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Summary

The potential environmental impacts of sound generated by marine seismic surveys have
received substantial attention in recent years. While the majority of this research has focused
on marine mammals, there is growing interest in the potential impacts of seismic activities on
marine fish and invertebrates, particularly those with commercial value. Published studies that
attempt to relate seismic surveys to catch rates have primarily focussed on experimental
examination of short term effects of less than a year, and often only weeks. Little information
is available on longer term impacts of seismic surveys on fisheries catch rates, and only two
studies to date have used commercial logbook information to examine seismic effects.
This present study aims to investigate whether a statistical relationship exists between marine
seismic signals and fish catch rates in the Bass Strait and Gippsland Basin, in which possible
causative relationships would be identified by declines in catch-per-unit of effort (CPUE) that
consistently and significantly occur in association with seismic signals. In order to account for
other factors that might influence CPUE, we also investigate potential relationships between
several environmental variables and historical fish catch rates for key commercial species in
the Bass Strait region. Other known influential factors (such as fishing depth, vessel used, and
month) that are routinely included in fishery catch rates standardizations are also included.
This desktop study has been developed in response to concerns raised by the fishing industry
during stakeholder consultation prior to a proposed seismic survey in the Gippsland Basin of
Victoria, Australia. Marine seismic surveys are used to identify the structure and physical
character of rock units below the seabed that may be indicative of oil and gas deposits, and
they represent a major source of anthropogenic underwater noise. Members of the fishing
industry believe there is a correlation between previous seismic surveys and a reduction in
fish catch rates in subsequent years.
Seismic survey data consist of the locations of each survey in the Bass Strait and Gippsland
Basin region along with their operational properties (i.e. type of survey e.g. 2-D or 3-D, water
depth, sound intensity), and start and end dates (although precise dates associated with
specific locations during most surveys were not available). Fisheries catch and effort data was
obtained from commercial logbooks for the following species: commercial scallops, school
whiting, tiger flathead, eastern gemfish, silver warehou, jackass morwong, blue eye trevalla,
arrow (Gould’s) squid, school shark, and gummy shark. Environmental data was extracted
from those available to CSIRO via the Spatial Dynamics Ocean Data Explorer and included
variables for bathymetry, sea surface temperature, temperature at depth, chlorophyll A,
geostrophic velocity (indicating tidal flow), turbidity, and salinity at depth.
The analyses used here range from simple mean comparisons of catch rates before and after
seismic surveys to the development of novel measures of the potential links between the
spatial and temporal location of each seismic survey and the array of available catch and
effort data from individual fishing records. Comparison of mean catch rates for fishing
operations that occurred close in space to, and shortly after, seismic surveys, with those
further away, in both space and time, resulted in a great many statistically significant
differences (due to the large numbers of fishing operations involved), but the majority of the
means differed by less than 10%, which is a relatively low rate compared with inter-annual
variation. In addition, both positive and negative differences were encountered.
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Three novel methods used generalized linear models that employed natural splines to allow
flexibility in the nature of the estimated regressions between catch rates (or catches) and
potentially influential factors: Method 1 (All surveys) in which all seismic surveys were
considered as independent variables, Method 2 (Nearest neighbour) in which the effect of just
one survey (the “nearest” in space and time) was considered for each fishing operation, and
Method 3 (Cumulative impacts) which summed across seismic variables for all seismic
surveys to estimate cumulative impacts of seismic surveys.
Method 1 was unsuccessful due to collinearity between the variables used to represent the
seismic surveys. For Method 2, the location and timing of the seismic surveys was strongly
correlated with the location and timing of the set of fishing operations considered to be
“nearest”. Although Method 3 eliminated the collinearity problems encountered by the first
approach, the results of this method were also influenced to some extent by the location of
seismic surveys, and to a greater degree by their timing. Method 3 proved unsuitable for
application to species that show fluctuations in abundance over the time period considered
because of confounding between such changes in abundance (the year effect) and the
estimated effect of the seismic survey over a time period of years.
There were no clear or consistent relationships between seismic surveys and subsequent
fisheries catch rates identified by analyses conducted in this study. This does not imply that
such impacts do not exist, merely that the data available to this study did not permit an
unequivocal outcome. In terms of duration since a seismic survey occurred, significant
positive and negative effects were found but could not be distinguished from inter-annual
changes in stock size or availability to fishing gear resulting from other dynamics.
Environmental factors were included in the regression analyses for four species (gummy
shark, tiger flathead, school whiting, silver warehou), and they showed significant effects
upon commercial catch rates; however their influence on the apparent seismic effects (which
are confounded with year effects) was very minor to insignificant. It has become clear that a
desktop study using fisheries catch and effort data from commercial logbooks compared to
relatively gross scale seismic data does not provide a simple solution to the question of
potential negative impacts.
This study revealed several challenges resulting from data availability and quality. It was not
possible to examine short-term effects (days or weeks) of seismic surveys on fish catch rates
because the exact timing of the location of the seismic vessel was unknown for many surveys
and unavailable for this study. Better temporal resolution for the seismic data and computing
power able to account for such high temporal resolution would aid future research. In
addition, the inability to include State fisheries data in the current models reflects a broader
issue about data inaccessibility and unavailability. Fish catch rates also respond to
environmental fluctuations that occur at a temporal and spatial resolution that is finer than that
at which these variables are recorded, and variables that are highly likely to be influential
exist but are not recorded. Thus, relatively large unexplained variability in catch rates will
continue to be a feature of the logbook data available for these analyses. Furthermore, any
examination of logbook data alone will be complicated by lack of information on the interannual variability (or availability) of fish stocks.
The problem of how to investigate whether or not seismic surveys influence fish catch rates
over a period of years has proved to be a difficult one. Despite failing to find a consistent,
significant negative (or positive) effect of seismic surveys on catch rates, the analyses in this
report present some novel approaches to solving this problem. Suggestions are made for
further methodological improvements.
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1

Background

1.1

Marine seismic signals

Marine seismic surveys represent a major source of anthropogenic underwater noise. They typically
involve the use of airgun arrays which are towed behind marine vessels and produce high intensity,
low frequency impulsive sounds at regular intervals. The sounds are reflected from the geological
features below the seabed back to the sea surface where they are received by a series of towed
hydrophones. The resulting signals are then processed using specialised software and algorithms to
generate profiles of the different geological units. These profiles are then interpreted by
geophysicists to characterise the geology of the surveyed area, usually with a focus on potential oil
and gas deposits.
Seismic surveys are designed to acquire data that can provide 2-dimensional (2-D) or 3-dimensional
(3-D) geological information. 2-D surveys involve a single streamer of hydrophones towed from the
vessel, while 3D surveys involve multiple streamers of hydrophones and densely spaced survey
lines. Due to denser survey lines, 3-D seismic surveys often result in more occurrences of lowfrequency sound than 2-D surveys, although 2-D surveys with a similar sound source and close line
spacings may produce similar sound exposure levels as 3D surveys. Further information on marine
seismic operations and the issue of environmental noise produced from them can be found in
McCauley et al (2000).
Optimum frequency range for a particular seismic array is a trade-off between resolution and depth
of penetration, with most sound produced between 10-300 Hz and greatest levels less than 100 Hz
(McCauley et al 2000). The predominant frequency range of seismic airgun emissions is within the
detectable hearing range of most fish (Ladich & Fay 2013) and can also elicit a neurological
response in cephalopods (Mooney et al 2010) and decapods (Lovell et al 2005).

1.2

Biological impacts of seismic signals

The potential environmental impact of sound generated by marine seismic surveys has received
substantial attention in recent years. While the majority of this research has focused on the effects
of geophysical exploration on marine mammals (reviewed by Nowacek et al 2007), there is growing
interest in the potential ecological impacts of seismic activities on marine fish and invertebrates,
particularly those with commercial value (e.g. Parry & Gason 2006, Popper & Hastings 2009,
Fewtrell & McCauley 2012, Løkkeborg et al 2012). Many of these studies were initiated in
response to concerns over the potential impacts of standard industry seismic acquisition techniques
on commercial fisheries, with claims ranging from changes to fish behaviour (Weilgart 2013) or the
short-term injury and death of individual organisms, to long-term decreases in stocks for a range of
commercial species (Engås and Lokkeborg 2002). Although an increasing number of laboratory
experiments are being conducted to investigate the effects of seismic airguns on marine organisms,
many of these incorporate intensities or durations of sound exposures that are unlikely to be
encountered in the field (e.g. de Soto et al 2013), particularly for simulated signals in tanks. Studies
of the potential impact of seismic surveys on catch rates of commercially important fish and
invertebrates may provide a much more realistic exposure scenario, although they lack the scientific
rigour of controlled conditions. Such studies and field observations have reported mixed results
(Parry et al 2002, Harrington et al 2010, Woodhams et al 2013), and the extent to which underwater
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noise may impact marine fisheries remains unclear. A comprehensive review of the effects of
marine seismic operations on marine biota is outside the scope of the current study and will instead
be addressed by GA in a separate published literature review.

1.3 Study objectives
This study aims to investigate whether a statistical relationship exists between marine seismic
signals and reduced fish catch rates. The “seismic effects” being sought are therefore defined as
significant reductions (or increases) in fishing catch or catch rate (catch per unit effort) that are
consistently and significantly correlated with previous seismic signals. Without detailed knowledge
of the underlying population dynamics for different species it is not possible to unambiguously
attribute changes in catches and catch rates to seismic effects or any other influences.
The specific objectives of this project are to:
1. investigate potential relationships between historical seismic survey and fish catch rate
data for key commercial species in the Bass Strait region; and
2. investigate potential relationships between several environmental variables and historical
fish catch rates for key commercial species in the Bass Strait region.

1.4 Study history
The current study was initiated in response to concerns from stakeholders in the scallop fisheries
industry. Events leading up to this study are detailed in this section.

1.4.1 2010-2011
Seismic surveys were undertaken in Bass Strait during February-April 2010 in areas used by the
scallop fishery (Harrington et al 2010). Because of concerns regarding the possible effect on the
scallop resource, scientists from the University of Tasmania undertook surveys before and two
months after the seismic survey occurred (Harrington et al 2010). The study concluded that there
were no short term (i.e. < 2 month) impacts on the survival or health of adult commercial scallops
after the seismic survey. However, during commercial fishing (May-Dec 2010), industry reported
that scallops were in poor condition for much of the season and that a major die-off occurred
(Woodhams et al 2013). Only 76% of the 2010 Total Allowable Catch (TAC) was taken. The
following season also resulted in poor catches, with reports of another die-off occurring between the
pre-season scallop survey in January 2011 (Semmens & Jones 2011) and the start of commercial
fishing in July 2011 (Woodhams et al 2013). Catches were again lower in 2012. The Victorian and
Tasmanian scallop fisheries, which operate within 20 nm of the coastline of those states, were
closed during 2010-11 to 2012-13 and 2009 to 2011, respectively, with verbal reports of a die-off
also occurring off the east coast of Tasmania.

1.4.2 2013-2014
The Australian Government, through the Department of Industry, routinely funds Geoscience
Australia (GA) to conduct seismic survey assessments of various offshore basins to provide a
regional geological framework that can support subsequent competitive bids for prospecting
licences. As part of the National CO2 Infrastructure Plan, a marine seismic survey was proposed for
2014 in the offshore Gippsland Basin to aid in identification of potential geological sites suitable for
the long term storage of CO2.
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However, after extensive stakeholder consultation in 2013, GA received feedback that the fishing
industry believe there is a correlation between previous seismic surveys and a reduction in fish
catch rates in subsequent years. Feedback from the fishing industry identified significant changes in
the abundance or catchability of commercial species over the 2 – 3 years following seismic surveys
over specific seabed habitats, suggesting some habitats may be more susceptible to impacts than
others. Feedback most often cited impacts from surveys occurring over hard ground/reef areas
believed to be spawning grounds for a range of species, particularly where these habitats occurred
in shallow water. Surveys suspected to have impacted commercial species include a range of
surveys occurring over near-shore reefs and hard-substrate areas in the north-west of the Gippsland
Basin and offshore reefs/hard ground areas in the outer north-east of the basin. These include a
survey in the mid-1990s over the reef/hard ground area near Kingfish (interpreted to be ID 2555
and/or 2584 in the seismic dataset); and the Southern Flanks 2D seismic survey in 2010, which
covered broad areas dominated by soft-sediment habitats in the southern part of the basin (ID 3285)
and reportedly coincided with die-back in scallops and other benthic species (See Section 1.4.1).
In response, GA postponed the proposed seismic survey until 2015 and engaged with CSIRO to
undertake this present desktop study of historical seismic surveys and environmental data,
comparing these to fisheries catch and effort data to identify any empirical correlations. The
statistical methodology and scope of the analysis was developed to best accommodate the
resolution, consistency and temporal and spatial coverage of historical fisheries and seismic data.
Comparison of any trends observed with relevant environmental covariates available for the region
was used to inform interpretation of statistical results. Final outputs reflect the statistical analyses
that were possible within the limitations of the available data and timeframe.
This collaborative study compiles and evaluates available Commonwealth fisheries logbook data
along with seismic survey data for inclusion into statistical analyses. The collaboration involves the
scientific expertise and experience of CSIRO and GA staff, with oversight of a steering committee
representing key stakeholder groups, including the Australian Fisheries Management Authority
(AFMA) and the Commonwealth Fisheries Association (CFA). The results of this study will
improve the evidence base surrounding this ongoing issue and will better define future data
requirements to inform decisions that can enable industries to productively co-exist.

1.5 Study species
GA consulted with the fishing industry via meetings and a questionnaire that led to the
identification of ten species of interest: commercial scallops, school whiting, tiger flathead, eastern
gemfish, silver warehou, jackass morwong, blue eye trevalla, arrow squid (Gould’s squid), school
shark, and gummy shark. Concerns include immediate adverse impacts on adults and early life
stages and a range of life cycle impacts on populations.
Catch rate data for each of the species of interest were examined statistically to see whether fishing
operations that occurred relatively close in time and distance to a seismic survey showed significant
differences relative to those that occurred further from surveys; graphical presentation of these data
is also made. From the full list of species given above, four were selected for closer statistical
examination using regression models incorporating fisheries data and environmental variables:
gummy shark, tiger flathead, school whiting, and silver warehou.
Of these, the gummy shark and tiger flathead are particularly well-suited to examination because
they are relatively long-lived animals whose populations have been relatively stable in the Bass
Strait study region since 2003 when environmental datasets typically begin. However, abundance
fluctuations have still occurred, and these are likely to be interpreted by the regression model as
seismic effects if a “year effect” is not included in the model to account for inter-annual changes in
Relationships between Seismic Surveys and Commercial CPUE
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abundance This confounding between the timing of seismic signals with temporal changes in catch
rates due to overall change in fish abundance or availability reduces the statistical power to detect
seismic impacts. In addition, these two species are major components of the Southern and Eastern
Scalefish and Shark Fishery (SESSF), and there are large numbers of catch and effort records for
both species.

1.5.1 GUMMY SHARK
Commercial targeting of shark species in Australia began with a fishery for school shark
(Galeorhinus galeus) in the 1920s in Victoria (Olsen 1954). Gummy shark (Mustelus antarcticus)
were initially a bycatch of the school shark fishery, primarily using hooks, but declining school
shark abundance during the late 1950s resulted in a change to gillnets during the 1960s, enabling
more efficient targeting of gummy shark. Management actions implemented since 2005 are aimed
at ending targeted fishing for school shark, allowing that species to rebuild (Woodhams et al 2013).
The gummy shark population is considered to be close to the management reference point of 48%
of pristine biomass (Thomson & Sporcic 2014). Gummy shark are the most valuable species caught
by the Gillnet, Hook, and Trap sector of the SESSF. Management of the gummy shark resource is
supported by age-structured quantitative stock assessments, most recently conducted during 2013
(Thomson & Sporcic 2014).
Gummy shark are thought to be a relatively sedentary species (Pribac et al 2005) that reproduce
throughout their range (throughout southern Australian waters south of roughly 30oS). As such,
separate populations, or stocks, are recognised for assessment purposes in South Australia, Bass
Strait, and Tasmania (Pribac et al 2005). There is no specific biological basis for these subdivisions,
which simply recognise that for a sedentary species that does not appear to undertake spawning
migrations, any small area could be considered a separate stock, but it balances the need for
sufficient data from each for assessment purposes (Thomson & Sporcic 2014).

1.5.2 TIGER FLATHEAD
Tiger flathead (Neoplatycephalus richardsoni) have one of the longest histories of targeted fishing
in southern Australia and have always been a major component of trawl fisheries in southern
Australia (Tilzey 1994). The fishery began in the early 1900s off NSW, but expanded southwards
during the 1970s. Tiger flathead are caught throughout the NSW, Victorian and Tasmanian sectors
of the SESSF. They are endemic to Australia and live on sandy and muddy substrates of the
continental shelf and slope. The stock assessment recognises a single stock throughout the range
(Day & Klaer 2014). Inshore movement of mature fish has been shown to occur, but otherwise large
scale migrations have not been observed (Tilzey 1994).
Flathead are a relatively long lived, productive species, which has shown slow declines and
recoveries over its long exploitation history (Tilzey 1994; Day & Klaer 2014). The most recent
stock assessment suggests that the stock is above the target reference point and is not subject to
overfishing (Day & Klaer, 2014).

1.5.3 SCHOOL WHITING
Eastern school whiting (Sillago flindersi) is a short-lived fish species (seven years maximum,
recruiting to the fishery at age 2 to 3) and is prone to large fluctuations in population size that are
possibly the result of environmental drivers of recruitment (Day 2012). Interpretation of statistical
results for this species should be treated with caution because any response in the population to
seismic surveys could easily be overwhelmed by inter-annual variability in population size.
10 | Relationships between Seismic Surveys and Commercial CPUE

School whiting are primarily caught using Danish seine although they are also caught by trawlers
(less than 5% of the total catch has come from trawl over the last decade). In the Bass Strait region
the bulk of the catch comes from the continental shelf off Lakes Entrance, with much of the total
catch being taken in the Victorian State fishery; detailed data for which was not available.

1.5.4 SILVER WAREHOU
Silver warehou occur throughout south and east Australia and around Tasmania in depths to 500m.
They are predominantly caught by trawlers (Day et al 2012). Large catches of silver warehou were
first taken in the 1970s, and catches increased to 4,400t in 2002. Since then catches have declined to
below 2000t. In recent years, silver warehou have been captured off western Tasmania as bycatch
of the winter spawning blue grenadier fishery. Studies indicate that a single silver warehou stock
exists east and west of Bass Strait (Day et al 2012).

1.5.5 COMMERCIAL SCALLOPS
Although scallops are not included in the detailed statistical analysis of catch and environmental
variables, the recent focus on potential seismic impacts on scallops warrants more in-depth
consideration of these animals. Here, we provide a brief summary of the scallop fishery and scallop
life cycle. Commercial scallop fishing within Bass Strait is managed under three jurisdictions.
AFMA manages the Bass Strait Central Zone Scallop Fishery (BSCZSF), and grounds within 20
nm of the states of Victoria and Tasmania are managed by State authorities (Stivala 2005). Data
from those states exists but was inaccessible for Victoria at the resolution needed due to
confidentiality agreements (Tasmanian data was not requested); this report therefore focuses
includes only data from the BSCZSF. Only the commercial scallop (Pecten fumatus) is considered,
although the fishery does take small quantities of doughboy scallops (Chlamys (Mimachlamys)
asperrimus). Fewer than 4000 individual fishing records for dredge operations were recorded in the
Commonwealth logbook dataset, for all years combined.
The history of the BSCZSF is described as one of “boom and bust” (Haddon et al 2006, Woodhams
et al 2013). Management centres on facilitating future recruitment by ensuring that a proportion of
the adult stock is protected from fishing. Information from pre-season surveys is used to decide
which (if any) known aggregations (scallop beds) will be opened, and which closed to protect
spawning stock during each fishing season (e.g. Semmens & Jones 2012, 2013). In addition, the
survey results are used to guide the setting of Total Allowable Catch (TAC) for each season. The
variability of the stock could be attributed to variable annual recruitment (spat settlement), (Olsen
1955; Gwyther & McShane 1988; Woodhams et al 2013), as well as to sequential fishing down of
new beds, as these are found (Haddon et al 2006). The effects of management arrangements also
contribute, to some extent, to the variability of the catches. Further details on Australian scallop
fisheries and associated management can be found in Dredge (2006).
Scallop larvae are spawned over a period of several months from August to December (Young et al
1999), and approximately one month later the pelagic larvae metamorphose into a sedentary,
demersal form (settlement). Haddon et al (2006, p.4) state “the mechanisms leading to successful
recruitment in a given area are unknown and are most likely to be complex” and “settlement has
been shown to be highly variable both temporally and spatially” (Haddon et al 2006, p.12). The
suggestion is that seismic surveying could disrupt these processes (J. Semmens, IMAS, pers comm),
although underlying mechanisms have not been addressed. The minimum size limit imposed for
commercial scallops (90 mm maximum diameter to 2011, 85 mm afterwards) is designed to protect
individuals under three years old, so that a lag of three years exists between scallop recruitment and
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impact on commercial catches. Further details on scallop biology and ecology can be found in
Shumway & Parsons (2006).

2 Data extraction and initial processing
2.1 Seismic data
Seismic data were sourced from GA databases comprising both in-house seismic surveys as well as
data lodged with GA under the Offshore Petroleum and Greenhouse Gas Storage Act. Surveys
selected for this study include all 2-D and 3-D seismic surveys archived by the Federal Government
between 1950 and 2013 for the area of Bass Strait covering the Gippsland and Bass Basins (Figure
1). The data were extracted in shot point and line formats with a range of survey attributes given.
Survey attributes were available at varying levels of detail. Individual shot point locations were
available for all surveys but not used at full resolution, as this was not compatible with code and
processing capability available for this study. Seismic source information included size and
equipment details but was reduced to a classification to take into account differences in source type
(e.g. airgun vs dynamite) and source volumes. Temporal information was generally quoted at whole
of survey resolution from the survey reports. Attempts were made to source more detailed
information from existing GA archived and publicly available survey reports, but in many cases this
information was not recorded, particularly for older surveys. Where available, information at higher
temporal resolution was incorporated into analyses used in the current study.
Potential relevant seismic attributes were identified by GA from a review of relevant literature and
expert input (fisheries scientists and commercial fishing stakeholders). Where possible, a
measure/classification describing these attributes was created based on the metatdata for seismic
surveys.
Attributes included in the analysis dataset were:
1. Survey ID (aka GAMS_ID) (unique identifier)
2. Source level (representing energy output)
a. Sparker (not technically industry seismic and was excluded from the analysis)
b. Dynamite (a type used prior to aquapulses and airguns)
c. Aquapulse (a type of source used in the 1970s)
d. Small Airgun (10-1000 cubic inches)
e. Medium Airgun (1000-2000 cubic inches)
f. Large Airgun (>2000 cubic inches)
3. Combination of shot/grid point interval (measure of airgun shot density)
4. Date – at month resolution or coarser. Note that frequency and tow depth were found to be
relatively constant so that these were not considered in the analysis.
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2.1.1

WATER DEPTH

Water depth information for each 0.01 degree cell included in each survey was extracted from the
GA 250 m national bathymetry and topography grid (Whiteway 2009) and attached to all seismic
files except for the so called “problem surveys” discussed in section 2.1.2. For those, data on water
depth information was extracted by CSIRO from SDODE product 10, “AGSO Bathymetry” (see
Appendix A1). The statistical analysis used the median water depth across all cells included in each
survey.

2.1.2

FORMATTING OF SEISMIC DATA FOR INPUT INTO STATISTICAL
ANALYSIS

The area of interest is the Gippsland Basin region (Figure 1). The total study area was converted to
a 0.01 decimal degree grid (roughly 1 km squares), and this was intersected with the seismic survey
spatial data. Each grid cell in the study area was given the survey attributes of any seismic line
intersecting it. Null cells were retained. The grid was then converted to points representing the
centre of each grid cell.

Figure 1. All seismic survey activity extracted for this study indicated as black (2-D surveys) or
blue (3-D surveys) patches and lines and the boundary (red line) for the study region. For some
trawl species, a south-western boundary was imposed (black diagonal line) to separate marginal
from prime fishing grounds.

2.1.3

PROCESS FOR REFORMATTING SURVEYS WITH POOR
TEMPORAL RESOLUTION

Ideally, each 0.01 degree cell in the grid would have had an associated date and time when that cell
was seismically surveyed. Unfortunately, digital data were only available at resolutions of whole
survey for many surveys, which can have large spatial and temporal coverage (Figure 1). In the
absence of lower resolution data, the assumption has to be made that every 0.01 degree cell
included in each survey experienced seismic signals for the full duration of the survey, thus
applying a maximum possible sound impact to the entire area of each survey. A total of 16 surveys
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were identified that had anomalous spatial and/or temporal data or particularly poor temporal
resolution combined with large spatial coverage. Attempts were made to revisit the original survey
reports to reduce the temporal resolution to one month. Details on reformatting of these unsuitable
surveys can be found in Appendix A2.
A total of 183 seismic surveys (some of which are the result of splitting an existing survey into two
in order to improve temporal resolution) were included in this report (Appendix A2).

2.2
2.2.1

Fisheries data
STATE FISHERIES DATA

The State Fisheries Department, Victoria, were approached to provide State fisheries data but were
unable to provide the data at the resolution of individual fishing operations due to confidentiality
agreements with individual fishing operators. Data were provided as monthly catch and effort totals,
allocated to 1/6th of a degree blocks, but with data points relating to fewer than five vessels filtered
out. Most effort in the Victorian Rock Lobster Fishery is in the west of the state and as a
consequence, the small amount of data available was not suitable for further analysis. This is
described in Appendix A3.

2.2.2

COMMONWEALTH FISHERIES DATA

Fisheries data were sourced from the version of the AFMA Commonwealth logbook database
(GENLOG) stored at CSIRO. Data were extracted for every fishing operation that occurred within
the study area (see Figure 1). Catch data were available as kilograms of whole weight (in some
cases, especially gummy shark, these are converted from processed weight). Catch per unit effort
(CPUE) was calculated using effort unit relevant to each gear type used (this is discussed in more
detail below).
All variables that are commonly used to calculate standardized CPUE for Commonwealth fish
species were also obtained (DAY, MONTH, YEAR, LONGITUDE, LATITUDE, AVG_DEPTH,
GEAR, VESSEL_ID). For each species of interest, catch and effort data were obtained and linked
to the operations data via the ID_CSIRO variable.
The majority of shark catches were made using gillnets, with effort reported as the mesh size used
(predominantly 6 inch in Bass Strait) and the length of the net. Trawl catches dominate the datasets
for silver warehou, jackass morwong, and eastern gemfish. For tiger flathead, both trawl and Danish
seine are important, but in this report we concentrate on trawl data for this species since most of the
catch are taken with trawls. Effort was measured in hours trawled; trawls that were reported to have
exceeded 10 hours were excluded as these generally indicate either gear failure or an error in data
entry. Line gears dominate the blue-eye trevalla fishery, and effort is measured in hours fished.
Squid are caught in roughly equal numbers in trawls and using squid jigs, but as squid are not likely
to be targeted by trawlers, only records based on jig gear are considered. Unlike the fisheries for the
other species addressed in this report, the squid fishery is managed using a Total Allowable Effort
so that catch rates are unlikely to be limited by quota. Effort is measured in jig hours. Scallops are
harvested using dredges. Effort units are reported as hours fished or hours per day. Effort units are
not typically used for management or assessment (Steve Shanks, AFMA, pers comm) which might
explain the relatively large number of seemingly anomalous data values (e.g. more than 24 hours
fished in a day). The effort unit used for this study was “operations” which is equivalent to using
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catch instead of catch rate. The same was done for school whiting, which are predominately caught
by Danish seine (Table 1).
Any fishing operations reporting other effort units were excluded. Records were deleted from the
analysis if they did not contain all of the variables. Commonwealth catch records for shark catches
and line gears begin in 1997, for trawl and Danish seine catches in August 1985 (although these
may not be complete before 1986), and for squid jigs October 1977. Some of the environmental
covariates used in this investigation were unavailable prior to 2003. Longer time series are likely to
be more prone to the effects of changes in fishing gear, data recording methods, and, most
importantly, changes in fish stock sizes. For all but the scallop dataset (which contains fewer than
4000 records for all available years) the time series was restricted to 2003-2012. Data for 2013 were
excluded both because they were unavailable at the start of the investigation and because
unexpected and unexplained reductions in catch rates were observed in the east during 2013-2014
for a number of species, including tiger flathead and blue-eye trevalla.
Table 1. List of species investigated, and the fishing gear type with associated effort units used in
this investigation (generally this was the gear accounting for the greatest tonnage caught).
Species

Gear

Effort unit

Gummy shark

Mesh net

Net length

Tiger flathead

Trawl

Hours trawled

School whiting

Danish seine Fishing operation

Commercial scallops Dredge

Fishing operation

Silver warehou

Trawl

Hours trawled

Jackass morwong

Trawl

Hours trawled

Blue-eye trevalla

Hook/Line

Number of hooks used

Eastern gemfish

Trawl

Hours trawled

Arrow squid

Jig

Fishing operation

School shark

Mesh net

Net length

The trawl fishery concentrates its effort on the edge of the continental shelf. Most of the relatively
shallow areas of Bass Strait are not prime trawl grounds. Therefore, for the species primarily caught
by trawl, we restricted the dataset to a region to the north-east of a line drawn through a region of
relatively few seismic signals from Wilson’s Promontory through Flinders Island (Figure 1).
Spatial differences in mean catch rates were considered by allocating fishing operations to relatively
small scale areas. For gummy shark, areas have been identified by the shark resource assessment
group (AFMA), see Punt et al (2000). Conventional treatment of catch rate data for trawl species
such as tiger flathead and silver warehou recognise a number of large areas (zones) in which catch
rates are thought to differ. At the scale of the current study, only two of these zones are represented.
Flathead catch rates are known to differ, noticeably, at smaller scales (Neil Klaer, CSIRO, pers
comm.); therefore, for this study, we divided the study area into third of a degree blocks and then
combined selected blocks so that at least 500 fishing operations were represented in each of the
resulting sub-areas. Combination was done, in so far as possible, to keep areas of similar depth and
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habitat type together. The resulting sub-areas are hereafter referred to as flathead areas (Figure 2a).
A similar process resulted in the identification areas for silver warehou (Figure 2b). For school
whiting the SESSF fishery zones were used and are hereafter referred to as school whiting areas
(Klaer & Upston 2012), however, the bulk of catches occur in one zone (zone 60, “Bass Strait”)
with only the easternmost catches falling within zone 20 (“East B”), Punt et al 2001.
Data points whose location was obviously in error (on land or on the abyssal plane) were excluded
from the analysis. This removed only a small number of operations (e.g. 0.6% of operations from
the flathead analysis).
(a)

(b)

Figure 2. The areas to which (a) tiger flathead, and (b) silver warehou catches were allocated
Adjacent cells that share a colour have been lumped to form larger areas. The numbers in each cell
indicate the number of useable operations recorded in that cell.
The distribution of catches for all species used in the analysis were plotted in hexagonal cells,
omitting any cells representing catches for fewer than 5 vessels (Figure 3). Species for which more
fishing records were available could be plotted with finer resolution. Larger datasets suggest greater
statistical power detecting relationships between catch rates and potentially explanatory factors.
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Figure 3. Number of fishing operations between 2003 and 2012 that caught the species included in
this study. Cells that represent few than five vessels are omitted. Figure continues below.
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Figure 3, continued. Number of fishing operations between 2003 and 2012 that caught the species
included in this study. Cells that represent few than five vessels are omitted.

2.3 Environmental data
The location of each fishing operation was used to extract selected environmental covariates for use
when statistically analysing relationships with fishery catch rate data. The variables were selected
amongst those available to CSIRO through the Spatial Dynamics Ocean Data Explorer (SDODE,
see Hartog et al. 2013). Briefly, this is a MATLAB tool that maintains a library of ocean data
products (remote sensing observations and oceanographic model output). Consideration of those
variables investigated previously (Knuckey et al. 2010) resulted in the selection of SDODE
products for bathymetry, two measures of sea surface temperature, temperature at depth, and two
measures of chlorophyll A (See Appendix A1 for selected SDODE products 10, 101, 114, 120, 410,
416). After consultation with GA, the following SDODE products were added (230, 231, 282, 283,
400, 406, 452): geostrophic velocity (indicating tidal flow), turbidity, and salinity at depth (see
Appendix A1 for full references). These variables are among those known to be potential proxies
for biodiversity due to their direct or indirect relationships with species richness, composition, or
biomass (McArthur et al. 2010). Knuckey et al (2010) performed an in-depth analysis on the
inclusion of environmental variables within fisheries stock assessment models and concluded that
the only variables that had significant effect were sea surface temperature and temperature at depth,
for which month and fishing depth were adequate proxies.
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2.4 Combining seismic with fishery data: Time and Distance variables
Four new variables, TIMESS, TIMESE, DIST and DIST_MID were created and were calculated for
each fishing operation and each seismic survey. TIMESS (time since start) is the time (in hours)
that elapsed between the start of the seismic survey and the date on which the fishing operation
occurred. Similarly, TIMESE (time since end) corresponds to the date the survey ended. DIST is the
distance (in km) between the fishing location and the nearest cell included in each seismic survey.
DIST_MID is the distance between the fishing location and the midpoint of the seismic survey
(given as the median latitude and median longitude of all the 0.01 degree blocks included in the
survey). Although DIST_MID was calculated, it was not used, for reasons discussed below.
This study includes 183 seismic surveys; the analytical process therefore generated four sets (one
for each of TIMESS, TIMESE, DIST and DIST_MID) of 183 values for every fishing operation).

2.4.1

DISTANCE TO NEAREST CELL VS CENTRAL POINT

For each fishing operation, the distance between the location of the fishing operation, and the
survey is needed to capture the effect of attenuation in the sound to which marine organisms are
subjected, as distance to the survey vessel increases. Unfortunately, for surveys of large spatial
extent and long duration, the poor temporal resolution available in the seismic survey data adds
uncertainty to the available spatial information. For example, consider a fishing operation that
occurred within 1 km of one edge of a seismic survey. Was the seismic vessel 1km away from the
fishing vessel on the day of fishing, or was it 200 km away at the farthest edge of the survey area?
Such uncertainty is likely to reduce the capacity of the analyses to detect relationships between the
variables being considered.
If distance is calculated as the distance between the fishing vessel and the nearest surveyed cell (i.e.
0.01 degree block) then many calculated distances will potentially be smaller than the actual
distance between the fishing and seismic vessels. One alternative is to calculate the distance
between the fishing operation and the central point of the seismic survey. However, for fishing
operations that occur within the boundaries of the survey area, the “nearest cell” method would
return a distance of zero (or close to it), whereas the “central point” method would give a greater
distance – the distance to the central point of the survey. Fishing operations scattered within the
survey area would return a set of distances, whose magnitude would not necessarily be meaningful.
For this reason, the “nearest cell” method was chosen instead of the “central point” method.

3 Statistical methods
3.1 Comparison of means
Before employing more complex regression models to investigate relationships between catch rates
and seismic surveys, initially a simpler analysis was used that applied t-tests to compare the catch
rates of fishing operations that occurred close to the time and location of a survey, with those that
were more distant. No multiple test correction (e.g. Bonferroni) was applied, and the issue of
pseudo-replication was not addressed. The intent was to apply a crude method to see whether any
obvious differences were evident in catch rates that were “close” to seismic surveys. The tests were
applied to logged catch rates as these typically follow a normal distribution. A range of definitions
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for “close” in both time and distance were considered in those analyses (see the last paragraph of
this section for definition and justification of “close”). Note that, unlike the regression method, this
method requires an explicit definition of “close” and can therefore not detect lagged effects (where
the survey affects catch rates differentially over space and/or time), if any occur. The regression
analysis differs from this approach as it considers space and time as a continuum and estimates the
(possibly changing) effect of separation in space and/or time. Thus the regression method allows
estimation of all lag effects.
We also present a graphical analogue of this analysis, showing differences in the average
(geometric mean) catch rates, by month, for close (i.e. potentially affected) fishing operations and
all operations, regardless of potential seismic influence. However, the plot is not entirely analogous
to the t-test because it compares ‘potentially affected’ with ‘all’ instead of with ‘unaffected’, and
because it does not use a specified time threshold. Instead, the plots compare geometric mean
CPUE for all fishing operations with those that occurred within a specified distance of the most
recent seismic survey. In this way, the plots can potentially show longer-term effects than those
examined by the t-tests.
Fishing operations that were considered to be “close” to a survey were selected using a range of
time and distance thresholds. An upper limit of two years was chosen for time because at great
scales it is likely that variables, such as environmental effects and changes in population size, might
dominate. Although sound propagation models and seismic signals cause disruption to fish
generally < 5 km from a seismic vessel (McCauley et al 2003), Engås et al (1996) showed that
seismic effects can be observed up to 18 nm from the source of the seismic signal (i.e. 33 km), and
Handegard et al (2013) proposed that fish can hear the sound from seismic air guns up to 100 km
away. Kenchington (1999) examined all the available literature on the subject, concluding that
effects could occur as far away as 50 km from a survey. We adopted a liberal estimate of impact,
and 100 km was chosen as the upper limit for distance. Note that no distance limit was applied to
the data included in the regression analyses discussed below, only to the comparison of means
analysis discussed here. Time periods of up to 2 years were considered; for longer periods it is
likely that other influential factors besides seismic surveys would impact catch rates enough to
obscure seismic effects.

3.2 Regression
As discussed later, very little literature exists on incorporating seismic effects into models of fish
catch rates from logbook data. This means that there is no standard analysis available so the
methods used in this report have been carefully considered and developed. A great deal of that
development involved exploring possibilities that did not, in the end, prove fruitful and therefore
have not, in most cases, been detailed in this report. However, some of these apparent dead-ends,
and ideas that we did not have sufficient time to explore, provide a basis for future research in this
area. These are elaborated in the Discussion (Section 5). Because catch rates are potentially
influenced by many factors other than seismic surveys, a regression approach is a sensible one to
take and is the one typically applied to fisheries catch rates (e.g. Maunder & Punt 2004; Venables
and Dichmont, 2004). However, seismic surveys, which are relatively discrete events in space and
time that may have influence on catch rates over greater distances and over several years, do not
easily lend themselves to a regression framework.
We attempt to overcome these problems using the generalised linear modelling framework (GLMs;
McCullagh and Nelder 1989) defined with, in some cases, natural spline terms to allow non-linear
(smoothed) relationships between explanatory variables and the response (catch rate, or catch).
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Either the catch rate (catch per unit effort, CPUE) or the catch itself (with effort used an offset on
the log scale) is treated as the response variable, and any variables for which data are available and
that are thought to influence catches or CPUE are included as explanatory variables. The
relationships between an explanatory variable and the response variable can be linear or non-linear
(via transformation, or through smoothing). In the case of non-linear relationships, natural
smoothing splines were employed for seismic variables based on time and distance variables (see.
Section 3.2.1 for further discussion). Analyses were performed in the R Statistical Software (R
Development Core Team 2013).
A number of possible approaches to including seismic effects in fisheries regression models are
discussed here, and no doubt more approaches could be developed. Broadly, three approaches are
considered (1) surveys are treated as independent events, (2) only the “nearest” survey is modelled,
and (3) a model is built that summarises the cumulative impact of all past surveys. Hybrids of these
methods are also possible.
In all three approaches, the key information required consists of: the catch and effort of each fishing
operation, the time since each survey to each fishing operation, and the distance from each survey to
each fishing operation. To this end, time and distance variables were calculated for each survey
(time between survey and fishing event; distance between survey and fishing event) and every
fishing operation. The catch and effort data are taken directly from the log-books.
The first analysis method treats all surveys as separate events, and each fishing operation’s spatial
distance and temporal separation are included as separate effects in a regression model. In this way,
the impact of each survey is calculated independently of other surveys. There is no need to specify
survey attributes (e.g. 2D or 3D, sound source), rather, the analysis estimates which surveys have
greatest and which least impact. The cumulative impacts of multiple surveys are accounted for
because every survey is allowed to impact every fishing operation.
The second regression approach considers the impact of only the “nearest” survey on each fishing
operation. The “nearest” survey was taken to be the one that had the smallest time (elapsed between
start of survey and time of fishing operation) multiplied by distance (between nearest survey cell
and fishing operation). We applied this method to a subset of the available data for gummy shark
(for years 1998 to 2003, and for fishing operations that took place to the North West of the
previously described line through Flinders Island; Figure 1). This reduction of the size of the dataset
used eased the computational burden of what was, in the end, a preliminary investigation of a
method that was later surpassed by method 3, below.
To consider the cumulative effects of seismic surveys on fishing operations, without using the first
of the two approaches discussed above, we summed the spatial and temporal lags over the seismic
surveys, for each fishing activity (see equations below). This produces a combined covariate that
represents how much exposure, over all surveys, a particular location (in space and time) had
experienced. To allow for non-linearity in the response to surveys, we also summed up a natural
spline basis expansion of spatial and temporal lags (Hastie 1992, Venables & Ripley 2002). The
same spline function was applied to all surveys, so that effectively all surveys had the same shaped
relationship between spatial (or temporal) lags with CPUE (Figure 4). This approach allows
summation of any effects across surveys, with the estimation of a single regression coefficient for
each of the resulting variables. The use of a natural spline function allows catch rates to vary
relatively freely up or down with respect to time and distance since a seismic survey occurred
(Figure 4). Note that although Figure 4 has “Date” on the x-axis and depicts changes in catch rate
that occur relative to several surveys, the spline relationship used in the regression model is a
function of the time since the beginning of each survey. Figure 4 shows the sum of the splines for
four surveys. The spline function itself is the same for every survey so that the impact on fish catch
Relationships between Seismic Surveys and Commercial CPUE

| 21

0.0

0.5

CPUE

1.0

1.5

rates, for any particular survey, is the same on day zero of each survey. Similarly, a single spline
function is assumed for distance, and the cumulative impact of all surveys on any particular fishing
operation is the sum of that spline applied to the distances between that fishing operation and any
surveys that have occurred. The results that follow will depict the estimated effect of a single survey
on catch rates, not the sum of surveys against date as depicted in Figure 4. Instead, the x-axis will
begin at zero (the day of the survey) and will effectively show just one of the four impact patterns
that are shown in Figure 4.
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Figure 4. Hypothetical relationship between seismic surveys and CPUE for the “cumulative”
regression model. In this example, seismic surveys occur at dates 10, 40, 50 and 60, each time
causing the mean CPUE to deviate (a) upwards or (b) downwards. CPUE then recovers slowly
until the next survey occurs.
Regression coefficients were estimated for each of the summed time and distance basis functions
(of the natural splines). Categorical survey attributes (2-D vs 3-D, and sound source) were
accounted for by constructing variables that gave the count of the number of surveys of each
category that preceded each fishing operation. Water depth was treated as a continuous attribute
variable that was summed across all surveys which preceded each fishing operation.
The regression models employed were either Tweedie models using log(Catch) as the response
variable with standardization performed as part of the model (i.e. effort was included as a log
offset), or log-normal models using the natural logarithm of catch rate log(CPUE) as the response
variable. The catches of gummy shark were modelled using a generalised linear model (e.g.
McCullagh and Nelder 1989), with Tweedie distributed random variations and a log-link function
(e.g. Foster and Bravington 2013, and references therein). Here, the expected value (E[.]) of the
catch 𝐶 is given by
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E[ log(𝐶𝑖 ) ] = 𝛽0 + ∑𝐽𝑗 𝛽𝑗 𝑋𝑖,𝑗 + ∑𝑆𝑠 𝛽𝑆 𝑋𝑖,𝑠 ∑𝐾
𝑘 𝛽𝑘 𝑋𝑖,𝑘 + log(𝐸𝑖 )

(1a)

where 𝐶𝑖 is the estimated catch for the ith fishing operation (𝑖=1…N),
𝛽0 is an intercept term,
𝑋𝑖,𝑗 (𝑗 = 1,…𝐽) are the fishing variables associated with fishing operation 𝑖 (see Table 2),
𝑋𝑖,𝑠 (𝑠 = 1,…𝑆) are the variables associated with seismic surveys,
𝑋𝑖,𝑘 (𝑘 = 1,…𝐾) are environmental variables,
𝛽𝑗 , 𝛽𝑆 , and 𝛽𝑘 are the vectors of regression coefficients associated with the different types
of covariates (these are estimated parameters), and
𝐸𝑖 is the effort of the ith fishing operation (an offset).
The log-normal model was applied to tiger flathead, school whiting and silver warehou. Here, the
expected value (E[.]) of the estimated catch rate CPUE is given by the sum of a number of
variables:
E[ log(𝐶𝑃𝑈𝐸𝑖 ) ] = 𝛽0 + ∑𝐽𝑗 𝛽𝑗 𝑋𝑖,𝑗 + ∑𝑆𝑠 𝛽𝑆 𝑋𝑖,𝑠 ∑𝐾
𝑘 𝛽𝑘 𝑋𝑖,𝑘

(1b)

where 𝐶𝑃𝑈𝐸𝑖 is the estimated catch rate of the ith fishing operation (𝑖=1…N), and all other symbols
are described above for equation 1a.
For the three methods employed (i.e. all surveys, nearest survey, and cumulative), fishery and
environmental components were the same, but for the first method (all surveys) the seismic
component is:
𝑋𝑖 = (𝐷𝑖,1 , 𝑇𝑖,1 , 𝐷𝑖,2 , 𝑇𝑖,2 , … 𝐷𝑖,𝑆 , 𝑇𝑖,𝑆 )
where 𝐷𝑖,1 is the distance (km) between fishing operation 𝑖 and seismic survey 1, and
𝑇𝑖,1 is the elapsed time (days) between fishing operation 𝑖 and seismic survey 1, for all S =
183 surveys included in the analysis.
Surveys that took place prior to the performance of the fishing operation were given a value equal
to the maximum value observed in the dataset to reflect minimal impact (maximal attenuation) of
their effect. Note that a value of zero indicates maximal effect. Survey attributes are not explicitly
included in this equation, because each survey has a unique coefficient which implicitly accounts
for the attributes of that survey (and of anything that make that survey differ in impact from all
other surveys).
For the second method (nearest survey),
𝑋𝑖 = (𝐷𝑚𝑖 ,1 , 𝑇𝑚𝑖 ,1 , 𝐴𝑚𝑖 ,1 , 𝐴𝑚𝑖 ,2 , , 𝐴𝑚𝑖 ,3 )
where 𝑚𝑖 is the survey considered to be “nearest” to fishing operation 𝑖,
T and D are time and distance as described above,
𝐴𝑚𝑖 ,1 is a seismic attribute for survey 𝑚𝑖 indicating whether it is 2D or 3D,
𝐴𝑚𝑖 ,2 is the source category (1 to 6) for survey 𝑚𝑖 ,
𝐴𝑚𝑖 ,3 is the median water depth for survey 𝑚𝑖 .
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For fishing operation i the “nearest” was defined as the survey that gave the smallest value for the
product of 𝑇𝑖,𝑠 and 𝑇𝑖,𝑠 across all surveys s.
For the third method (cumulative),
𝑈

𝑈

𝑖
𝑖
𝑋𝑖 = ∑𝑢=1
𝑓(𝐷𝑖,𝑢 ) + ∑𝑢=1
𝑓(𝑇𝑖,𝑢 )

where 𝐷𝑖,𝑢 and 𝑇𝑖,𝑢 are the distance (km) and time (days) separating the 𝑖th fishing operation and
𝑢th survey for the 𝑈𝑖 surveys preceded fishing operation i (surveys that occurred after a
fishing operation was performed are not included in the summation), and
𝑓(. ) indicates a natural spline function (e.g. Venables and Ripley, 2002).
Note that the natural spline is a curvi-linear form, i.e. 𝑓(𝐷𝑖,𝑢 ) = 𝑛𝑠(𝐷𝑖,𝑢 )′τ, where 𝑛𝑠(𝐷𝑖,𝑢 ) is the
basis-expanded vector of the distance and is the vector of regression coefficients. The natural
spline for time displacement is similarly defined. This curvi-linearity implies that the summands all
have the same coefficients and the cumulative effect of all surveys can be based on the covariates
given by summing, over seismic surveys, of the basis-expanded covariates.
This method assumes that the shape of the relationship that describes how seismic surveys impact
catch rates (or catches) is the same for all surveys (as shown in Figure 4). We pre-specified the
degrees of freedom (d) for the spline and applied a corresponding spline to all times, thus
generating an N by d matrix of values. For each of the resulting d basis functions we summed over
the N fishing operations thus reducing the N by d matrix to d values that represented d basis
functions for a natural spline for each fishing operation. The same procedure was applied to the
distance values 𝐷.
Survey attributes were incorporated by counting the number of 2-D surveys that occurred prior to a
fishing operation, the number of 3-D surveys, the number of category six surveys, and so on. The
sum (across N surveys) of the mean depth at which each survey took place was also calculated. The
s = 1…S survey variables were therefore d spline basis functions for T, a further d for D, and a
number of variables reflecting survey attributes (none of which were retained in any of the
regression models applied because all were insignificant in practice).

3.2.1

VARIABLES USED

Our regression analyses of gummy sharks included zero catches, i.e. fishing operations where
gillnets were deployed but no gummy shark catch was recorded. Gummy shark are the target
species for the shark gillnet fishery so that this is a reasonable assumption to make. The trawl
fishery has a number of target species and although tiger flathead are a major target species, it is not
reasonable to assume that all trawl operations are targeting tiger flathead. Therefore operations that
targeted but failed to catch the species of interest could not be identified and included in the tiger
flathead, school whiting and silver warehou analyses. If seismic surveys result in a greater incidence
of zero catches, then this omission could reduce the statistical power of our method to detect
seismic effects; however, given the multi-species nature of the trawl and Danish seine fisheries, this
could not be avoided. We also examined the effect of removing the zero catches from the gummy
shark analysis. The Tweedie distribution was assumed for the gummy shark analysis (hereafter
referred to as Tweedie-GLM), because it is able to account for the presence of numerous zero
records (Candy 2004; Peel et al 2012). The Tweedie power parameter was estimated by maximising
the profile log-likelihood across a range of values. The value chosen corresponded to the maximum
of this log-likelihood function. We also considered the effect of removing the zeros using a delta-
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log-normal model (see Maunder and Punt 2004 and references therein) instead of the Tweedie
distribution.
For all other species, zero catches (those that targeted a particular species but did not catch it) could
not be defensibly identified and were therefore not considered; in this mixed fishery it is very
difficult to identify which species was in fact targeted in a particular fishing operation. Gaussian
log-linear models were used for these other species. We incorporated first fishery, then seismic, and
lastly environmental covariates into each model. The process of environmental covariate selection
included examining the extent of correlation amongst variables. Standard model diagnostic tools
were employed. During exploratory analyses, we tested for multi-collinearity among predictor
variables (i.e. correlation and variance inflation factors (VIFs), within and between fishery and
environmental covariates). In the case of categorical variables, we examined for the presence of
collinearity using graphical methods. These techniques are common statistical tools for assessing
whether predictors are collinear. They aim to minimise and/or remove any potential confounding
among variables employed in each of the statistical analyses.
First, we examined linear relationships between CPUE (or catch) and all variables, initially using
only those variables currently used when analysing fisheries data in south-east Australia (Haddon
2014, see Table 2). This was then extended to incorporate the seismic variables for time and
distance (see Table 2). The latter variables were first included as linear covariates, and interactions
between them were found to be statistically insignificant. Next, the distance variable was
transformed using the inverse, and later the inverse square, as a proxy for the physical attenuation of
sound in space (Parry & Gason 2006), although this might not be an accurate representation for the
marine environment (McCauley & Cato 2003). When the non-linear relationships (inverse/inverse
square) were used, the distance variables were significant, whereas they had been insignificant
when included using a linear relationship. This suggests that the true relationship may be non-linear,
therefore natural splines were fitted to give the estimation procedure greater flexibility in the shape
of the relationship that could be used. To guide the process of choosing which variables to include
in the analysis, partial residual plots (see Figure 17 to Figure 20, and related text) were used to
determine whether there were any underlying relationships with remaining variation in the data and
additional terms. Also, the statistical significance of the coefficients for each variable were assessed
using adjusted sums of squares (overcoming the problem of order of entry to the model). This
essentially determines whether the addition of a variable significantly improves the model fit. When
the Tweedie-GLM was employed (i.e. gummy shark analyses), the likelihood ratio test was
performed to assess whether terms in the model significantly contributed to model fit (this was valid
because we used stepwise model selection).
We used the fisheries variables that are included in the standard catch rate standardization process
(Table 2) that forms part of the annual process of setting Recommended Biological Catches, RBCs
(Haddon 2014). We chose the quantity TIMESS (time since the start of the seismic survey) over
TIMESE (time since the end of the seismic survey) because fishing operations that occurred during
the seismic survey would, otherwise, be considered to be unaffected by seismic signals. We chose
the DIST (distance to nearest surveyed cell, not to be confused with the distance variable relating to
the nearest survey for each fishing operation) over the DIST_MID variable (distance to middle of
seismic survey) because fishing operations that occur within the bounds of a seismic survey are
allocated very small or zero values, whereas distance to the midpoint could yield quite large values
(Table 2).
Data on the depth and category (a measure of both source type and energy expended) attributes of
the seismic surveys (see section 2.1) were included, along with identification of 2-D versus 3-D
surveys. In addition, the water depth in which a survey is conducted is known to be important
(McCauley et al 2003); therefore we calculated and included the median depth for each survey.
Group and shot spacing were considered to be of lesser importance and were not included. These
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appear to be continuous variables however they tend to take on a somewhat restricted set of values
and as such behave more as categorical variables. Rigorous incorporation of these variables was
deferred, at this early stage of investigation.
Table 2. Explanatory and response variables considered in the regression models.
Name

Description

Type

Fishery explanatory variables
YEAR

Year in which fishing operation took place

Categorical

MONTH

Month in which fishing operation took place

Categorical

VESSEL

Individual fishing vessel (a proxy for “skipper effect”)

Categorical

DEPTH

Depth of fishing (allocated to 20m intervals)

Categorical

DAY/NIGHT

Whether fishing occurred during daylight or at night
time

Categorical

AREA

Areas of typically less than 1 degree (different for each
species)

Categorical

MONTH × AREA

Interaction term

Categorical

MONTH ×DEPTH

Interaction term

Categorical

TIMESS

Time since start of survey (hours) for one survey

Continuous

DIST

Distance to nearest surveyed cell for one survey

Continuous

DIST_MID

Distance to midpoint (median lat, long) of one survey

Continuous

2D_3D

Is the “nearest” survey a 2D or 3D survey?

Categorical

SOURCE

“Class” of survey (sound source and intensity)

Categorical

SEIS_DEP

Median depth of water in which the survey occurred

Continuous

TIMESS_NEAR

Time since start of “nearest” survey

Continuous

DIST_NEAR

Distance to “nearest” survey

Continuous

Seismic variables

DIST_MID_NEAR Distance to midpoint of the “nearest” survey

Continuous

Name

Description

Type

2D_3D_NEAR

Is the “nearest” survey a 2D or 3D survey?

Categorical

SOURCE_NEAR

“Class” of “nearest” survey (encompassing sound
source and intensity), see section 2.1

Categorical

SEIS_DEP_NEAR

Median depth of water in which the “nearest” survey
occurred

Continuous

TIME_CUM a

Cumulative time since surveys occurred (no time limit
is imposed)

Continuous

DIST_CUM a

Cumulative distance since surveys occurred

Continuous
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2D_3D_CUM

Is the “nearest” survey a 2D or 3D survey?

Categorical

SOURCE_CUM_n

Count of number of surveys of class n (where
n=1,2…6) that occurred prior to the fishing operation

Categorical

SEIS_DEP_CUM

Sum across median depth of water for all surveys that
occurred prior to the fishing operation

Continuous

Environmental covariates
SALINITY

Salinity

Continuous

CHLA

Chlorophyll A concentration (from MODIS)

Continuous

TURB

Turbidity (from MODIS)

Continuous

SST

Sea surface temperature, 3 day average

Continuous

TT_DEPTH

Temperature at depth of fishing

Continuous

GEO_FLOW

Magnitude of geostrophic flow (calculated from u and
v components of geostrophic flow as sqrt(u2 + v2)

Continuous

CATCH

Catch in kg, used for gummy shark (effort was
included as an offset term)

Continuous

CPUE

Catch in kg per unit effort (where effort is either hours
or number of fishing operations)

Continuous

Response variables

a

Each of these consists of a number of columns of data, representing spline basis functions summed across surveys (see
equations and accompanying explanation in section 3.2)

Only from 2003 are all environmental covariates available. The datasets used in the regression
models were thus restricted to 2003-2012 to allow for the later inclusion of environmental data.
Restricting the time period examined has the additional benefit that changes in population size are
less likely to have occurred, thus removing an unmeasured variable that is potentially confounded
with the potential seismic effects being explored.
Sea surface temperature (SST) and temperature at depth (TT_DEPTH) were collinear. We included
SST rather than TT_DEPTH in the regression models because the latter relies more on modelling of
disparate observations. Similarly, chlorophyll and turbidity were collinear, and chlorophyll was
chosen over turbidity.
Note that although in some cases we have restricted the size of the study area as far as fishing
operations are concerned, the surveys that took place outside of the smaller study region are
included in the study – the “nearest” survey to a fishing operation could be outside of the reduced
smaller region (but has to be within the larger study region to be considered). Similarly, when a
time limit is imposed on the fishing data, the “nearest” survey could be outside of that time region.
For the “cumulative” analysis, the surveys had to be within the study region, but could occur prior
to the chosen time window.
In each case the statistical models explored had CPUE or CATCH (with effort as an offset) as the
dependent (or response) variable, and each of the remaining variables in Table 2 as explanatory
variables. These models were developed incrementally by the addition of variables in a sequence to
aid in the interpretation of the analytical results.
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4 Results
4.1 Comparison of means
The mean log(CPUE) for shots that occurred within a specified distance of a seismic survey, and
less than a specified time since the survey ended, were compared with shots that were further (than
the specified thresholds) from all surveys in both time and distance. Because each dataset contains a
large number of shots, the t-tests applied often show significant differences even between means
that are numerically very similar. For this reason the actual difference between the observed means
is presented alongside the p-values (Table 3). For clarity of presentation, sample sizes are not
shown in Table 3 because each comparison involves two samples, requiring the addition of two
values to each cell of the table. In general, sample sizes are a function of the amount of data
available for each species, and are lower for the more restricted tests (shorter distances and times).
For this reason, instead of giving sample sizes for each test, the range in the number of degrees of
freedom for all tests for each species is shown next to the species name. Variances were not
considered to be equal, and the Welch (or Satterthwaite) approximation to the degrees of freedom is
used. The greatest observed difference between the means “potentially affected” and unaffected
shots is rarely greater than 10% of the mean for the unaffected shots. An unexpectedly large
proportion of the observed differences were positive (Table 3). Eastern gemfish and arrow squid
show the largest differences. For tiger flathead, school whiting, blue-eye trevalla, and eastern
gemfish, the difference is always positive, suggesting greater CPUE for shots that are closer to
seismic surveys. Those for arrow squid and school shark are always negative and finally those for
gummy shark, commercial scallops, silver warehou, and jackass morwong exhibit a mixed
difference, sometimes positive sometimes negative.
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Table 3. Proportional differencea between the geometric mean CPUE of fishing operations that are
within a specified distance and time after a seismic survey, compared with those that are further
away in space and time; p-values for t-tests comparing the means are shown in parentheses. Positive
values indicate greater catch rates for fishing operations close to seismic surveys, and negative
values indicate that lower catch rates.
25km

50km

75km

100km

Gummy shark (df: 440 to 63,340)
1 month

-0.01 (0.40)

0.01 (0.33)

-0.01 (0.09)

-0.04 (<0.01)

3 months

0.01 (0.39)

0.01 (0.04)

0.00 (0.45)

-0.03 (<0.01)

6 months

0.03 (<0.01)

0.02 (<0.01)

0.02 (<0.01)

-0.01 (0.01)

1 year

0.03 (<0.01)

0.02 (<0.01)

0.00 (0.30)

-0.02 (<0.01)

2 years

0.04 (<0.01)

0.02 (<0.01)

-0.01 (<0.01)

-0.02 (<0.01)

Tiger flathead (df: 2,2177 to 96,307)
1 month

0.10 (<0.01)

0.06 (<0.01)

0.06 (<0.01)

0.05 (<0.01)

3 months

0.10 (<0.01)

0.09 (<0.01)

0.07 (<0.01)

0.06 (<0.01)

6 months

0.10 (<0.01)

0.10 (<0.01)

0.08 (<0.01)

0.07 (<0.01)

1 year

0.09 (<0.01)

0.08 (<0.01)

0.06 (<0.01)

0.05 (<0.01)

2 years

0.09 (<0.01)

0.09 (<0.01)

0.06 (<0.01)

0.05 (<0.01)

Commercial scallops (df: 45 to 3,943 for those for which tests results are available)
1 monthb

-

-

-

-

3 months

0.08 (<0.01)

0.05 (0.03)

0.02 (0.32)

0.01 (0.55)

6 months

0.06 (<0.01)

-0.04 (<0.01)

-0.07 (<0.01)

-0.07 (<0.01)

1 year

0.06 (<0.01)

-0.06 (<0.01)

-0.10 (<0.01)

-0.06 (<0.01)

2 years

0.04 (<0.01)

0.00 (0.63)

-0.05 (<0.01)

-0.02 (<0.01)

School whiting (df: 2,808 to 84,478)
1 month

0.04 (<0.01)

0.05 (<0.01)

0.07 (<0.01)

0.07 (<0.01)

3 months

0.06 (<0.01)

0.07 (<0.01)

0.08 (<0.01)

0.08 (<0.01)

6 months

0.03 (<0.01)

0.07 (<0.01)

0.09 (<0.01)

0.08 (<0.01)

1 year

0.05 (<0.01)

0.06 (<0.01)

0.07 (<0.01)

0.06 (<0.01)

2 years

0.07 (<0.01)

0.06 (<0.01)

0.06 (<0.01)

0.05 (<0.01)

Silver warehou (df: 652 to 37,964)
1 month

0.09 (<0.01)

0.04 (0.03)

0.06 (<0.01)

0.07 (<0.01)

3 months

0.05 (<0.01)

-0.01 (0.66)

0.01 (0.57)

0.01 (0.10)

6 months

0.12 (<0.01)

0.08 (<0.01)

0.10 (<0.01)

0.12 (<0.01)

1 year

-0.02 (0.03)

-0.01 (0.25)

0.03 (<0.01)

0.06 (<0.01)

2 years

-0.03 (<0.01)

-0.02 (<0.01)

0.00 (0.98)

0.03 (<0.01)

Relationships between Seismic Surveys and Commercial CPUE

| 29

Table 3 continued
Jackass morwong (df: 1,747 to 72,489)
1 month

0.17 (<0.01)

0.10 (<0.01)

0.08 (<0.01)

0.08 (<0.01)

3 months

0.11 (<0.01)

0.06 (<0.01)

0.07 (<0.01)

0.08 (<0.01)

6 months

0.05 (<0.01)

0.00 (0.95)

0.02 (<0.01)

0.03 (<0.01)

1 year

0.06 (<0.01)

0.02 (<0.01)

0.03 (<0.01)

0.06 (<0.01)

2 years

0.01 (0.08)

-0.04 (<0.01)

-0.02 (<0.01)

0.02 (<0.01)

Blue-eye trevalla (df: 118 to 2,279)
1 month

0.1 (<0.01)

0.08 (<0.01)

0.06 (<0.01)

0.07 (<0.01)

3 months

0.08 (<0.01)

0.06 (<0.01)

0.06 (<0.01)

0.06 (<0.01)

6 months

0.07 (<0.01)

0.07 (<0.01)

0.07 (<0.01)

0.07 (<0.01)

1 year

0.07 (<0.01)

0.06 (<0.01)

0.06 (<0.01)

0.06 (<0.01)

0.05 (<0.01)

0.06 (<0.01)

0.03 (0.04)

0.0 (0.95)

2 years
c

Eastern gemfish (df: 574 to 22,680)
1 month

0.23 (<0.01)

0.13 (<0.01)

0.11 (<0.01)

0.14 (<0.01)

3 months

0.47 (<0.01)

0.30 (<0.01)

0.29 (<0.01)

0.32 (<0.01)

6 months

0.28 (<0.01)

0.18 (<0.01)

0.24 (<0.01)

0.34 (<0.01)

1 year

0.10 (<0.01)

0.04 (<0.01)

0.09 (<0.01)

0.23 (<0.01)

2 years

0.10 (<0.01)

0.02 (0.08)

0.02 0.28)

0.24 (<0.01)

Arrow squid (df: 31 to 890)
1 month

-0.24 (<0.01)

-0.26 (<0.01)

-0.24 (<0.01)

-0.25 (<0.01)

3 months

-0.05 (<0.01)

-0.07 (<0.01)

-0.11 (<0.01)

-0.13 (<0.01)

6 months

-0.06 (<0.01)

-0.08 (<0.01)

-0.11 (<0.01)

-0.13 (<0.01)

1 year

-0.07 (<0.01)

-0.09 (<0.01)

-0.12 (<0.01)

-0.14 (<0.01)

2 years

-0.08 (<0.01)

-0.10 (<0.01)

-0.13 (<0.01)

-0.15 (<0.01)

School shark (df: 1061 to 20,450)
1 month

-0.09 (<0.01)

-0.11 (<0.01)

-0.10 (<0.01)

-0.09 (<0.01)

3 months

-0.06 (<0.01)

-0.09 (<0.01)

-0.09 (<0.01)

-0.08 (<0.01)

6 months

-0.09 (<0.01)

-0.12 (<0.01)

-0.12 (<0.01)

-0.11 (<0.01)

1 year

-0.08 (<0.01)

-0.10 (<0.01)

-0.10 (<0.01)

-0.09 (<0.01)

2 years

-0.10 (<0.01)

-0.14 (<0.01)

-0.14 (<0.01)

-0.14 (<0.01)

a

The table shows the mean for “near shots” minus the mean for “distant shots”, all divided by the mean for distant
shots.
b

No scallop dredging has occurred within one month and up to 100km of any seismic survey.

c

Occasional large values are likely to result from confounding between regions of high, or low, productivity and the
location of seismic surveys. As this was not a focal species for this study, further examination has not been made.
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The comparison of CPUE from fishing operations that occur relatively close to a survey (in time
and distance) with those that were more distant (shown in Table 3) is further illustrated in Figure 5
to Figure 9. Note that here the upper limit for time is not used, instead date is shown on the y-axis
and the timing of seismic surveys are shown. For easier visual identification of patterns in the data,
the difference between the mean CPUE of “close” fishing operations and that of all operations is
shown, instead of showing two lines. No clear, consistent changes in CPUE occur immediately after
seismic surveys. The plot for tiger flathead (Figure 5b) shows more negative than positive
deviations, giving an overall indication that fishing operations that have been identified as
potentially influenced by seismic signals tend to have lower catch rates than the overall median.
This is evident at all spatial scales, but is diminished for fishing operations within 100km. Figure 5a
shows no such trend for gummy shark with at least as many points above as below the line,
however outliers are more likely to be negative than positive values. It is possible that the overall
propensity towards negative deviations in Figure 9 related not to seismic effects but to a tendency
for seismic signals to occur in deeper waters than are optimal for flathead fishing so that the catch
rates that are most likely to be associated with seismic surveys are also those that are more likely to
be low. For this reason, we allocated flathead fishing operations to a relatively fine scale spatial grid
which we applied in the regression model, in an attempt to identify areas of consistently lower catch
rates.
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(a) Gummy Shark

(b) Tiger Flathead

Figure 5. Gummy shark and Tiger Flathead. Difference between monthly geometric mean CPUE for fishing operations occurring within a specified distance of the most
recent seismic survey, and all fishing operations for that month (plotted on the 15th of the month), for each species included in the analysis. Maximum distances of (upper plot)
10km; (second plot) 20km; or (third plot) 50km are shown. The lower plot shows the timing and duration (in days, bar width) of seismic surveys. The bar height gives the
inverse of the median water depth of the area surveyed. Vertical grey lines mark the 1 January for each year.
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(c) Commercial Scallops

(d) School whiting

Figure 6. Commercial Scallops and School whiting. Difference between monthly geometric mean CPUE for fishing operations occurring within a specified distance of
the most recent seismic survey, and all fishing operations for that month (plotted on the 15th of the month), for each species included in the analysis. Maximum distances of
(upper plot) 10km; (second plot) 20km; or (third plot) 50km are shown. The lower plot shows the timing and duration (in days, bar width) of seismic surveys. The bar height
gives the inverse of the median water depth of the area surveyed. Vertical grey lines mark the 1 January for each year.
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(e) Spotted Warehou

(f) Jackass Morwong

Figure 7. Spotted Warehou and Jackass Morwong. Difference between monthly geometric mean CPUE for fishing operations occurring within a specified distance of the
most recent seismic survey, and all fishing operations for that month (plotted on the 15th of the month), for each species included in the analysis. Maximum distances of (upper
plot) 10km; (second plot) 20km; or (third plot) 50km are shown. The lower plot shows the timing and duration (in days, bar width) of seismic surveys. The bar height gives
the inverse of the median water depth of the area surveyed. Vertical grey lines mark the 1 January for each year.
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(g) Blue-eye trevalla

(h) Eastern gemfish

Figure 8. Blue-eye trevalla and eastern Gemfish. Difference between monthly geometric mean CPUE for fishing operations occurring within a specified distance of the
most recent seismic survey, and all fishing operations for that month (plotted on the 15th of the month), for each species included in the analysis. Maximum distances of (upper
plot) 10km; (second plot) 20km; or (third plot) 50km are shown. The lower plot shows the timing and duration (in days, bar width) of seismic surveys. The bar height gives
the inverse of the median water depth of the area surveyed. Vertical grey lines mark the 1 January for each year.
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(i) Arrow squid

(j) School shark

Figure 9. Arrow squid and School shark. Difference between monthly geometric mean CPUE for fishing operations occurring within a specified distance of the most
recent seismic survey, and all fishing operations for that month (plotted on the 15th of the month), for each species included in the analysis. Maximum distances of (upper plot)
10km; (second plot) 20km; or (third plot) 50km are shown. The lower plot shows the timing and duration (in days, bar width) of seismic surveys. The bar height gives the
inverse of the median water depth of the area surveyed. Vertical grey lines mark the 1 January for each year.
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4.1.1

COMMERCIAL SCALLOPS

A lack of any pattern in Figure 6a is not unexpected since there were fewer than 4000 fishing
operations in the database for commercial scallops in the commonwealth fishery, far lower
than the amount of data available for other species (Figures 5, 7, 8, 9). The impact of the
2010 seismic surveys cannot be commented upon because in that year no fishing operations
were sufficiently far from the seismic surveys (in space and time) to be regarded as
unaffected (this is the reason for the lack of contrast on the right-handside of the plots shown
in Figure 6c and Figure 10). Catch rates are not thought to index abundance for such
sedentary aggregating species particularly well (Steve Shanks, AFMA, personal
communication; Stuart Richey, Commonwealth Fisheries Association, personal
communication).
With so few data points available and a fishery that is subject to large fluctuations, this is not
a dataset that lends itself to further detailed investigation. Associations between deviations in
environmental covariates and deviations in scallop CPUE do exhibit some apparent
correlations (Figure 6a and Figure 10). The salinity at each of the fishing locations was
extracted, the median found, and subtracted from the median salinity at all of the locations
considered to be “potentially’ affected by seismic signals. The same was done for a number
of other potentially influential environmental covariates. Although this plot was produced for
all time and distance limits considered in Figure 6a, only the 100km plot is shown as the
others had very little data and did not show any patterns that are not evident in Figure 10. An
apparent association is seen in mid-1999 where catch rate for potentially affected shots are
much lower than the overall median, and at the same time salinity, sea surface temperature,
and temperature at depth are also below the overall median. However, it must be noted that
given the large number of comparisons presented in this report, some spurious relationships
are likely to be seen. A higher than expected catch towards the end of 2004 coincides with
higher temperature at depth for affected fishing operations but no other environmental
covariates show notable differences. No overall patterns of interest are noted. The high 2004
catch rate may have resulted from good recruitment and settlement in 1999, which given that
scallops take between 3 – 5 years to grow before they are fished also suggests that the
immediate correlations towards the end of 2004 are possibly spurious (Stuart Richey,
personal communication). With limited environmental and state fishery data, as well as the
coarse temporal resolution of the seismic surveys, the causes of interannual variation in
scallop recruitment and survivorship, and hence catch rates, cannot be investigated.
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Figure 10. Differences in median catch per shot (upper plot) for commercial scallops as
described in Figure 6 for fishing operations that are within 100km of the most recent seismic
survey, and differences in the medians for environmental covariates at the locations of the
fishing operations identified in the upper plot. The environmental covariates are salinity, sea
surface temperature (SST), temperature at depth (TTdep), chlorophyll A concentration
(ChlA), and turbidity.

4.2 Regression of individual surveys
The TIMESS variables (i.e. time between the start each seismic survey, and each fishing
operation) not surprisingly are highly collinear (Figure 11). To illustrate this, consider a
fishing operation that occurred exactly two years after survey 1 began, and three years after
survey 2 began. A fishing operation that occurred a month later, occurred two years and one
month after survey 1 and three years and one month after survey 2. Therefore it is only
necessary to include the time elapsed between each fishing shot and just one of the seismic
surveys, every other survey then differs by a constant (the time between the start of that
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Figure 11. Time since start of survey for each fishing operation included in the gummy shark
dataset for 2008-2012, for each of the 13 surveys considered to be potentially influential. The
survey ID for each survey is shown in the legend.
The strong correlation between the time variables for each of the surveys forces the exclusion
of all but one of these variables. The remaining time variable therefore captures the effect due
to the ordering of the fishing operations through time, and the effect that results from
differences in the times when surveys were conducted is captured within the co-efficient for
each of the surveys. Unfortunately, there is also sufficient correlation between the distance
variables (DIST) to preclude the use of most of these. When the midpoint of the survey
(DIST_MID) is used as a reference instead of the nearest edge, the distance variables are all
strongly correlated. The effective result is a regression model that includes a cumulative time
variable and a cumulative distance variable for just one survey. Such a design would be
difficult to interpret, therefore this analysis was not continued.

4.3 “Nearest” survey regression
The “nearest” method was applied to a subset of the data for gummy shark. Only data from
2008 onwards were used so as to reduce the size of the dataset and therefore the
computational burden. This threshold was moved to 2003 for the cumulative regression
model. All fishery variables (Table 4) were significant. Initially, the seismic variables,
TIMESS_NEAR and DIST_NEAR were added to the regression following fishery variables
as linear relationships, and were found to be statistically insignificant, based on type III sums
of squares. Both DIST_NEAR-1 and DIST_NEAR-2 were also statistically insignificant.
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However, when the seismic variables were allowed more flexible, non-linear relationships
using natural splines within the GLM framework, the TIMESS_NEAR variable (Table 4) was
found to be marginally significant, and the DIST_NEAR variable (Table 4) was significant.
However, the shape of this relationship is far from stable (varying greatly when relatively
small changes are made to model structure), suggesting that although there are patterns in the
residuals that can be accommodated to some degree by allowing a flexible functional
relationship between the DIST_NEAR variable and the response variable, CATCH, this
relationship is not well described by the DIST_NEAR relationship. This is illustrated by the
great changes in the relationship that result when more flexibility is allowed, through
increasing the degree of smoothing for the natural spline (Figure 12).
Table 4. Significant variables used in the “nearest” survey regression models for gummy
shark. Explanation of variable names is provided in Table 2.
Variable type
Fishery

Seismic

Environmental

YEAR

TIMESS_NEARb

CHLA

MONTH

DIST_NEARb

SST

VESSEL

2D_3D_NEAR

DEPTH

SEIS_DEP_NEAR-2

AREA
AREA × MONTH
Response
CATCHa (kg)
a

effort was included as a log offset term i.e. log (total net length in metres)

b

natural spline based on 7, 9, 15 and 50 degrees of freedom (using the R package mgcv to guide the selection of
the number of degrees of freedom, and adding 50 to contrast the behaviour of the model at very high
complexity)

Initial exploratory analyses using Generalized Additive Models (GAMs; Hastie and
Tibshriani 1990) were also performed to identify, approximately, optimal degrees of freedom
(df) of smoothing. Although there is no one-to-one mapping between GAMs and GLMs, and
the GAM analyses were not clearly suggestive, a level of smoothing was selected, and this is
shown in the left-hand plots in Figure 12a,b. Greater degrees of smoothing are shown in the
following two plots (middle and far right plots; Figure 12a,b); all other aspects of model
structure were unchanged. The Tweedie power parameter was estimated to be 1.48.
Figure 12 shows the partial contribution (i.e. the effect on the mean catch rate) attributed to
the seismic time and seismic distance variables. Negative values indicate a decrease in catch
rates due to seismic surveys, relative to the mean (all other variables held at specified values).
Similarly, positive values indicate positive effects from seismic surveys. Results are shown in
log space (the effect on mean catch rate is the exponent of the value on the y-axis of Figure
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12. Confidence intervals are not shown because this report focuses mainly on the result of the
cumulative approach.
The models presented here include the survey attribute describing the median water depth
(SEIS_DEP_NEAR) of the area in which the survey was conducted (shown in Figure 5 to
Figure 9). This was initially included in the model as a linear relationship but the
transformation SEIS_DEP_NEAR -2 gave a better fitting model and greatly increased the
stability of the pattern in the partial contributions for the seismic variables in the face of
greater smoothing.
The environmental covariates chlorophyll A (CHLA) was also included in the model (on a
log scale). The variable was statistically significant but did not alter the appearance of the
partial residual plots for the seismic variables in a visible manner (and is therefore not
shown).

Figure 12a. Partial contribution (in log space) of the seismic variable TIMESS_NEAR (the
time since the start of the “nearest” survey) to the response variable CATCH for the gummy
shark dataset, showing the effect of increasing the degree of smoothing (7, 15, 50 degrees of
freedom).
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Figure 12b. Partial contribution (in log space) of the seismic variable DIST_NEAR (the
distance between the fishing operation and the nearest cell of the seismic survey) to the
response variable CATCH for the gummy shark dataset, showing the effect of increasing the
degree of smoothing (9, 15, 50 degrees).

Figure 13. Partial contributions (in log space) of the seismic variables TIMESS_NEAR and
DIST_MID_NEAR (the distance between the fishing operation and the midpoint of the
nearest seismic survey) to the response variable CATCH for the gummy shark dataset.
When the distance is measured to the midpoint of the survey instead of to the nearest 0.01
degree survey cell (but no other changes are made to the model), the estimated pattern is
somewhat different (Figure 13). When the zero shots are excluded (and no other changes are
made), the partial contribution plots for both TIMESS_NEAR and DIST_MID_NEAR show
different patterns (Figure 14). While these relationships exhibit statistical significance it
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remains a question of whether these different trends represent significant deviations from the
central value of partial contribution of zero or whether they are responding either to noise or
spurious coincidences.
The “nearest” method selects fishing operations that are close to seismic surveys in space, as
well as time. The location of the seismic survey therefore dictates the location of the fishing
operations that are associated with it (Figure 15). Similarly, the timing of the survey will
influence the date range of the fishing operations associated with it. This results in
confounding between the apparent effect of surveys and the richness of the fishing grounds
closest to them. Similarly, there is confounding between the timing of surveys and the
abundance (or availability) of fish stocks at that time.

Figure 14. Partial contributions (in log space) of the seismic variables TIMESS_NEAR and
DIST_MID_NEAR (the distance between the fishing operation and the midpoint of the
seismic survey) to the response variable CATCH for the gummy shark dataset.
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Figure 15. Location of fishing operations associated with four of the seismic surveys included
in the “nearest survey” regression analysis applied to gummy shark.

4.4 Cumulative effects regression
The “cumulative effects” regression model was applied to gummy shark, tiger flathead,
school whiting, and silver warehou. Variables that were discovered to be collinear were
removed e.g. chlorophyll A and turbidity are highly collinear, so only chlorophyll A as
retained in subsequent analyses involving environmental variables for all four species.
Similarly, sea surface temperature (SST) was retained but temperature at depth was removed.
2D_3D_CUM was collinear with SOURCE_CUM_n (see Table 2 for further explanation of
variables). Therefore SOURCE_CUM_n was omitted from the models. Variables that were
statistically insignificant (using deviance to calculate percentage explained) were also
removed from further analyses (Table 5). Inclusion of the 2D_3D_CUM variables was
subsequently found to be statistically insignificant. Environmental variables were retained in
the analysis even when these explained little of the variance. The percentages explained were
virtually identical across the choice of degrees of freedom for the seismic variables, therefore
only those for 7 degrees of freedom are shown (Table 5).
The categorical variable YEAR (year of fishing), which captures inter-annual changes in
overall stock abundance, was found to be confounded with the seismic variable TIME_CUM
(cumulative time since surveys occurred). This caused instability in the estimated shape of
the relationship between catch rate CPUE and the seismic time variable TIME_CUM (i.e. the
shape of the estimated seismic relationships was highly variable and sensitive to small
changes in model structure or the data used). In order to estimate the effect of TIME_CUM,
the YEAR variable was left out of the regression. This is a valid action, only if it is believed
that the population abundance has not changed between 2003 and 2012 (the time period
investigated) - a very strong assumption that is likely to be false.
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Table 5. The percentage of the variance that is explained by each of the used in the
cumulative regression models (using 7 degrees of freedom) are shown for gummy shark, tiger
flathead, school whiting and silver warehou. Explanation of variable names is provided in
Table 2. Shading and numerical values indicate retention in the final model.
Variable

Gummy
shark

Tiger
flathead

YEAR

School
whiting

Silver
warehou

1.80

2.60

MONTH

0.38

2.56

3.41

9.15

VESSEL

6.76

16.1

3.03

8.23

DEPTH

0.83

3.72

1.58

3.31

DAY/NIGHT

0.01

0.05

1.11

0.21

AREA

3.60

6.7

0.04

4.10

AREA × MONTH

4.12

5.13

2.25

8.24

DEPTH × MONTH
TIME_CUM
DIST_CUM

a

a

3.49
2.62

1.00

0.28

0.33

1.00

0.02

0.89

0.03

Environmental covariates (added after the above terms)d
SALINITY
b

CHLA

0.11
0.02

<0.01

0.19

0.01

<0.01

<0.01

<0.01

<0.01

CATCHc
(kg)

log(CPUE)

log(CPUE)

log(CPUE)

log(kg/hr)

log(kg/shot)

log(kg/hr)

TURB
SSTc

0.02

TT_DEPTH
GEO_FLOW
Response variable
a

summations of spline basis functions, using either 3, 5, 7, or 9 degrees of freedom, percentage explained are
shown for the 7 degrees of freedom models
b

natural spline with 3 degrees of freedom (the R package mgcv was used to make this selection)

c

effort was included as an offset term: log(total net length in metres)

d

the percentage explained by the environmental variables is low, but there were nevertheless retained in the
model because their inclusion as a second stage of model fitting was a contractual obligation

The population size of gummy shark in Bass Strait has remained relatively stable over recent
years (Figure 16a); that of tiger flathead has shown cyclic changes, but of relatively small
amplitude since the 1990s (Figure 16b). In contrast, school whiting demonstrated very large
changes in abundance for those years in which there are sufficient data to estimate
recruitment size (Figure 16c). Also, silver warehou has shown an overall decline since the

46 | Relationships between Seismic Surveys and Commercial CPUE

mid-1990s (Figure 16d). Hence, the year variable (YEAR, Table 5) was excluded from the
gummy shark and tiger flathead “cumulative effect” analyses (for the reason given in the
previous paragraph), but not from the school whiting or silver warehou analyses. The
estimated seismic relationships from the school whiting and the silver warehou models must
therefore be interpreted with caution as they are likely to reflect confounding.
(a)

(b)

Spawning depletion

(d)

0.6
0.4

Management target

Minimum stock size threshold

0.0

0.2

Spawning depletion

0.8

1.0

(c)

1950

1960

1970

1980

1990

2000

2010

Year

Figure 16. Estimated spawning biomass, or proxy, for (a) gummy shark (from Thomson &
Sporcic 2014), (b) tiger flathead (from Day & Klaer 2014; Fig 12), (c) School whiting (from
Day 2012; Fig 14), and (d) Silver warehou (from Day et al 2012; Fig 11).
Partial seismic contribution plots from the cumulative regression models are shown in Figure
17 to Figure 20. Note that these effects are not shown on the same scale as those effects for
the “nearest” models (Figure 12 to Figure 14). The partial cumulative effects are shown on
the back-transformed (not the log) scale, as their contributions are more easily understood on
this scale. The values on the y-axis of Figure 17 to Figure 20 indicate how much a seismic
survey is estimated to estimate the mean catch rate. The effect, on the scale shown, is
multiplicative so that a value of 1.0 indicates no effect. A value of 2 would indicate a
doubling of the catch rate. Note, too, that the partial contributions shown in Figure 17 to
Figure 20 related to a single survey, and can be summed over several surveys. That is, for
multiple surveys, the effect is additive.
Even without the year variable (YEAR), the shape of the spline relationship between
TIME_CUM and CPUE for gummy shark is quite variable as the number of degrees of
freedom for the spline is increased (Figure 17). Even the direction of the relationship:
positive (values greater than one), or negative (values less than one), is not certain. The
seismic distance variable (DIST_CUM) is somewhat more stable, with much lower influence
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on catch rates (values on the y-axis of the right-hand column of Figure 17 are close to one).
The same is true for the tiger flathead results (Figure 18) although here the DIST_CUM
results are even more stable (and again show little influence on CPUE).
Results for TIME_CUM are wildly variable for school whiting due to confounding with
YEAR (Figure 19). The distance variable (DIST_CUM), again, shows lesser influence on
CPUE, and is more stable than the time variable, but less stable (with increasing degrees of
freedom) compared to the results for both gummy shark and tiger flathead.
The mean partial effect of the seismic variable TIME_CUM for silver warehou shows very
little influence on the CPUE (Figure 20), but the confidence intervals (CIs) for these results
were very large. These are not shown on the plots because they swamped the main effect (CIs
ranged between 6 to >1e4, orders of magnitude greater than the estimated partial effects). The
seismic variable DIST_CUM shows very stable results indicating, effectively, no statistically
significant seismic influence on catch rates (i.e. zero is always included in the 95%
confidence interval).
Overall, including environmental variables did not alter the estimated seismic effects. For
gummy shark, their inclusion reduced the effect of seismic surveys at distances over 200 km
(although it is small even without environmental variables) for the splines that use 5 and 7
degrees of freedom, (compare Figure 17 with Figure 21). Also, the inclusion of
environmental variables also widens the corresponding 95% confidence intervals. The
relationship for 9 degrees of freedom shows relatively large effects at great distance from the
survey (600km) which is unlikely to reflect reality. This results from using a model that is not
constrained to asymptotically approach zero a long time, and great distance, from surveys.
Relatively few data are available at large times and distances so that the model is likely to be
reflecting random “noise”.
For tiger flathead, the inclusion of environmental covariates reduced the influence of the
seismic variable for time (from a maximum of 2 to 1.2) and for the spline that uses 9 degrees
of freedom (9 df), but greatly increased it for 5 degrees of freedom (where the maximum
mean partial effect increased from 1.001 to 20; compare Figure 18 with Figure 22).
For school whiting, the inclusion of environmental variables had little effect on the distance
variable, except to slightly narrow the confidence intervals (compare Figure 21 with Figure
23). Not surprisingly, it does alter the already unstable results for time, which is probably
unstable due to confounding with the year effect. The same was true for silver warehou,
which showed instability in the time variable, presumably due to the necessary inclusion of a
year effect in the model.
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(a)

(b)

(c)

(d)

Figure 17 Partial effect of seismic survey and corresponding 95% confidence interval
(shaded region) for gummy shark for (left column) time since survey began and (right
column) distance to survey, based on the (a) 3, (b) 5, (c) 7, and (d) 9 degrees of freedom
splines (excluding environmental covariates).
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(a)

(b)

(c)

(d)

Figure 18 Partial effect of seismic survey and corresponding 95% confidence interval
(shaded region) for tiger flathead for (left column) time since survey began and (right
column) distance to survey, based on the (a) 3, (b) 5, (c) 7, and (d) 9 degrees of freedom
splines (excluding environmental covariates).
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(a)

(b)

(c)

(d)

Figure 19 Partial effect of seismic survey and corresponding 95% confidence interval
(shaded region) for school whiting for (left column) time since survey began and (right
column) distance to survey, based on the (a) 3, (b) 5, (c) 7, and (d) 9 degrees of freedom
splines (excluding environmental covariates).
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(a)

(b)

(c)

(d)

Figure 20 Partial effect of seismic survey and corresponding 95% confidence interval
(shaded region) for silver warehou for (left column) time since survey began and (right
column) distance to survey, based on the (a) 3, (b) 5, (c) 7, and (d) 9 degrees of freedom
splines (excluding environmental covariates).
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(a)

(b)

(c)

(d)

Figure 21 Partial effect of seismic survey and corresponding 95% confidence interval
(shaded region) for gummy shark for (left column) time since survey began and (right
column) distance to survey, based on the (a) 3, (b) 5, (c) 7, and (d) 9 degrees of freedom
splines (including environmental covariates).
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(a)

(b)

(c)

(d)

Figure 22 Partial effect of seismic survey and corresponding 95% confidence interval
(shaded region) for tiger flathead for (left column) time since survey began and (right
column) distance to survey, based on the (a) 3, (b) 5, (c) 7, and (d) 9 degrees of freedom
splines (including environmental covariates).
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(a)

(b)

(c)

(d)

Figure 23 Partial effect of seismic survey and corresponding 95% confidence interval
(shaded region) for school whiting for (left column) time since survey began and (right
column) distance to survey, based on the (a) 3, (b) 5, (c) 7, and (d) 9 degrees of freedom
splines (including environmental covariates).
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Figure 24 Partial effect of seismic survey and corresponding 95% confidence interval
(shaded region) for silver warehou for (left column) time since survey began and (right
column) distance to survey, based on the (a) 3, (b) 5, (c) 7, and (d) 9 degrees of freedom
splines (including environmental covariates).
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5 Discussion
5.1 Seismic effects upon catch rates
5.1.1 PREVIOUS STUDIES
The literature on seismic effects upon fish catch rates is dominated by studies that expose
marine organisms to sound under experimental conditions. These studies examine the
influence of a single seismic survey and involve carefully placed measurements taken before,
during, or after, the emission of sound. One of the main challenges in these types of studies is
the meaningful translation of experimental results to operational field conditions. To our
knowledge, studies that make use of commercial fish catch rate data to investigate seismic
surveys under non-experimental field conditions are limited to those undertaken by
Jakupsstovu et al (2001) and Parry & Gason (2006).
Jakupsstovu et al (2001) examined logbook data from fishers in the Faroes Islands. They
calculated the mean and variance for catch rates before, during and after seismic surveys,
using data for a single fishing year during which seismic signals occurred for a period of six
days. Time between seismic signals and fishing was up to 6 months, and a distance of up to
18 nautical miles (33 km) was considered. Significant differences were not found between
any of the mean catch rates before, during, and after seismic signals; however variances were
very large (CVs of between 44% and 114% were found). Quantitatively, the approach taken
was unsophisticated, and only a small portion of the available dataset was used. The approach
used by Jakupsstovu et al (2001) is open to the criticism that catch rates are known to change
during the year and differ in different areas. By not accounting for those factors, spurious
relationships could have been found or real correlations may have been obscured by
confounding factors. These factors, if not accounted for, also increase the variability of
observed catch rates and it is this considerable variability that Jakupsstovu et al (2001) point
to when they conclude that any real seismic effects may have been masked. The t-tests
presented in this report are a similar method to that employed by Jakupsstovu et al (2001).
Parry & Gason (2006) examined the effect of seismic surveys on rock lobster catch rates in
Victoria, Australia. They used a correlation to investigate the relationship between the
number of seismic pulse occurrences, and catch rates during the following years, in 12 depthstratified regions. Further, they used two-way analysis of variance (ANOVA) to seek
differences in catch rates in the weeks before during and after seismic signals. Parry & Gason
(2006) conducted a series of analyses, one for each individual seismic survey that occurred,
thus treating each survey as independent and assuming that catch rates were influenced by
only one of the seismic surveys that took place. The approach of Parry and Gason (2006)
attempted to account for actual sound energy exposure through counts of the number of
seismic pulses that occurred. They consider the influence of a single survey on all catch rates,
one at a time, instead of drawing all surveys into their analysis. This is somewhat analogous
to our “nearest” survey method.
The use of commercial fishery logbook data of catch and effort (catch rates) to detect seismic
effects requires that all the major factors that might influence catch rates, must be accounted
for. Such factors include the depth at which fishing takes place, the month, the fishing
ground, and the fishing vessel used. In addition, the overall abundance of the fish stock may
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increase or decrease over time due to good or poor recruitment to the stock, and the effect of
fishing pressure. A “year effect” is typically estimated to account for such changes.
In an experimental setting, the influence of such factors would be nullified by comparing
catch rates between a control group and a treatment group (subjected to seismic surveys) that
would differ only in terms of the seismic treatment. For example, the time of year when
fishing occurs, the skill of the skipper and the power of the fishing vessel can influence catch
rates. An experimental examination of seismic effects would use the same vessel, same
skipper, and would fish at the same time of year.

5.1.2

THE USE OF REGRESSION ANALYSIS

The lack of an experimental design can partly be compensated for by using a regression
model to quantify the effect on the response variable (catch rate) of each of a number of
explanatory variables (e.g. depth, year, month) by estimating regression coefficients for each
variable, or for each level of categorical variables. DIST, for example, is a continuous
variable, taking any value from zero. In a linear model, the estimated co-efficient for the
depth variable describes how much catch rate would be expected to change for each
additional depth unit, and the sign of the coefficient specifies whether catch rate increases or
decreases with depth. Month is a categorical variable, taking on discrete values 1 to 12. A
separate coefficient is estimated for each month (or level of the month variable). The year in
which fishing took place is also, typically, included in the analysis, and it is the value of those
yearly coefficients that is of interest to managers as, after standardization, they provide an
improved indication of fish availability in each year by accounting for shifting fishing
patterns across all other variables or factors.
The method of choice for quantifying and then removing, in so far as possible, extraneous
influential factors, is the generalized linear model (GLM) (McCullagh & Nelder, 1989).
These allow for explanatory variables to be modelled parametrically via linear, non-linear or
smooth functions (which allow for non-linearity in variables without transformation). GLMs
can include combinations of both linear and nonlinear terms (i.e. natural spline smoothers)
and transformations of covariates that allow the estimation of non-linear relationships within
a parametric setting. While GLMs offer a means of quantifying and thus accounting for
factors (unintended treatments) that might differ between fishing operations that are subjected
to seismic survey activity, and those that are not, they are not unlimited in their power to
quantify the independent effects of multiple explanatory variables. The unbalanced design
that is typical of commercial fisheries data, as well as the presence of collinearity between
variables, can prevent the model from separating the influence of one variable from another,
thus greatly weakening the predictive power of the model. Careful model selection is required
to remove collinear variables. The relationships between particular explanatory variables and
the dependent variable may not be simple. Traditionally, linear relationships are used, but
transformations, non-linear functions, or smooth functions may better capture the true
relationship. However, they may simply better capture random noise that happened to show
some pattern. It is essential to examine the resulting relationships between variables,
particularly those resulting from the use of smooth functions, to ensure that the result is both
plausible and sensible (consistent with theory).
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5.1.3

ENVIRONMENTAL AND UNKNOWN INFLUENCES

Although regression models can go a long way towards compensating for the lack of a proper
experimental or statistical design, they can only account for factors for which data are
available, at the scale of the response variable. It is well recognised that influential
unmeasured factors exist for fish catch rates (Knuckey et al 2013). These include market
forces, improvements in gear technology, skipper learning, and knowledge sharing.
Environmental factors are a source of unquantified influence. Although it is well known that
many aspects of the environment affect both fish abundance (primarily through recruitment)
and catch rates, successfully incorporating these variables into catch rate regression models
for management purposes is rare (Francis 2006). A high proportion of the apparent
relationships that have been identified between the environment and biological processes,
break down as time series lengthen (Francis 2006; Myers 1998). This may suggest that the
relationship was always spurious (correlation was due to chance) or that a relationship did
exist for a time, but later broke down due to other, unmeasured influences. It must also be
noted that fish are likely to respond to environmental variables that occur at time and space
scales that may be finer than those measured. The environmental information available to this
study is largely derived from model interpretation of sporadic measurements available at
relatively widely spaced intervals coupled with knowledge of oceanographic processes. As
such, they represent average environmental regimes and possibly large (in time and space)
observed deviations from that norm. Fishery independent surveys would normally record
environmental data that would otherwise not be available from commercial catch and effort
data, allowing the exploration of these variables (but not, of course, the effects of fine scale
environmental fluctuations that occurred immediately prior to the deployment of the survey
vessel).
A three year FRDC project to investigate the influence of environmental covariates on
recruitment and availability (i.e. catch rates) of fish stocks in south-east Australia concluded
that of the numerous environmental data streams investigated only sea surface temperature
(SST) and temperature at depth showed “some potential for inclusion in CPUE
standardizations”. However, it was concluded that including environmental covariates was
unlikely to make any practical difference in an assessment” (Knuckey et al, 2010).
Furthermore, Knuckey et al (2010) state that “The practice of using month and depth as
proxies for these environmental factors appears to be appropriate in most cases”. In other
words, the effects of the only environmental covariates that showed promise, SST and
temperature at depth, are adequately accounted for by including their covariates, month and
depth, in the regression. This results from the fortuitous confounding between (predictable)
environmental fluctuations and space and time (but does not account for less predictable and
often unmeasured environmental perturbations).
For these reasons, the state of the art for fisheries science is to supplement knowledge gained
through regression analysis of logbook data, by the collection of catch and effort data using a
scientific survey design: a Fishery Independent Survey (FIS). A FIS has recently been
introduced for the trawl fishery operating in south east Australia, the Southern and Eastern
Scalefish and Shark Fishery (SESSF), (Knuckey et al 2013). Unfortunately, inter-annual
variability for this survey has been found to be large for a number of species (Haddon, pers
comm), and the time series for these surveys is currently short (three data points are
available). These data are, as yet, insufficient for use in the assessment of seismic impacts on
fish stocks in south eastern Australia, but may eventually provide data for such an analysis.
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To include a process in a regression model, it must be possible to describe that process as a
set of values, each one relating to a fishing operation (e.g. the water depth at which each
fishing operation took place). More than one set of values could be used to capture different
aspects of a potential influence e.g. fishing location can be described by latitude and
longitude, or by distance from the coast and depth (Peel et al 2012). In order to quantify the
effect of seismic surveys, then, all such factors and variables must be described as appropriate
sets of values. The challenge is to reduce seismic surveys to such columns of figures.
Proposed future methods are discussed below.

5.1.4

SEISMIC SURVEYS

This study encompasses 183 seismic surveys that have taken place since the 1950s within the
study area. Each of these has several associated attributes describing the energy levels used,
the type of sound source, and now they also include the distance and time between the survey
and each fishing operation. Seismic surveys release sound energy into the water column. This
is directed downwards towards the sea floor but also propagates laterally, both through the
water column and through the sediment and rocks of the sea floor (McCauley & Cato 2003).
The intensity of sound energy experienced by a marine organism is likely to differ according
to how close it is to the source of the sound, how powerful that sound source is, and on
physical properties of the intervening seawater, sediment and rocks (McCauley & Cato
2003). Potential impacts on marine populations have been theorised via direct damage to
exposed adults (e.g. through damage to hearing, or lateral line structures) or through damage
to vulnerable recruits that may be present in the water column, thus reducing future
recruitment to the fish population. Damaged individuals may be impaired in their ability to
feed or avoid predators and may therefore experience increased mortality rates over
subsequent months or years.
Seismic surveys could, therefore, have an effect that dissipates over distance (as sound
energy dilutes and dissipates) and over time (due to reduced recruitment and increased
mortality rates). The space component includes the water depth in which surveys occurred
because bottom dwelling organisms are closer to the sound source in shallow water. Seismic
surveys differ in the sound intensity emitted and in how concentrated this sound release is
(through the spacing of airguns, and of ship transects). 3-D surveys are thought to result in
greater sound exposure than the less intense 2-D surveys. All seismic surveys cannot,
therefore, be treated as equal – survey specific attributes must be considered in the regression
model. Given this background, it is clear that the “seismic” variable i.e. the intensity of a
seismic impact on the expected catch rate of a given fishing operation, cannot easily be
reduced to a single set of figures. When a fishing vessel deploys gear in a particular time and
location, differing numbers and types of seismic surveys are likely to have taken place in the
past, at differing distances from the fishing location, and at differing times. The sound
intensity and type (e.g. frequency) are likely to have differed across these potentially
influential surveys so all of these variables should, ideally, be accounted for in an analysis.
We included some, but not all of the available variables describing seismic attributes. Both
the amount of time that passed after a seismic survey was conducted, and the distance
between the survey and the fishing operation, need to be considered.
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5.2 Statistical methods
This report applied, first, a simple statistical approach (a t-test comparison of mean catch
rates) to all species that have been identified by the fishing industry as potentially showing
seismic impacts. Many statistically significant differences were found between the mean
catch rates for fishing operations that occurred close, in space and time, to seismic surveys
compared with those further away. However, in most cases the actual differences between the
means was less than 10%, the number of seeming positive relationships was about the same
as the negative relationships, and statistical significance resulted from very large samples
sizes rather than large differences in the means. A more defensible investigation of the
question of seismic impacts is to use a regression approach to account, where possible, for
other influential factors. For this investigation tiger flathead and gummy shark were used.
Both are commercially valuable species for which good catch and effort data exist
(Woodhams et al 2013), which are likely to provide a good indication of each species’
relative abundance/availability, which is not the case for all species. They are relatively longlived species, unlikely to show large fluctuations in population size over periods of the order
of ten years. Also, they are relatively sedentary so that if seismic surveys result in changes in
population size, or in availability, these could conceivably cause localized changes in fishing
catch rates. Any such effects would be expected to dissipate for more mobile species. In
addition, school whiting and silver warehou were chosen. Again, these are relatively valuable
species commercially, and good catch rate data exist, although their populations do not show
the stability of gummy shark and tiger flathead. With these four example species we have one
gillnet, one Danish seine, and two trawl examples.
This report considered three approaches to incorporating seismic surveys into regression
models that attempt to explain variation in fish catch rates using multiple explanatory
variables: (1) surveys were treated as independent events, (2) only the “nearest” survey (with
reference to both space and time) was modelled, (3) a variable was calculated that
summarised the cumulative impact of all past surveys.

5.2.1

METHOD 1: ALL SURVEYS

The first of these methods offers an intuitively simple means by which all surveys can be
included in the regression model. Unfortunately this method did not prove viable because
strong collinearly exists between the time variables for all 183 surveys so that only one of
these could be included. Similarly, the distance variables were also collinear so that it was not
defensible to include all of these. The resulting model was hard to interpret and was not used.

5.2.2

METHOD 2: NEAREST SURVEY

The second approach offers a conceptually simple framework that is easy to implement. It is
similar to that of Parry & Gason (2006) in that a single survey is included in the model,
except that instead of considering only one survey at a time, regardless of other surveys that
might have proved more influential on particular fishing operations, the most influential
survey is chosen for each fishing operation. Intuitively, the survey most likely to impact each
fishing operation would be the “nearest” survey, but “nearest” could mean nearest in (a) time,
(b) space, or (c) time multiplied by space, capturing both terms. The “nearest” survey
approach does not suffer from collinearity within the time and the distance variables: only a
single time and a single distance variable is included against each fishing operation in the
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analysis. These times and distances relate to different surveys, depending on which survey is
estimated to be nearest each fishing operation. The survey attributes associated with each
survey therefore were included in the analysis as separate variables. Interpretation of the
results for this method was complicated by strong correspondence between the location and
timing of seismic surveys and the location and timing of associated fishing operations. This
meant that surveys that occurred on or adjacent to poor fishing grounds, and at times of the
year when catch rates were low, could appear to cause those low rates. Conversely, if the
surveys are close to the best fishing grounds then the effects of the surveys can appear to lead
to those high catch rates (see Figure 15).
Although this method captures only the first order effect of seismic surveys, and not
cumulative impacts, if no first order effect exists, then there is no need to look for cumulative
impacts. It is therefore sensible to conduct such an analysis as a preliminary step, prior to
attempting more complex analyses. We concentrated on the distance to the nearest edge of
the survey, rather than the centroid for each survey so that relatively large distances were not
assigned to survey points that were within the bounds of a survey; but we also investigated
the effect of using the distance measurement to the midpoint of the survey.

5.2.3

METHOD 3: CUMULATIVE IMPACTS

The third analytical method used combines the advantage of the first, that any cumulative
impacts of all surveys is considered, and that of the second, that a single time and distance
variable are used so that the collinearity problem does not occur. Although it is a more
computationally and conceptually complex approach than the other two, it currently offers
the best hope of disentangling seismic effects from other influential factors. Quantifying the
cumulative impacts of pressures on animal species is a substantial statistical challenge at
present (Foster et al in press). This method was not trivial to implement, and there is scope
for further refinement and exploration of the method. For instance, attributes that characterize
seismic surveys (such as the sound source used, and whether the survey was 2-D or 3-D)
were allowed to influence the initial effect of the survey (the intercept) but not the subsequent
change in catch rates both further in space and time from the survey. It is possible,
computationally, to allow the attributes to influence the slope/relationship instead of (or in
addition to) the intercept. No constraint was imposed on the shape of the relationships
between time since survey, and catch rates, or distance from the survey and catch rates. It
might be sensible to impose a constraint that forces the influence on catch rates to decay so
that no influence is seen at sufficiently large times and distances.

5.2.4

EVALUATION OF STATISTICAL METHODS

The “nearest survey” analysis (method 2) for tiger flathead found an apparent relationship
between the seismic variable for distance and catch rates. However, this relationship was
unstable – altering with degree of smoothness. There is unavoidable correlation between the
location of fishing and the location of the nearest (in distance) seismic survey to that fishing
operation. When a survey happens to occur in an area that is close to, for example, an area in
which catch rates are low, then that survey could appear to have caused those low catch rates.
It is likely that sample sizes from areas of low catch rates will also be low, thus preventing
detection and isolation of areas of naturally low catch rates (e.g. by using the categorical
variable AREA). It is possible that the peaks and troughs in the partial contribution plots for
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the seismic variables (Figure 13) relate to the location of particular seismic surveys, and the
average catch rates in adjacent areas, rather than seismic effects.
The cumulative approach (method 3) also found relationships between the seismic time
variable and catch rates when applied to gummy shark, tiger flathead, school whiting and
silver warehou. These, like those of the “nearest approach” were, typically, very dependent
on the degree of freedom allowed for the spline so that the relationship changed if the
smoothness imposed on the spline between the time variable and fishing operation was
altered. The relationship with distance was typically more stable, however, the influence of
distance on catch rate was small. This could suggest that distance from a seismic survey is
unimportant, and that its influence on fish catch rates varies only over time, with no
attenuation over distance (perhaps due to the physical properties of sound propagation
through a marine environment, or dispersion of the effect through the movement of individual
fish). However, the unstable relationship with time suggests that the model is confounding
seismic effects (if any exist) with changes in fish catch rates due to other factors. The year
effect (inter-annual changes in abundance of the fish stock) was found to be highly
confounded with the seismic time variable. This resulted in highly erratic behaviour of the
cumulative TIME effect term. This behaviour is typical of multi-collinear models. By
contrast, without the YEAR term the TIME accumulation term acts as a surrogate for both
recruitment and other yearly-varying effects as well as cumulative effects of surveying. In
this context, separation of these effects is virtually impossible. The distance results show
stability in accumulation effect, although results for large distances (approximately 500 km)
should be treated with caution as fewer data were available at those distances.

5.3

Limitations

The strong caveat must be placed on this work that a simplistic approach was used to account
for the physical properties of sound and of sound propagation through the ocean. The time
and distance proxies used in this work may not provide adequate measures of the sound
energy experienced by marine organisms during a seismic survey. Underwater sound
properties are affected by the sound source, as well as characteristics of the water column,
substrate, and biological communities. For example, sound propagation in shallow waters is
affected by several factors, which may either increase or decrease an organism’s overall
exposure to sound. If the range between air gun and animal is greater than the water depth,
cylindrical spreading results in an increase in the effective range of sound (Montgomery et al
2006). On the other hand, shallow water limits the propagation of low-frequency sounds; for
example, sounds less than 70 Hz may be lost to sandy or muddy seafloors at a depth of 10 m
(Hamilton & Bachman 1982, Montgomery et al 2006). An adequate physical model could be
quite complex, and these are likely to require additional datasets to those used in this study
(see McCauley & Cato 2003; McCauley & Kent, 2012).
The seismic survey information available to this study had very poor temporal resolution, so
that the distance between a fishing shot and the closest cell of a particular survey might be a
very inaccurate representation of the distance between the fishing operation and the survey
vessel at the time of fishing. This degrades attempts to accurately calculate the sound
experienced at any given time and location. Better information on the daily location of the
seismic vessel would improve future investigations. The poor temporal resolution (daily
location) of the survey data effectively prevents the investigation of short-term (weeks) “fish
scaring” effects reported in the literature. The unavailability of Victorian state fisheries data
due to confidentiality agreements also reduced the ability of the current study to detect
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potential impacts on commercial scallops, whose innate variability reduces the power of any
analysis to detect the effects of external influences.
As mentioned above, it is known that influential factors (such as market forces, technology
creep and fine scale environmental factors) are missing from fisheries regression models. The
effects of such forces could me misattributed by the model to those factors that are included
(such as seismic surveys). Perhaps more importantly, the removal of the year covariate (the
“year effect”) from the cumulative effects regression models for gummy shark and tiger
flathead introduce the implicit assumption that their population size (and availability to
fishing gear) do not vary from year to year. And underlying variation that did occur (and
some has, e.g. see the cyclic changes in tiger flathead Figure 16) are likely to be attributed to
the seismic TIME_CUM variable. This could lead to the incorrect conclusion that seismic
surveys cause (lagged) effects on catch rates and stock abundance over time.
Fishing industry concerns seem to suggest that declines over a number of years in several
SESSF species can, potentially, be blamed on seismic signals. However, the abundance of
fish populations change over scales of years as a result of both natural pressures and human
induced pressures (which include fishing, pollution, terrestrial runoff from rivers, and more
recently sea temperature rises). To fully disentangle such effects from seismic effects would
require the inclusion of information on fishing pressure, and the dynamics of the fish stock.
This could be done in the context of a population dynamics (stock assessment model) (see
Maunder & Langley 2004). Environmental covariates and their effects on recruitment would
also have to be considered within this framework, given the suggestion that seismic effects
act through recruitment processes. To date, few population dynamics models have
successfully incorporated environmental effects on recruitment (Maunder & Watters 2003;
Keyl & Wolff 2008). This work would be a major undertaking and would not have a good
chance of success, given how poorly fishery recruitment processes are understood and how
variable these are.

5.4

Future work & recommendations

Despite the challenges encountered with data availability and quality, we were nonetheless
able to develop and evaluate a range of analytical approaches, including some novel methods,
to assess whether a relationship exists between seismic surveys and changes in fish catch
rates. We propose that future work in this area take account of the following
recommendations.

5.4.1 DATA ACQUISITION AND QUALITY


Potential effects should be examined by focussing on individual surveys in a given
location with good resolution of fishery catch, preferably with sound exposure at the
seafloor modelled or measured. Sound propagation varies among surveys due to
seafloor characteristics, water conditions, and seismic system specifications
(McCauley et al 2003), details of which are not available for most seismic surveys. It
is therefore not ideal to adopt an ad hoc approach and investigate potential impacts by
compiling seismic data from multiple historical surveys.



Collection of finer scale data regarding the timing of seismic activity would greatly
improve our ability to associate seismic activity with potentially affected fishing
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activities. The available spatial information on the location of the seismic vessel
during a survey is of high quality, but the temporal resolution of the time and date on
which the vessel was at each location is poor. The location of fishing vessels is known
to the resolution of at most a day; therefore, for the purposes of this type of
investigation, at least the same resolution for seismic vessels is required.


More realistic modelling of the physical propagation of sound in the marine
environment along with acquisition of associated data (e.g. water temperature,
salinity, pressure, seabed hardness and roughness) may improve the power of the
model to find evidence of seismic impacts on catch rates, if any exist. Our work
concentrated on developing statistical methods for detecting associations between
changes in fish catch rates and seismic surveys that occurred at a given distance from,
and time before, fishing occurred. We took account, to some extent, of the attributes
of seismic surveys (median survey depth, 2D or 3D, and category of survey).
However, some attributes (group and transect spacing) were not used. Furthermore,
we were unable, within the scope of this project, to develop models that more
accurately predict the actual volumes and frequency of sound to which fishing
grounds might have been exposed.



To enable more meaningful analyses, all existing fishery data should be made
available for studies examining potential environmental or anthropogenic impacts. At
present, the Victorian State fisheries data requested in the current study are bound
under confidentiality agreements which require an individual application to each
fishing operator. A more streamlined process, as well as a system and assurances that
fishing interests are protected may facilitate inclusion of such data in future studies.



Fishery independent data, such as that collected by the SESSF trawl fishery
independent survey (FIS) theoretically offer a more useful source of information once
sufficient years of data have been collected. These data have been designed to be free
of unmeasured factors such as market forces, technology creep, and quota related
targeting or discarding practices. The fisheries catch rate data used were taken from
the logbooks maintained by fishing vessels, which are likely to be influenced by such
unmeasured factors. This increases the unexplained variability in catch rates, making
it more difficult to detect real signals in the data. However, the number of samples
collected by the FIS is much smaller than that of the commercial fishery, which also
leads to large variability.

5.4.2 METHODS/ANALYSES


Independent estimates of fish abundance should be included, where possible, in
models where the potential seismic effect is confounded with underlying changes in
fish abundance that are due to processes such as recruitment and fishing pressure.
Those obtained from stock assessment models will not be entirely independent
because such models typically use logbook catch and effort data, but would
nevertheless be valuable. Any survey derived abundance data could be used.



A reliable estimate of distance at which seismic effects may be detected is crucial to
inform models. Current estimates vary from < 5 km (McCauley et al 2003) to over
100 km (Handegard et al 2003). By adopting a liberal estimate of effect distance (100
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km), the current study may have been compromised by potentially including physical
scales beyond the range where impacts could realistically be expected to occur.


Any analysis linking seismic signal data with fisheries logbook data should include all
the major factors that might influence catch rates. Such variables include the depth at
which fishing takes place, month, year, location, vessel, and relevant environmental
factors. By not considering these factors, spurious relationships could be found, or
real relationships may be obscured by confounding factors.



Future work should consider transformations or non-linear smoothers to describe the
relationships between seismic surveys and fish catch rates. Although our results were
not conclusive, there are indications that this relationship, if one exists, is non-linear.
The use of a realistic physical model to describe the volume and frequency of the
sound waves encountered by fish might more accurately account for the shape of such
relationships. For example, sound transmission is logarithmic in decay character so a
log relationship is likely to have been a better proxy (Rob McCauley, personal
communication). Simulation or bootstrapping should be used to estimate the
magnitude of the impact on catch rates that can be detected using the models
presented here (or their improved versions). Although regression models are able to
account for the influences of multiple potentially important variables simultaneously,
weak signals or those that are highly collinear (correlated) with other variables may
not be detected.



The cumulative regression model allows the estimation of seismic effects at any time
or distance from a seismic survey. A more realistic approach would force the
relationship to decay towards zero with increasing time and distance. Sound signals
are unlikely to be detected at distances greater than 20-30km for seismic surveys
conducted in 50m or less of water depth, and the limestone pavements of Bass Strait
act to degrade sound transmission so that effects are unlikely at more than 50 km in
100m of water in that region.



Three main regression approaches were presented here; of these, the ‘cumulative
impact’ model showed greatest promise. However, the ‘nearest neighbour’ model is
simpler to implement and might therefore be a useful first step to see whether any
obvious signals exist in the data before proceeding to the more complex ‘cumulative
impacts’ model. Care must be taken when interpreting the results of the ‘nearest
neighbour’ method because of possible collinearity between seismic survey location
and the quality of nearby fishing grounds. The ‘cumulative impact’ model could be
improved by employing relationships that force seismic effects to tend to zero
asymptotically over increasing time and distance.

5.5

Conclusions

This study has not clearly identified negative (or positive) effects of seismic surveys on
fisheries catch rates. Any potential impacts of seismic surveys are confounded with changes
in the relative abundance of target species brought about by other factors, and this is
especially the case with relatively short-lived species (such as scallops).
Despite attempting novel and relatively sophisticated methods to try to separate the effects of
the various factors thought to effect catch rates (including a number of ways of characterizing
seismic surveys) no clear impact of seismic surveys was detected, but neither can such effects
be ruled out.
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Appendices

A1. Full references for environmental variables
The SDODE (Hartog et al. 2013) products used in this analysis are shown, giving SDODE product number, followed by an explanation of the content.
10

AGSO Bathymetry Refer to this grid as, Petkovic, P. & Buchanan, C. 2002. Australian bathymetry and topography grid. [Digital Dataset]. Canberra:
Geoscience Australia. http://www.ga.gov.au/general/technotes/20011023_32.jsp

101 CSIRO SST: 3 Day Composite. CSIRO Marine Research, Remote Sensing Project
114 synTS CSIRO Temperature at Depth http://www.marine.csiro.au/eez_data/doc/synTS.html
120 Weekly Reynolds V2 SST NOAA Optimum Interpolation (OI) SST V2. Data provided by the NOAA-CIRES Climate Diagnostics Center, Boulder,
Colorado, USA, from their Web site at http://www.cdc.noaa.gov/
410 SeaWiFS Chlorophyll A Concentration. SeaWiFS data compiled by Thomas Moore and CSIRO Remote Sensing, courtesy of the NASA SeaWiFS Project
and Orbimage.
416 MODIS 4km 8 Day Composite MODIS Chlorophyll A. Data available at http://oceandata.sci.gsfc.nasa.gov/MODISA/
230 GSLA derived Eastward Geostrophic velocity (u) Produced and maintained by Madeleine Cahill, CSIRO
231 GSLA derived Northward Geostrophic velocity (v) Produced and maintained by Madeleine Cahill, CSIRO
282 synTS Eastward Geostrophic velocity (u) http://www.marine.csiro.au/eez_data/doc/synTS.html
283 synTS Northward Geostrophic velocity (v)

http://www.marine.csiro.au/eez_data/doc/synTS.html

400 SeaWiFS k490 Turbidity Data SeaWiFS data compiled by Thomas Moore and CSIRO Remote Sensing, courtesy of the NASA SeaWiFS Project and
Orbimage.
401 MODIS 4km k490 Turbidity Data. Data available at http://oceandata.sci.gsfc.nasa.gov/MODISA/
451 synTS CSIRO Salinity at Depth http://www.marine.csiro.au/eez_data/doc/synTS.html
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SDODE product
number

Name

Measure

Units

10

Bathymetry

height

m

101

CSIRO Sea surface temperature

temperature

°C

0.04°

1 day

114

synTS temperature at depth

temperature

°C

0.2°

1 day

120

Reynolds sea surface temperature

temperature

°C

1°

1 week

410

SeaWiFS chlorophyll A

chlA

mg/m3

0.0833°

8 days

416

MODIS Chlorohyll A

chlA

mg/m3

0.0417°

8 days

230

'GSLA derived Eastward Geostrophic
velocity (u)

currents

m/s

0.2°

3.78 days

231

'GSLA derived Northward Geostrophic
velocity (v)

currents

m/s

0.2°

3.78 days

282

synTS Eastward Geostrophic velocity (u)

currents

m/s

0.2°

2.54 days

283

synTS Northward Geostrophic velocity (v)

currents

m/s

0.2°

2.54 days

400

SeaWiFS Turbidity

kd490 (attenuation coefficient at 490nm)

m-1

0.0833°

8 days

406

MODIS Turbidity

kd490 (attenuation coefficient at 490nm)

m-1

0.0417°

8 days

452

synTS salinity at depth

salinity

psu

0.2°

2.54 days
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Spatial Resolution
0.01°

Temporal Resolution
-

A2. Detailed information on seismic surveys
PROCESSING SURVEYS WITH POOR TEMPORAL RESOLUTION
Ideally, each 0.01 cell in the grid would have had an associated date and time when that cell was
seismically surveyed. Unfortunately, digital data were only available at resolutions of whole survey,
which can have large spatial and temporal coverage (Figure 1). A total of 16 surveys were identified
that had anomolous spatial or temporal data, or particularly poor temporal resolution combined with
large spatial coverage. Attempts were made to revisit the original survey reports in order to reduce
the temporal resolution to one month.
In one case, the apparent large temporal coverage (of five years) was a data error. Out of the
complete list of surveys, a subset was identified as unsuitable for analysis. Data rejection generally
arose from the resolution at which temporal information was recorded in the digital data, recollection of data over previously surveyed areas, and inaccuracies in database records. Errors were
corrected with accurate information sourced from survey reports. Where adequate survey
information was not available and surveys were conducted prior to 1980, they were removed from
the analysis. Where temporal information was inadequate, more accurate information was sourced
from survey reports, and the data was corrected.
An attempt was made to correct data for these surveys. This required reformatting or correcting or
sourcing information for the surveys identified as GAMS ID = 40, 90, 1167, 1906, 2270, 2271,
2274, 2539, 2578, 2691, 3285, 3499, 3595, 3839, 3840, and 3842. Of these, surveys 2274 and 2691
were deleted as their seismic source was deemed to be too small to consider (<10 cubic inches or a
sparkler system). Survey 3595 was found to have a very large spatial footprint and large timeframe
without adequate information to temporally sub-divide the survey. As this was viewed as a key
survey in the Gippsland Basin, the entire survey area was allocated to each month of the survey
timeframe period.
For all other surveys, dates for each line were manually corrected to month resolution using survey
reports and location information. Where possible, the survey was divided into areas and allocated to
a single month. Where >70% of data acquisition occurred in a single month, the entire survey was
allocated to that month. Where no information was available on the time of acquisition, the entire
survey was allocated to a month in the middle of the survey based on the assumption that the bulk
of data acquisition occurred then. Each of these one month intervals was considered as a separate
survey in the statistical analysis. The spatial data were linked back to the full survey information
using the survey ID (GAMS ID). The 16 amended surveys (some of which have been split into two
‘new’ surveys) had multiples of 10,000 added to their GAMS ID to ensure uniqueness.

MAPS OF SEISMIC SURVEYS
The 183 seismic surveys that were identified for this study are shown in Figure A3-1.
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Figure A3-1. Locations of 0.01 degree blocks surveyed during 183 seismic surveys identified for this study. The start date, duration in days (in
parentheses) and unique ID number for each survey are shown. Those with a five digit ID were modified (see section 2.1.3). The red dot identifies the
survey centroid. This figure continues below.
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Figure A3-1. Continued.
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Figure A3-1. Continued.
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Figure A3-1. Continued.
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A3. Victorian Rock Lobster Fishery data.
The Victorian Rock Lobster Fishery targets southern rock lobster (Jasus edwardsii) along the
Victorian coast, out into Commonwealth waters (>3 nm offshore). The fishery is managed through
both input and output controls, with limited entry, gear restrictions, effort limits and a Total
Allowable Commercial Catch (TACC). Baited pots are used over patchy reef substrate throughout
the fishing season from 16 November to 14 September each year.
Total catches steadily decreased from 490 t for quota years (16 November – 14 September) 2002/03
to 274 t in 2009/10, but increased slightly to 308 t in 2011/12 (DEPI, 2014). The fishery is divided
into two management zones separated at longitude 143 40’E, with most of the catch coming from
the Western Zone. During 2011/12, 260 t of southern rock lobster was landed in the Western Zone,
and of 65 t in the Eastern Zone. The quota management system was introduced in 2001, and the
2014/15 TACCs in Western and Eastern zones are 230 t and 59 t respectively.
Southern rock lobster are distributed across southern Australia and New Zealand down to about
200 m depth (Bruce et al 2000; Linnane et al 2011). They have a complex life history where they
brood for 3–4 months, hatch into a brief (10–14 day) nauplius phase and then into a planktonic
phyllosoma phase. The planktonic phase lasts 12–23 months before metamorphosis to the puerulus
stage and settlement onto coastal reef substrate occurs (Bruce et al 2000). The Victorian Rock
Lobster Fishery targets adults — the legal minimum length for males and females is 110 mm and
105 mm carapace length respectively.
Fishers report catch and effort data to the Fisheries Victoria, using a grid system to record location.
Grids are based on divisions of 10' latitude × 10' longitude (approximately 10 ×10 nm). Data are
entered and warehoused at Fisheries Victoria’s Catch and Effort Unit. Catch and effort data was
requested from Fisheries Victoria, and in accordance with their internal policy, data was aggregated
and filtered so that no grid comprised information from less than five data sources (i.e. “five boat
rule”). This loss of data and data resolution was not an issue for Parry & Gason (2006) because
they were employed by Fisheries Victoria at the time, and so the five boat rule did not apply to their
data request. The data we received was monthly catch (kg) and effort (pot-lifts) for each reporting
grid.
Examination of the data showed that very little fisheries data from the area of interest remained in
the dataset after filtering to comply with the five boat rule. Data from 2001– 2013 was received,
but only contained three reporting grids within the area of interest (Figure A1.1 and Figure A1.2).
Of those three grids, the one most populated with data straddles the western boundary of the area of
interest (around the entrance to Port Phillip Bay), and contained data from 11 different years, but
only from 1–3 months within any year. Data from other two grids comprised only one data point
each. With so little data available subsequent to filtering, further analysis of the Victorian Rock
Lobster Fishery data was considered pointless.
Despite there being a maximum of 47 Victorian Rock Lobster Fishery licences available in the
Eastern Zone, either many are inactive, or their fishing grounds are so spread out that only very
rarely do five or more licences fish in the same reporting grid and in the same month. This is
consistent with anecdotal information from an industry member who described that as many as
twelve rock lobster fishers were based out of Lakes Entrance prior to 1991, however declining
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catches in that area saw 10 fishers leave either the fishery or Lakes Entrance as their home port
(John Barrett, Rock Lobster Fisherman, pers comm).
Subsequent discussions with Fisheries Victoria staff indicate that the policy of the five boat rule
may be reviewed in the near future, allowing finer scale data to be released for research under a
confidentiality agreement. If such a policy is developed, is likely that it would include a condition
that prohibits publication of data comprising information from less than five licences but it may
enable future analyses of the entire Rock Lobster catch and effort data.
The southern rock lobster industry have indicated they are most concerned with the potential impact
of seismic signals on the planktonic larval stages of the southern rock lobster life-cycle – less so
about the impact on catch rates of adult southern rock lobster. As can be seen from the analysis of
other species (gummy shark and tiger flathead for example) in this report, even the latter
relationship is difficult to analyse. Analysis of the former situation — potential impacts on the
larval stages — would be considerably more difficult and uncertain. This would likely involve
determination of the spatial and temporal source of larval release and the movement and dispersal
of the planktonic phyllosoma stage under prevailing oceanographic currents until puerulus
settlement. The potential impact of seismic signals would depend on the proportion and
vulnerability of the larvae in the vicinity to a specific, or multiple seismic activities. As
demonstrated by Bruce et al (2000), southern rock lobster larvae have widespread larval
distribution. This indicates that there is potential for seismic signals in a wide range of locations
and at almost any time of year to impact the larvae. Further, this widespread distribution, long
planktonic phyllosoma stage and variability in the strength and direction of currents in south-east
Australia (Knuckey et al 2010) make correlating catch rate data with seismic surveys a very
complex problem. In addition to logbook catch and effort data, datasets that may assist in such an
analysis would include the State puerulus settlement data and the State southern rock lobster survey
data for pre-recruit abundance index. Even if the full (unfiltered) southern rock lobster catch and
effort data was available for this report, such a significant data analysis and modelling exercise was
well beyond the scope and resources of the current project.
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Figure A3.1 Distribution of southern rock lobster month × grid cell data points (left panel) and
seismic survey data (right panel) received for 2001–2013 and for each year from 2008–2013.
Southern rock lobster data in the area of interest are highlighted by red circles. Note that the most
populous grid cell in the area of interest is a small cell at the entrance to Port Phillip Bay.
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Figure A3.2 Distribution of southern rock lobster month × grid cell data points (left panel) and
seismic survey data (right panel) received for each year from 2001–2007. Southern rock lobster
data in the area of interest are highlighted by red circles. Note that the most populous grid cell in
the area of interest is a small cell at the entrance to Port Phillip Bay.
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