75 67.803 71.973
Nom. Mesh 80 79.898 84.068
Nom. Mesh 82 77.961 82.994
Nom. Mesh 100 94.610 98.780
Nom. Mesh 105 103.352 107.413
Nom. Mesh 107 105.436 109.606
Nom. Mesh 135 129.088 136.244
Nom. Mesh 138 132.888 140.044
Nom. Mesh 140 128.348 132.518
Nom. Mesh 150 142.215 146.385
Nom. Mesh 152 152.672 158.445
Nom. Mesh 190 181.786 187.558
Method WH 4.772 5.332
Method WW 4.332 4.868

Only the last two lines are of interest in terms of the ob-
jective. They demonstrate that the “ICES” is signifi-
cantly smaller than both the “WH” and “WW” method.
These two methods, on the other hand, do not appear to
be significantly different.

It should be noted that these models (SMALL and
LARGE) were designed to assess potential differences
between the three measurement methods rather than for
the purpose of describing actual mesh sizes. The models
are fitted across different magnitudes of actual mesh
sizes and thereby average the differences across these
spans. Consequently they should not be used for pre-
dicting actual mesh size measurements with any of the
three methods.

Main factors affecting the mesh measurements

The analyses conducted here take the models used in the
previous section as an offset. The purpose is to describe
the variability observed in the data by including addi-
tional (fixed) effects. “Rtex” and “diameter” will not en-
ter the models simultaneously (c.f. notes above). The
plots in Figures 5 and 6 suggest that the observed mesh
size be described by a non-linear relationship with either
of the two variables. Preliminary tests showed that the
square root of Rtex (or diameter) provided a better fit.
“Twine” will be tested for in the “LARGE” data set.

SMALL
First, two models were fitted to identify which of the
two competing covariates to include for further analysis:

M1: fixed~ method*sqrt(Rtex)
M2: fixed~ method*sqrt(dia)

(Note that these models include both main effects as

well as interaction effects.) Rtex was chosen based on a

lower value for both the AIC and the BIC statistics.
Next it was investigated if M1 could be reduced.

48

The results of fitting M1 is given in the following
table:

Para Estimate Std. Error  df t-value  p-value
meter
Intercept 7.23799 9.547382 712 0.75811 0.4486
WH -4.88662 0.603206 712 -8.10108 <.0001
WW -10.30566 0.603206 712  -17.08482 <.0001
Sqrt 0.65239 0.240077 2 271742  0.1129
(Rtex)
WH_sqrt 0.11497 0.015168 712 7.58003 <.0001
(Rtex)
WW_sqrt 0.27404 0.015168 712 18.06691 <.0001
(Rtex)

The Intercept corresponds to the “ICES” method,
whereas “WH” and “WW?” are contrasts. The table sug-
gests that the main effect of Sqrt(Rtex) is insignificant.
A likelihood-ratio test for removing the effect of
Sqrt(Rtex) altogether was rejected. Therefore a model
with only interaction effects (and individual levels for
the three methods) was fitted:

M3: fixed~ method+ method.:sqrt(Rtex)

With the following result:

Parameter Estimate Std. Error df t-value p-
value
Intercept 7.23799 9.547382 711 0.75811 0.4486
WH -4.88662 0.603206 711 -8.10108 <.0001
WwW -10.30566 0.603206 711 -17.08482 <.0001
ICES sqrt 0.65239 0.240077 711 2.71742 0.0067
(Rtex)
WH_sqrt 0.76736 0.240077 711 3.19633 0.0015
(Rtex)
WW_sqrt 0.92643 0.240077 711 3.85889 0.0001
(Rtex)

The model could not be reduced any further.

The interaction terms imply that Rtex (or rather
sqrt(Rtex) acts differently upon the three methods. By
way of example consider a sample of netting with an
Rtex value of 1325. The expected mesh size measure-
ment given by the three methods would then be:

ICES: 7.23799+0.65239*sqrt(1325)=30.99
WH: 7.23799-4.88662+0.76736*sqrt(1325)=30.28
WW: 7.23799-10.30566+0.92643*sqrt(1325)=30.65

LARGE

Similarly to the “SMALL” data set two models were fit-
ted. This time however also including the “Twine” ef-
fect

M1: fixed~ method*sqrt(Rtex) *Twine
M2: fixed~ method*sqrt(dia) *Twine

Contrary to the “SMALL” data set the AIC and BIC sta-
tistics gave preference to “Diameter” as explanatory
variable. The results of fitting M2 are given in the fol-
lowing table:
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Para- Estimate Std. df t-value  p-value

meter Error
Intercept  158.3278 11.94311 2749 13.25684 <.0001
WH -16.0561 10.23822 2749 -1.56825 0.1169
wWw -13.5162  9.76109 2749 -1.38471 0.1663
sqrt(dia)  -20.7422  3.48686 2749 -5.94868 <.0001
Twine -132.2997  8.95710 2749 -14.77038 <.0001
WH_sqrt 9.8903  4.57957 2749 2.15965 0.0309
(dia)
WW_sqrt 8.2788  4.33466 2749 1.90990 0.0563
(dia)
WH_ 35.8510 13.05468 2749 2.74622 0.0061
Twine
WW_ 16.3268 11.46217 2749 1.42441 0.1544
Twine
sqrt 58.3751  3.98794 2749  14.63790 <.0001
(dia)
_Twine
WH _sqrt  -18.1206  6.12022 2749 -2.96077 0.0031
(dia)
_Twine
WW sqrt  -7.7207  5.20246 2749 -1.48405 0.1379
(dia)
_Twine

variation in the regressions and in particular for the
slopes. Regression lines parallel with the identity line
suggest the difference between the two models to be
modeled as a constant. Institutes with measurements
well represented over a larger range show regression
lines close to parallel with the identity line, whereas the
cases with larger departure from parallelism all cover a
very narrow range. These cases should therefore not dis-
turb a hypothesis of a constant difference. A closer in-
spection of Figure 9 reveals a slight curvature, with lar-
ger differences for both small and large values. A sec-
ond order polynomial relation will therefore be used as
a starting point:

ICES10KGF~ICES+ICES’

The following table lists the results of fitting this model:

Parameter ~ Value Std. Error  df t-value  p-value

Intercept ~ 11.44031  1.642558 1288 6.96494  <.0001
ICES 0.89837  0.026501 1288  33.89884  <.0001
ICES"2 0.00034  0.000112 1288 3.01690  0.0026

Tests for removing the triple interaction effect
Method:Sqrt(dia): Twine were rejected. This was also
the case for a test for removing one of the dual interac-
tion effects Method: Twine and Sqrt(dia): Twine and
Method:Sqrt(dia): Twine.

To find a suitable conversion formula between meas-
urements with “ICES” and “ICES10KGF”

Some exploratory plots first assess the relation between
measurements taken with the “ICES” and the
“ICES10KGF” method. A histogram of all differences
between the two methods suggests an asymmetric dis-
tribution (Figure 7). This plot makes no distinction be-
tween the Institutes. When plotting histograms for each
institute, the distribution within these seems however
closer to normal, but with considerable variation in lo-
cation and variance. In analogy with the above analyses
it is therefore reasonable to use the institute as a random
effect. The variation between samples is mainly ac-
counted for by the mesh size measurements themselves
and therefore deemed unnecessary here:

random~1|Institute

In Figure 9 the measurements taken with “ICES10KGF”
are plotted against measurements taken with “ICES”
along with the identity line. It is seen that for the vast
majority of measurement the “ICES10KGF” measure-
ment is larger than the “ICES” measurement. In Figure
10 the same plots are done by Institute. These plots also
contain simple linear regression lines along with the es-
timated coefficients. These plots reveal a considerable

&, =2.137,6 =3.012

Likelihood ratio tests for reduction of the model by re-
moving one of the three terms one at a time were all re-
jected. This will therefore also be the final model:

ICESIOKGF=11.4403+0.8984*ICES+0.00034*ICES"2

The curve predicted from the model is plotted with the
observed measurements in Figure 11.

An extended conversion formula with additional
variables

For the purpose of obtaining a more precise conversion
formula, it was assessed whether additional variables
could improve the model. Three candidates were tested
in two separate competing models, which are extensions
of the model above. The first includes “diameter” and
“Material” and the second includes “Rtex” and “Mate-
rial”. The models will have both main effects as well as
interaction effects. Likelihood ratio test were used for
potential reductions of the models:

Diameter and Material:
The fit provided by this model is given in the following
table:

Parameter Value Std.Error df t-value p-value
Intercept  4.550772  1.890687 1285 2.40694 0.0162
ICES 0.897686 0.025918 1285 34.63595 <.0001
ICES®2  0.000334 0.000110 1285 3.04658 0.0024
Material ~ 8.654418 1.171618 1285  7.38672 <.0001
dia 1.026483  0.134343 1285 7.64077 <.0001
Material:  -1.329681 0.187891 1285 -7.07688 <.0001
dia
&, =2.581,6 =2.930
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PE is used as the default level for the “Material” factor.
By way of example a measurement of 80 mm taken with
the standard ICES gauge on a mesh made of PA with a
diameter of 3.5 mm is expected to give a value of:

4.550772+0.897686*80+0.000334*807+8.654418+1.02
6483%3.5-1.329681%3.5=86.10

with the ICES10KGF gauge.
Whereas the same measurement on a PE mesh with
the same twine-diameter is expected to give:

4.550772+0.897686*80+0.000334*80%+1.026483*3.5=
80.22

Rtex and Material:
The fit provided by this model is given in the following
table:

Para- Value Std. df  t-value p-
meter Error value
Intercept) 8.049990 1.797714 1285 4.47790 <.0001
ICES 0.885842 0.026356 1285 33.61055 <.0001

ICES™2 0.000414 0.000113 1285 3.66244 0.0003
Material 5.019889 0.821939 1285 6.10737 <.0001
Rtex 0.000114 0.000022 1285 5.07902 <.0001
Material: -0.000217 0.000038 1285 -5.67832 <.0001
Rtex

&, =2.512,6 =2.960

In both cases the additional term showed a significant
improvement by likelihood-ratio test against the previ-
ous model. Tests for reduction of the models were also
rejected. A comparison of the two extended model, by
the use of AIC and BIC statistics gave preference to the
model using diameter. For practical purposes it is how-
ever believed that the two models perform equally well.
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Figure 1. Panel plots of observed measurements adjusted for nominal mesh sizes and grouped by methods. SMALL group.
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Figure 2. Panel plots of observed measurements adjusted for nominal mesh sizes and grouped by methods. LARGE group.
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Figure 6. Scatterplots of response variables and covariates for the LARGE group.
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ICES10Kg versus ICES4Kg
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Figure 10. Observations of ICES10KGF against ICES4KGF measurements with simple regressions and grouped by institutes.
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Figure 11. Observed values along with the identity line and the fitted regression curve.
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