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INTRODUCTION

Incidental capture, or bycatch, in fisheries is a con-
servation concern for many populations of long-lived
megafauna such as marine mammals, elasmobranchs,
sea turtles and seabirds (Goldsworthy & Page 2007,
Read 2008, Gilman et al. 2010, Anderson et al. 2011).
The bulk of global cetacean bycatch is believed to oc-
cur in gillnets (Read et al. 2006), one of the most im-

portant fishing gears used worldwide (He 2006). Gill-
nets are widely used in small-scale fisheries as they
are relatively inexpensive, require little infrastructure
(e.g. bait or sophisticated electronics) and can be de-
ployed and retrieved easily from small boats.

Franciscana Pontoporia blainvillei are taken as
bycatch in coastal gillnets throughout their limited
range (Praderi et al. 1989, Corcueara et al. 1994, Bor-
dino et al. 2002, Secchi et al. 2003). As a result, the
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ABSTRACT: The incidental capture of franciscana Pontoporia blainvillei in gillnet fisheries of
Argentina, Uruguay and Brazil represents a major conservation threat to this species. We report
on an experimental trial that compared franciscana bycatch rates in standard gillnets to gillnets
with 1 of 2 modifications: increased acoustic reflectivity by infusion of barium sulphate (BaSO4)
or increased flexural stiffness of the nylon twine. Field trials were conducted in association with
artisanal fishermen at San Clemente del Tuyu in Bahia Samborombon, Argentina, between
October 2009 and March 2010. Depth sensors were used to record the underwater fishing
behaviour of the 3 net types. Seventy-seven dolphins were observed incidentally captured in
807 monitored gillnet hauls, with similar fishing effort observed for each net type. There was no
significant difference in franciscana bycatch rates (p > 0.05) or target fish catches (p > 0.05)
among the 3 net types. The stiff net twine had a slightly but significantly higher flexural
stiffness (FS) than the reflective or control net twine. The FS of the dry stiff twine was similar to
that previously reported for BaSO4 twine with a similar diameter; in contrast, the FS of the
reflective nylon was, unexpectedly, much lower. However, the difference in the FS between
wet, submerged stiff twine and control twine used in the field was estimated at 19.4%. The
BaSO4 net fished with a significantly lower mean float line height than either the control or stiff-
ened net. These results show that the use of reflective or stiff nets does not lead to a reduction in
franciscana bycatch rates; therefore, other management strategies need to be developed to
reduce the impact of incidental captures of this species.
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species is listed as Vulnerable by the IUCN (Reeves
et al. 2008) and is considered to be the most threat-
ened cetacean in the Southwest Atlantic (Secchi
2010). In coastal waters of Buenos Aires Province,
Argentina, an estimated 650 dolphins are bycaught
annually (Bordino & Albareda 2004). The most recent
population estimate for this species in Argentinean
waters is 14 000 individuals (Crespo et al. 2010), so it
is unlikely that current bycatch levels are sustain-
able, and management measures are, therefore,
urgently required to reduce the incidental bycatch of
the species.

The use of acoustic alarms has been shown to sig-
nificantly reduce the bycatch rates of franciscana
(Bordino et al. 2002) and other cetaceans in gillnets
(Kraus et al. 1997, Carretta et al. 2008), but the finan-
cial cost of implementation and enforcement of
pinger use limits their applicability in many small-
scale fisheries (Read 2008). Concerns that the wide-
spread use of acoustic alarms could result in habitua-
tion or habitat exclusion remain (Dawson et al. 2013,
this Theme Section), although long-term deployment
of acoustic alarms in several commercial fisheries has
not resulted in an increase in cetacean bycatch rates
in properly equipped nets (Palka et al. 2008, Carretta
& Barlow 2011). Time- area closures have also been
used to reduce cetacean bycatch in gillnet fisheries
(Slooten 2013, this Theme Section), but also require a
specific set of circumstances to be successful, are
often unpopular with fishery participants and are
expensive to enforce. The specific set of circum-
stances needed for their effective implementation
include that the temporal and spatial patterns of
bycatch are predictable, closures effect only a small
subset of the total fishing grounds, displacement of
fishing effort to other areas does not result in higher
overall bycatch rates and fishermen are willing to
cooperate for successful enforcement (Murray et al.
2000). When a high overlap between the distribution
of the species and the fishery effort exists, time-area
closures can be economically unsustainable. Due to
the social and economic framework of the artisanal
gillnet fishery in San Clemente del Tuyu, time-area
closures are not considered a viable mitigation
method for this fishery.

In contrast, modifications to fishing gear can pro-
vide a relatively low-cost method of reducing the
incidental capture of non-target species, requiring a
one-time expenditure on new gear (Watson et al.
2005, Campbell et al. 2008). To date, however, there
have been only a limited number of trials of gillnet
modifications that have demonstrated a significant
decrease in cetacean bycatch.

The mechanism(s) by which cetaceans become
entangled in gillnets are not well understood, but one
hypothesis is that animals are unable to detect gill-
nets at sufficient distance to avoid them. Several
studies have aimed to reduce cetacean bycatch in
gillnets by increasing the acoustic reflectivity of the
nets (Dawson 1994, Northridge et al. 2003, Trippel et
al. 2003, 2009, Larsen et al. 2007), most recently by
the addition of materials such as barium sulphate
(BaSO4) or iron oxide (FeO) to increase the target
strength of the nylon mesh of the gillnet webbing.

To date, 2 trials have shown a significant reduction
in harbour porpoise Phocoena phocoena bycatch
rates in ‘acoustically reflective’ gillnets (Larsen et al.
2007, Trippel et al. 2009), but a third trial found no
such reduction (Northridge et al. 2003). The results
obtained by Larsen et al. (2007) and Trippel et al.
(2009) appear promising, but the mechanism by
which bycatch was reduced in these studies remains
unclear.

The BaSO4 impregnated nylon gillnets nets tested
by Trippel et al. (2009) had a greater target strength
(TS) than equivalent standard nylon gillnets (Mooney
et al. 2007), but this difference only occurred at or
near perpendicular angles of incidence to the net.
Larsen et al. (2007) found no significant difference in
the TS of FeO-impregnated nylon and standard gill-
nets at an angle of incidence of 0°, when the sound
signal is transmitted perpendicular to the face of
the net.

An artefact of adding BaSO4 or FeO to nylon is an
increase in the flexural stiffness (FS) of the twine
(Larsen et al. 2007, Mooney et al. 2007). A number
of authors have, therefore, postulated that the ob -
served reduction in harbour porpoise bycatch in the
studies by Larsen et al. (2007) and Trippel et al.
(2009) could be due, in whole or part, to this
increased stiffness (Larsen et al. 2002, Cox & Read
2004, Mooney et al. 2004, 2007, Trippel et al. 2009).
Increasing the stiffness of a gillnet is an attractive
potential mitigation strategy due to the relatively
low cost of such a modification, assuming of course
that target species catch rates would not be reduced
significantly as a result. The objective of the current
experimental trial, therefore, was to determine
whether bycatch rates of franciscana in a small-
scale gillnet fishery in San Clemente del Tuyu,
Argentina, could be reduced by increasing the
acoustic reflectivity or only the stiffness of gillnets.
The trial consisted of a controlled comparison of
both fish catch and franciscana bycatch rates in
acoustically reflective and stiffened gillnets with
control nets typically used in this fishery.
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MATERIALS AND METHODS

Net characteristics

The monofilament nylon material used to construct
the webbing of the 3 gillnets (control, reflective, stiff)
was specifically produced for the field trial by a man-
ufacturer in China. The 3 twine types were specified
to have a diameter of 0.57 mm. The target concentra-
tion of BaSO4 by weight in the reflective net monofil-
ament was 10%, and stiffness of the stiff nylon twine
was produced by adding a different grade of nylon. It
was expected that the reflective and stiff nylon would
have equal, but greater, FS than the control nylon,
and that the reflective nylon would have a higher TS
than either the control or stiff nylon. Prior to the com-
mencement of the field trial the average BaSO4 con-
tent in the reflective nylon (measured from 3 sam-
ples) was 9.8% (±0.1 SD), and 9.6% (±0.5 SD) after
the nets had been fished for 1 mo.

The FS of each monofilament nylon twine type was
measured following the methodology described by
Mooney et al. (2007). Thirty samples of twine, each 30
cm in length, were taken from the first factory pro-
duction run of each of the 3 nylon types (control, re-
flective, stiff). The diameters of these monofilaments
(0.625, 0.6 and 0.6 mm, respectively) were slightly
different (0.025 to 0.05 mm) from the monofilaments
used in subsequent factory runs to produce the ex-
perimental nets (Table 1), but the material properties
were identical. The ends of each strand were
clamped to a metal arm so that the monofilament
formed a loop extending downward. A pre-weighed
cup was suspended from the bottom of the loop by a
small hook, and mass was gradually added to the cup
until the widest part of the loop measured 5 mm.
These results therefore produced a measure of FS for
each of the nylon types when dry. Each strand was
subsequently submerged in a small aquarium with
circulating seawater for 48 h, and then, after being

wiped dry, was retested using the same methodology.
Monofilament diameter was confirmed using a dis-
secting microscope and a calibrated lens with a mi-
crometer. Differences in FS between the 3 types of
nylon were evaluated using a 1-way ANOVA.

Fishing trials

Experimental trials were conducted in a gillnet
fishery operating at San Clemente del Tuyu in Bahia
Samborombon, Buenos Aires Province, Argentina
(Fig. 1). The fleet consists of 50 to 60 small (6 to 10 m
in length) fibreglass launches, targeting primarily
striped weakfish Cynoscion guatucupa and white-
mouth croaker Micropogonias furnieri. Each net con-
sisted of two 50 m panels of 140 mm stretched mesh
nylon monofilament net, with a rigged height of
3.5 m. All nets were rigged with equal amounts of
flotation and lead line weight and were marked with
a unique number code. The type of net was identifi-
able by a coloured buoy at either end. Three fishing
boats took part in the experimental trial, with each
boat deploying an equal number of strings of each
net type per trip. Nets were set 100 to 300 m apart
and set parallel or perpendicular to the current de-
pending on the fishing location. Net spacing was ar-
bitrary, but was chosen so that rates of fish and non-
target catches would be comparable, but given the
length of the nets, the gear would be separated by a
sufficient distance that each set could be considered
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Net type            Factory samples         Argentina samples
                                   (mm)                               (mm)

Control                       0.625                              0.575
Reflective                     0.6                                0.575
Stiff                               0.6                                0.625

Table 1. Twine diameter of the 3 nylon types from the first
factory samples produced for the experimental trial and for
the twine samples actually used in the Argentinean gillnets.
(The factory order for the Argentina samples was for #12,
57 mm; the differences reflect issues of quality control 

during manufacturing)

Fig. 1. Study area in Bahia Samborombon, Argentina
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independent. Nets were hauled by hand, with both
the headline and lead line brought aboard the boat.
As a result, the anchors at either end of a net were
generally not hauled, so individual nets remained in
the same location until all nets were moved to a dif-
ferent fishing area. At each haul, data on fishing ac-
tivities were recorded by independent onboard ob-
servers. Recorded data included fishing locations,
soak times, environmental conditions and dolphin
bycatches. Drop outs, where an entangled animal
falls out of the net unnoticed during haul back, can
negatively bias bycatch rates (Vinther & Larsen
2004). In the current study it is unlikely that drop outs
would have oc curred without being noticed by ob-
servers, given the relatively short length of the gill-
nets used and the fact that they were hand hauled.
Total fish catches in each haul, estimated by weight,
were recorded for whitemouth croaker, striped
weakfish, king weakfish Macrodon ancylodon and 1
discarded species, Brazilian menhaden Brevoortia
aurea. Lengths were also recorded for samples of
whitemouth croaker and striped weakfish.

Fishing behaviour of gillnets

To compare the underwater fishing behaviour of the
gillnets, a pair of depth temperature loggers (Star
ODDi DST-milli; ±0.4 m accuracy) were deployed on
the float and lead lines of each control, reflective and
stiff net during 3 subsequent fishing trips in August
2011. By placing sensors on both the float and lead
lines, the active fishing height of the net can be calcu-
lated as the difference in depth measured between
each pair of sensors, thereby negating the need to
take fluctuations in tidal height into consideration. Af-
ter calibration, sensors were assigned to pairs, which
were rotated among the 3 net types. Depth was
recorded at 10 min intervals, and active fishing
heights of the 3 nets were compared using a gener-
alised linear model (GLM) with Gamma error distri-
bution and inverse link function. These data were also
used to calculate the proportion of the theoretical net
area fished by each net. The 2-dimensional theoretical
fishing area of a gillnet can be calculated as the length
of the net multiplied by the rigged height of the net.

Data analysis

Count data models, such as Poisson and quasi-Pois-
son, and negative binomial models are commonly
used to analyse bycatch data. The simplest of these is

the Poisson model, in which the variance of the
uncertainty in the data is assumed to equal the rele-
vant expected values. However, bycatch data are
often over-dispersed relative to the Poisson (Minami
et al. 2007, Gardner et al. 2008, Sims et al. 2008,
Orphanides 2009), and therefore require models that
relax this assumption. GLMs with Poisson, quasi-
Poisson and negative binomial error distributions
were constructed, and their residual errors and dis-
persion estimates were tested for over-dispersion.
The results indicated slight over-dispersion; thus, to
be conservative, the negative binomial was used to
investigate the effect of net type, location (latitude,
longitude, distance from shore), depth and fish
catches (for 3 target and 1 discard fish species) on
dolphin bycatch, using stepwise forward and back-
ward model selection. Data on whether nets were set
parallel or perpendicular to the current were not
recorded for all hauls and were therefore not
included in the model. As depth data could not be
collected onboard the fishing vessels, depths were
estimated from bathymetry data and fishing locations
grouped in depth bins of ≤5, 6 to 10 and 11 to 15 m.
The natural logarithm of soak time was included as
an offset in all models so that dolphin bycatch was
modeled as a rate. A generalised additive model
(GAM) with negative binomial error distribution
(theta = 3.7) was used to investigate whether dolphin
bycatch events were clumped through time, by look-
ing for non-linear trends in the data.

The effect of net type on catch rates (kg/soak time)
of the 3 target and 1 discard species were investi-
gated using a GLM with negative binomial error dis-
tribution. A Kolmogorov-Smirnov test was used to
compare length-frequency distributions (LFD) of a
subset of fish (whitemouth croaker and striped weak-
fish) from the 3 net types. All data analyses were per-
formed in the computer package R (V2.11.1).

RESULTS

Flexural stiffness of nylon twine

The mean FS of the control, reflective and stiff
nylon were 169.4, 152.0 and 239.7 g, respectively, for
the dry samples, and 69, 63 and 75.6 g, respectively,
for the samples which had been immersed in sea water
for 48 h, hereafter termed ‘wet’ samples (Fig. 2).
There were significant differences among the FS
of the 3 twine types for both dry (1-way ANOVA;
F2,87 = 574.2, p < 0.001) and wet samples (1-way
ANOVA; F2,87 = 23.48, p < 0.001). Results of general
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linear hypothesis testing using Tukey’s all pairwise
comparisons showed the FS of the stiff nylon was
 significantly higher than that of both the control (dry:
p < 0.001, wet: p < 0.01) and reflective nylon (dry:
p < 0.001, wet: p < 0.001). The FS of the control nylon
was also significantly higher than that of the reflec-
tive nylon (dry: p <0.001, wet: p < 0.01). The FS of the
stiff twine, for dry samples only, was similar to that
previously reported for BaSO4 twine with a similar
diameter (Mooney et al. 2007), but the FS of the
reflective nylon was, unexpectedly, much lower.
However, the nylon monofilament used to compare
FS with the barium sulfate-infused monofilament in
that previous study was not sourced from the same

manufacturer (A. Mooney pers. comm.)
and may have been produced using a
different grade of nylon. As shown in
our FS measurements, using different
grades of nylon can result in stiffness
differences between monofilaments.
The present study used identical
grades of nylon for both the standard
and barium sulphate nets.

Fishing trials

A total of 807 gillnet hauls were
observed during 157 fishing trips con-
ducted between October 2009 and
March 2010. Nets were deployed in
150 different locations, and each loca-
tion was sampled between 1 and 19

times. Two main fishing grounds were utilised, an
area inside Bahia Somborombon (BS) at water depths
of 3 to 7 m and offshore of San Clemente del Tuyu
(SC) at depths up to 17 m (Figs. 1 & 3). Most (84%)
fishing effort was observed in SC, which accounted
for 94% of bycatch events. Mean (±SD) fishing effort
was similar for all 3 net types (962.36 ± 63.06 km net−1

h−1). Franciscana bycatch was re corded in 68 ob -
served hauls (Fig. 3b), resulting in a total bycatch of
77 dolphins. The number of dolphins caught per
haul ranged between 1 and 3 individuals, but most
(88%) bycatch events consisted of a single animal.
Approximately half (58%) of the dolphins were
males, and 66% of all animals were mature (based

5

Fig. 2. Flexural stiffness of 3 nylon types (used as gillnet twine) for dry and wet
samples (boxplot shows median, quartiles, 90th and 10th percentiles and out-
liers). Horizontal lines indicate stiffness measurements of the dry (dotted) and
wet (dashed) BaSO4 line reported by Mooney et al. (2007)

Fig. 3. (a) Locations of all observed hauls by net type in the 2 main fishing areas, Bahia Somborombon and San Clemente
(Fig. 1). (b) Locations of all franciscana Pontoporia blainvillei bycatches as number of dolphins per haul
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on total body length; see Kasuya &
Brownell 1979). Data on observed fish-
ing effort and dolphin bycatches (both
as number of events and number of
individuals) are summarised by net
type in Table 2. There was no signifi-
cant difference in the bycatch rate of
franciscana among the control, reflec-
tive, or stiff nets (p > 0.05).

Highest bycatch rates were re corded
at depths of 11 to 15 m; however, this
explanatory variable was not retained
in the best model, as judged by
Akaike’s information criterion (AIC),
of the data. After model selection, the
final negative binomial GLM retained
the variables longitude, whitemouth
croaker catch, and an interaction
between these terms as the best pre-
dictors of dolphin bycatch, though
none was statistically significant (p >
0.05). If longitude was ex cluded from
step selection, the final model retained
the variables depth and whitecroaker
catch, with a positive significant rela-
tionship be tween bycatch rates and
the depth category 10 to 15 m (p <
0.01) and with a negative significant
relationship with whitecroaker catch
(p < 0.05). However, this model had a
higher AIC value than the best model
when longitude was in cluded (Table 3).
No temporal ex planatory variables
were retained in the final model, and
an investigation of bycatch rates
through time using a GAM with nega-
tive binomial distribution showed a
linear in crease over time, but no evi-
dence of temporal aggregation.

There were also no significant differ-
ences in CPUE for the 3 target fish spe-
cies (p > 0.05) or 1 discard  species
(p > 0.05) among the 3 net types
(Fig. 4). The mean length of a sub-
sample of fish caught in the 3 net types
was similar for both striped weakfish
and whitemouth croaker (Fig. 5a,b). There was no
significant difference in the LFD of striped weakfish
be tween the control and reflective (Kolmogorow-
Smirnov (KS): p > 0.1) or control and stiff nets (KS: p >
0.1) (Fig. 5a,b). Likewise there was no significant dif-
ference in the LFD of white mouth croaker between
the control and reflective nets (KS: p > 0.05). How-

ever, a significant difference in the LFD of white-
mouth croaker was found be tween the control and
stiff nets (KS: p < 0.05). A bimodal length distribution
was seen in all nets for this species, but the dip in the
distribution oc curred around 51 cm length in the stiff
net, compared to approximately 54 cm in the other 2
nets (Fig. 5a).
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Net           Hauls   Bycatch   No. of     Fishing effort   CPUE         CPUE
                               events   dolphins   (km net−1 h−1)   (haul)   (km net−1 h−1)

Standard    279          22            27             1019.12         0.08             0.03
Reflective   255          25            27              894.48          0.10             0.03
Stiff             273          21            23              973.48          0.08             0.02
Total           807          68            77             2887.08                                 

Table 2. Summary of observed fishing effort and franciscana Pontoporia blain -
villei bycatch (number of events and individuals) and catch per unit effort 

(CPUE) by haul and kilometer net hour fished

Best model parameters                       Estimate               SE                 p-value

Best model including longitude
Longitude                                               0.371               2.9897               0.901
Whitemouth croaker catch                 11.1491             8.2603               0.177
Longitude: whitemouth                       0.1969              0.1457               0.177
croaker catch

AIC                                                        525.18

Best model excluding longitude
Depth (6−10 m)                                     0.1243              0.2927               >0.05
Depth (11−15 m)                                   0.8494              0.3114               <0.01
Whitemouth croaker catch                −0.0200             0.0100               <0.05
AIC                                                        527.31

Table 3. Summary of parameter estimates, standard errors (SE), p-values and
Akaike’s information criterion (AIC) for the best model and for the best model 

when longitude is excluded

Fig. 4. Average fish catch per haul (kg) of the 3 main target species (white-
mouth croaker Micropogonias furnieri, striped weakfish Cynoscion guatucupa,
king weakfish Macrodon ancylodon) and the bycatch species Brazilian men-
haden Brevoortia aurea in control, reflective and stiff nets. Error bars are SD
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Net behaviour

The mean float line height for all deployments
combined was 2.26 m for the control net (95% CI:
2.17 to 2.35), 2.23 m for the stiff net (95% CI: 2.14 to
2.32) and 1.84 m for the reflective net (95% CI: 1.77
to 1.91). Results of a GLM with Gamma error distri-
bution and inverse link function showed that the float
line height of the reflective net was significantly
lower than that of the control net, but there was no
significant difference in float line height between the
control and stiff nets (Table 4).

In both the first and third deployments the control
and stiff nets fished between 66 and 77% of the
rigged net area, whilst the BaSO4 net fished between
50 and 53%. During the second deployment, the stiff

net fished 56% of the rigged net area; the standard
net, 55%; and the BaSO4 net, 43%. These lower esti-
mates of fishing area for all 3 nets during the second
deployment were a result of the long soak time of
these nets (6 d) as a result of bad weather, and there-
fore in creased fish catches.

DISCUSSION

Neither reflective nor stiff gillnets produced any
significant reduction in franciscana bycatch in this
controlled field trial. Net type was not retained in the
final GLM, and the best predictor of dolphin bycatch
in the study area was location, with a positive signif-
icant relationship between bycatch rates and de -
creasing longitude. While not retained in the best
model, as judged by AIC, highest bycatch rates
occurred at depths between 11 and 15 m. However,
longitude provides a better fit to the data due to the
fact that multiple entanglements were only recorded
in the eastern part of the study area (Fig. 3b), there-
fore creating a stronger relationship between longi-
tude and bycatch rates. Unlike the present trial, 2
previous studies reported a significant reduction in
bycatch (of harbour porpoises) in gillnets with physi-
cally modified net material (Larsen et al. 2007, Trip-
pel et al. 2009). These nets were developed based on
the premise that, by increasing the acoustic reflectiv-
ity of gillnet meshes, echolocating cetaceans would
be able to detect them at a sufficient distance to
avoid entanglement.

Mooney et al. (2007) found acoustically reflective
nets (FeO and BaSO4) had a higher TS than standard
nylon nets. However, this difference was only found
at, or near, perpendicular angles to the net, and TS
was found to decrease as the angle of incidence
increased. The TS of the reflective nets was not
tested in the current trial, but they contained the
same amount of BaSO4 (10% by weight) as those
examined by Mooney et al. (2007). Therefore, we
assume they should have a higher TS than the con-
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Fig. 5. Kernel density plots of (a) whitemouth croaker Micro -
pogonias furnieri and (b) striped weakfish Cynoscion guatu-
cupa length distributions in control, reflective and stiff nets

                              Estimate               SE                  p-value

Intercept                  0.81                0.046                <0.001
Reflective net          −0.20                0.058                <0.001
Stiff net                    −0.02                0.065                >0.05  

Table 4. Output of the generalised linear model (with
Gamma error distribution) showing the reflective net fished
with a significantly lower float line height than the control
net (represented by the intercept), but no significant differ-
ence between the fishing heights of the stiff and control nets
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trol nets, particularly as all the other net material
properties were identical. However, this assumption
may not hold, as the FS of the BaSO4 was much lower
than that tested by Mooney et al. (2007), which sug-
gests that, even with the same percentage BaSO4, the
properties of the nylon were different. We cannot
know how these differences may have affected the
acoustic reflectivity of the reflective nets used in this
trial. However, the use of reflective nets did not lead
to a reduction of franciscana bycatch rates in the
present study. Larsen et al. (2007) found no signifi-
cant difference in TS between reflective FeO nets
and control nets at an angle of incidence of 0° and
proposed that the reduction in harbour porpoise
bycatch observed was most likely due to the
increased stiffness of FeO nets. Trippel et al. (2009)
also suggested that the increased stiffness of BaSO4

nets, as well as their increased reflectivity, con-
tributed to the reduction in the harbour porpoise
bycatch they observed. In contrast, Northridge et al.
(2003) observed no reduction of harbour porpoise
bycatch in BaSO4 nets.

The finding that the FS of the reflective nylon twine
was significantly lower, for both wet and dry sam-
ples, than that of the control nylon twine was unex-
pected. The FS of the reflective net was also much
lower than that reported by Mooney et al. (2007) for
BaSO4 with a similar twine diameter (~0.6 mm). In
contrast, the stiff net had a higher FS than the BaSO4

net measured by Mooney et al. (2007) for dry samples
(239.7 vs. ~205 g, respectively), but was lower for wet
samples (75.6 vs. ~125 g, respectively). Stiffness
measurements of control and stiff monofilaments
submerged in seawater showed an unexpected result
in that the difference (9%) was much smaller than
when dry (31%). Nevertheless, the stiff twine used in
the laboratory tests had a diameter 0.025 mm less
than that of the control monofilament sample,
whereas in the field experiment the diameter of the
stiff net twine came off the production line 0.05 mm
larger than the monofilament diameter of the control
net. Given the linear relationship be tween stiffness
of monofilament and its diameter (Mooney et al.
2007), the FS of the wet control and stiff twines meas-
ured in the laboratory can be extra polated to esti-
mate the FS of those twines used in the field. Under a
strict linear relationship the estimated FS of sub-
merged 0.575 mm control twine used in the field
is 63.48 g, while the estimated FS of submerged
0.625 mm stiff twine used in the field is 78.75 g.
Therefore, the submerged stiff twine used in the field
had an estimated increased stiffness of 19.4% rela-
tive to the submerged control twine used in the field.

The FeO nets tested by Larsen et al. (2007) were
stiffer than standard nylon nets used in the trial (mea-
sured using E-alpha, the modulus of elasticity [IUPAC
1997]), but these nets were equipped with additional
flotation to compensate for the increased specific
gravity of the FeO mesh, so the vertical ‘stiffness’ of
the net (its tension, rather than the material stiffness
of the monofilament) would also have been greater.
Additional flotation was not added to the reflective
nets in this experiment or in the Trippel et al. (2009)
trial. Depth sensor data collected during the present
study showed that reflective nets fished with a signifi-
cantly lower mean float line height than the control or
stiff nets during all deployments. This reduction in
the active fishing height of reflective nets did not lead
to a reduction in franciscana by catch. The number of
hauls needed to have sufficient power to detect a
specified reduction in bycatch rates in a net with a re-
duced fishing profile can be estimated using the
power.of.sample function in R (Mike Lonergan, Sea
Mammal Research Unit, St. Andrews). This function
assumes a linear relationship between fishing profile
and bycatch rates. Using the observed bycatch rate in
control nets of 0.08, this function estimated that the
observed 255 hauls of both control and reflective nets
are sufficient to detect a bycatch reduction of ≥10% in
reflective nets, with a power of 0.8, taking into ac-
count the 18% reduction in observed fishing profile
of these nets. Therefore, the experimental design
possessed sufficient power to conclude that the re-
duced fishing profile of the reflective nets did not
 result in a bycatch reduction of ≥10%.

Fish catches

Fish catches, by weight, were similar in all 3 net
types (Fig. 4), and there was no significant difference
in CPUE for the 3 target fish species, or the 1 discard
species among the control, reflective, or stiff nets (p >
0.05). Larsen et al. (2007) reported a significant
reduction in CPUE (both by number and weight) of
cod Gadus morhua in FeO nets, while Trippel et al.
(2009) reported a significant reduction in CPUE of
haddock Melanogrammus aeglefinus in BaSO4 nets.
However, in the latter trial there was no significant
difference in the CPUE of cod, saithe Pollachius
virens, or spiny dogfish Squalus acanthias. The
authors of both experiments proposed that the
observed reduction of CPUE of some target species
was due to the increased stiffness of the reflective
nets, which could lead to a reduction in the number
of enmeshed fish, as opposed to gilled fish, in the net.
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Length-frequency distributions of a sub-sample
of striped weakfish and whitemouth croaker were
similar between the 3 nets in the current study.
Data on fish lengths were recorded from sets
where the 3 net types were fished concurrently in
the same location, to reduce any effect of temporal
or spatial differences in fish assemblages. The sig-
nificant difference found in the length distribution
of whitemouth croaker between the control and
stiff net was a result of a reduced number of
length class ~51 cm individuals of this species in
the stiff net. Larsen et al. (2007) reported a signifi-
cant reduction in the length distribution of both
cod and saithe in FeO nets and noted that fish
caught in these nets were generally gilled rather
than entangled, most likely due to the in creased
stiffness of the FeO twine. However, due to the
additional flotation on these nets, it is likely that,
as well as increased twine stiffness, the nets were
also stiffer in the vertical plane. Increasing the
vertical stiffness of a gillnet has been shown to
reduce the bycatch of some shark species, as they
are less likely to become wrapped up in the web-
bing of the modified nets (Thorpe & Frierson
2009). In contrast, no significant difference was
found in harbour porpoise bycatch rates during a
paired trial using standard skate nets and skate
nets rigged with double the amount of flotation
(Northridge et al. 2008). The stiff net in the
present study had a higher FS than did the control
net, but the underwater fishing behaviour of the 2
nets was similar. We speculate that the lower num-
ber of whitemouth croakers of length ~51 cm
caught in the stiff net may represent a point at
which the increased FS of the nylon meant the
mesh could no longer be deformed enough for a
fish to be gilled and, furthermore, that there is a
gap in length class before a larger fish can become
entangled in the net.

The reduction in float line height of the reflective
net did not result in a reduction of fish CPUE, but the
mean length of both whitemouth croaker and striped
weakfish was slightly higher than in the control or
stiff net. Fish are more likely to become enmeshed,
than gilled, in a slackly hung net (He 2006). It is pos-
sible that the observed reduction in the fishing pro-
file of the reflective net resulted in greater slackness
of the webbing than in the control or stiff net, and
therefore in an increased probability of enmeshing
larger fish. However, data on whether fish were
gilled or enmeshed were not collected during the
experiment, as this aspect was beyond the scope of
the study.

Acoustic reflectivity versus stiffness

Neither the decreased fishing height of the reflec-
tive net, nor the relative increased stiffness of the stiff
net led to a reduction in franciscana bycatch in this
study. Increased reflectivity was suggested as the
possible mechanism behind the reduction in harbour
porpoise bycatch observed by Trippel et al. (2009),
while increased stiffness was suggested as the possi-
ble mechanism behind the reduction in harbour por-
poise bycatch observed by Larsen et al. (2007), but
neither factor influenced franciscana bycatch rates.
However, the relative difference in stiffness between
the stiff and control nets, for wet samples, in the cur-
rent study was much lower than the differences in
stiffness between control and experimental nets
reported by Larsen et al. (2007) or by Trippel et al.
(2009).

Extremely limited information is available on the
behaviour of franciscana; therefore, we cannot
assume that the behaviour of this species, in particu-
lar their echolocation behaviour or ability to detect
gillnets, is similar to that of harbour porpoises. How-
ever, a review of the current body of knowledge of
the behaviour and echolocation abilities of harbour
porpoises would be useful in trying to elucidate
whether the acoustic properties of the reflective nets
tested by Larsen et al. (2007) or Trippel et al. (2009)
resulted in a decrease in harbour porpoise bycatch in
these nets. Initial calculations of gillnet detection dis-
tances by harbour porpoises were based on source
levels (SL) recorded for captive animals. Wild por-
poises have since been recorded producing SLs up to
30 dB greater than those of captive animals; there-
fore, the estimated potential detection range of gill-
nets by this species was increased to around 13 to
26 m (Villadsgaard et al. 2007). More recently, a
study has shown that free-ranging harbour porpoises
detect and avoid gillnets at distances up to 80 m
(Nielsen et al. 2012); distances at which the small
increase in TS provided by acoustically reflective
nets is unlikely to have much influence. Additionally,
Cox & Read (2004) found no difference in echo -
location rate or echolocation intensity of harbour por-
poises around BaSO4 gillnets compared to around
standard gillnets, indicating that porpoises did not
change their echolocation behaviour in response to
the reflective net. However, Koschinski et al. (2006)
found that harbour porpoises produced significantly
longer inter-click-intervals (ICI) when echolocating
in the vicinity of a BaSO4 gillnet than when echolo-
cating near a standard gillnet, and concluded that
this represented an increase in the range at which
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porpoises detected the BaSO4 net relative to the stan-
dard net. The work of Cox & Read (2004) and other
studies (SMRU et al. 2001, Mackay 2011) show that
harbour porpoises occur near gillnets much more fre-
quently than they become entangled, suggesting that
bycatch may not result from an inability to detect
nets, at least for harbour porpoises. Harbour por-
poises have been found to produce a significantly
higher proportion of fast click trains (ICI < 10 ms) in
the presence of gillnets (Mackay 2011). Harbour por-
poises use fast click trains during navigation (Verfuss
et al. 2005), and very fast click trains have been
recorded during prey capture (DeRuiter et al. 2009,
Verfuss et al. 2009). The increased use of such trains
in the vicinity of gillnets show that free-ranging har-
bour porpoises were either acoustically investigating
prey around gillnets — or the gillnets themselves —
at relatively close distances without becoming en -
tangled. Therefore, the current body of knowledge
 suggests that the relatively small increase in TS re -
corded for reflective nets, and limited angles of inci-
dence at which this difference occurs, is unlikely to
affect the distance at which harbour porpoises can
detect gillnets. In addition, an object with a higher
TS, such as a herring, could easily negate the small
increase in acoustic reflectivity of such nets relative
to standard nylon nets (Mooney et al. 2007). Indeed,
BaSO4 nets had a higher porpoise bycatch rate per
string than control nets (0.07 vs. 0.04) in 1 mo during
the study by Trippel et al. (2009). The authors con-
cluded that this increased bycatch was likely due to
an increase in herring in the area and a concurrent
increase in harbour porpoise densities. While there is
no information on the SL of echolocation clicks pro-
duced by franciscana, or their behaviour around gill-
nets, the information above suggests that the reduc-
tion in bycatch rates in reflective nets reported by
Trippel et al. (2009) was unlikely to be caused by the
acoustic properties of these nets. In contrast, the
results of the depth sensor data in the current exper-
iment may  provide a more parsimonious explanation
of the de crease in harbour porpoise bycatch in BaSO4

nets observed by Trippel et al. (2009).
Float line height has been shown to decrease as

current speed increases (Stewart 1988). Results from
the current study showed an 18% decrease in the
fishing profile of the reflective nets relative to the
control and stiff nets. Current speeds in the study
area in Argentina reach up to 0.29 m s−1 (Framinan et
al. 2008). In contrast, current speeds in the Bay of
Fundy can reach 0.64 m s−1 (Brillant & Trippel 2009).
Cox & Read (2004) reported significantly higher
CPUE of American lobster Homerus americanus in

BaSO4 nets compared to control nets, and suggested
that given the heavier weight of the modified net
webbing, the BaSO4 nets may have been lying on the
seafloor for longer periods than the control nets. This
observation, along with the data from the depth sen-
sor trial in the current study, suggests that at least
some of the observed reduction in harbour porpoise
bycatch rates reported by Trippel et al. (2009) may
have been a result of a decrease in fishing height,
and therefore fishing area, of BaSO4 nets. Given the
greater current speeds in their study area, this
decrease in fishing profile is likely to have been
greater than the 18% reduction observed in the
 present study.

Other factors

The twine of all 3 net types used in the current trial
was dyed yellow to blend in with the muddy water
colour in the study area. The twine of the BaSO4 nets
used by Trippel et al. (2009) was pale blue, whilst the
control nets had transparent twine, and the twine of
the FeO nets used by Larsen et al. (2007) was reddish-
brown compared to the silvery-green of the control
nets. Both research groups noted that differences in
colour could not be excluded as having contri buted to
the observed reductions in harbour porpoise bycatch
rates. However, as most fishing in the Larsen et al.
(2007) study was conducted at night, and at depths
with low light levels, the authors suggested that
twine colour was unlikely to be the main factor be -
hind the observed reduction in bycatch rates. In a
previous report of results of their BaSO4 trial Trippel
et al. (2003) also reported a significant decrease in
seabird bycatch in the reflective nets, and concluded
that this reduction was likely due to the opaque
colour of the BaSO4 nets. In light of the net behaviour
results obtained in the current trial, it is also possible
that this reduction was a result of reflective nets fish-
ing with a reduced height compared to standard nets.

CONCLUSIONS

Bycatch rates of franciscana were not reduced in
reflective nets, suggesting that this gear modification
is not an effective mitigation strategy for this species.
This could, in part, be due to the echolocation behav-
iour of this species. franciscana produce narrow-
band, high-frequency echolocation clicks between
130 to 149 kHz (Melcón et al. 2012); however, to date,
the source level of these clicks has not been re -
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corded. Although it appears that this species has the
ability to detect gillnets, evidence to date suggests
they do not echolocate frequently (Melcón et al.
2012). The increased TS of BaSO4 nets tested by Trip-
pel et al. (2009) has been proposed as the mechanism
which led to the decreased harbour porpoise bycatch
rates they observed. However, the current body of
knowledge on the behaviour of harbour porpoises
around gillnets shows that this species can detect
gillnets at distances greater than those given by rela-
tively small increases in the TS of BaSO4 nets, sug-
gesting that this is not the mechanism by which har-
bour porpoise bycatch was reduced in the trial by
Trippel et al. (2009). Additionally, increasing the
acoustic reflectivity of gillnets would not provide a
universal mitigation strategy for bycatch of non-
echolocating marine mammals or other marine
mega-fauna.

Mooney et al. (2007) reported a FS of BaSO4 twine
33% higher than standard nylon twine of an identical
diameter, while the difference in FS between FeO
and standard nylon reported by Larsen et al. (2009),
although measured differently, was 234%. The in -
creased FS of submerged stiff net monofilament, cal-
culated in this experiment to be 19.4% higher than
that of the control twine, did not result in a reduction
in franciscana bycatch rates. Likewise, the 18% re -
duction in the fishing profile of the reflective net did
not lead to a reduction in franciscana bycatch rates.
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