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Abstract. A time series from 1977-1989 and 2000-2002 of biomass distribution of the demersal fish population as a
scientific trawl surveys in the Porcupine Seabight and adjawhole, species-specific impacts are highly variable. It is clear
cent abyssal plain of the NE Atlantic was analysed to as-that changes in population structure can extend beyond the
sess changes in demersal fish biomass and length frequenajepth at which fishing takes place, highlighting the impor-
These two periods coincide with the onset of the commer-tance for also considering the indirect effects on deep-sea fish
cial deep-water fishery in the late 1970s and the onset opopulations.
the regulation of the fishery in the early 2000’s, which al-
lowed us to investigate changes in the relationship between
total demersal fish biomass and depth between the pre- and
post commercial fishing periods, as well as changes in thé Introduction
biomass (kg km?) depth distribution and length frequency
distribution of the most dominant fish species. Our resultsHumans have used the oceans over millennia and signifi-
show a decline in total demersal fish biomass of 36 % withincant technological advances now allow exploitation of fish-
the depth range of the commercial fishegyd500 m). Whilst  eries’ resources, hydrocarbons and minerals below a depth
there were significant declines in target (€€gryphaenoides  of 2000 m (Ramirez-Llodra et al., 2011). The environmen-
rupestrisdecreased by 57 %) and non-target (€gguen-  tal impacts of human activities on the deep-sea benthos are
theri andAntimora rostratd species, not all species declined of increasing concern; of these, trawling appears to be the
significantly. Changes in the overall length-frequency distri- most significant, certainly in terms of the area affected. Re-
bution were detected for 5 out of the 8 dominant speciescently it was shown that the annual spatial extent of seabed
occupying depth ranges both within and outside the max-activity as a result of bottom trawling in areas of the NE At-
imum depth for commercial trawling. This suggests thatlantic is significantly larger than the combined activities of
whilst there is evidence for likely fishery impacts on the laying submarine cables, waste disposal and oil and gas ex-
ploitation (Benn et al., 2010). Benthic fishing activities not
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only impact the target (and non-target) fish species, but alsaeep-water fishing. Whilst a decline in overall species abun-
affect the abundance and diversity of the benthic epi- and indances in response to exploitation is not surprising, little is
fauna (e.g. Koslow et al., 2000; Gage et al., 2005; Clark ancknown of what the long-term consequences of the fisheries
Koslow, 2007), which can have knock-on effects on the foodare on population biomass and size-structure (but see Neat
web and for the functioning of the ecosystem (Watling andet al., 2010). Yet this information is of fundamental impor-
Norse, 1998; Hinz et al., 2009). tance for the development of conservation and management
The continental slopes of the NE Atlantic are characterisedstrategies, as fisheries exploitation has already changed the
by steep gradients, which represent areas of enhanced proaean trophic level of the fish community due to declines in
ductivity and consequently support large and diverse demertarger, slow-growing species (Pauly et al., 1998; Hilborn et
sal fish assemblages (Priede et al., 2010). As a result thessd., 2003).
areas have been the focus of many deep-water trawl fish- Here we first estimate long-term trends in total biomass
eries since the 1970's. The onset of deep-water fisherieand size structure of the deep-water demersal fish community
in the 1960’s and 1970’s coincided with the developmentin the Porcupine Seabight and abyssal plain area of the NE
of new and more robust fishing gear as strong declines imAtlantic between the 1980s and early 2000s through com-
shallow-water fish stocks were observed in the North At-parison of fishery-independent trawl surveys carried out over
lantic (Koslow et al., 2000). The maximum depth that com- these time periods. In this area of the NE Atlantic (ICES Sub-
mercial fishing extends to is around 1600 m (Basson et al.area VII) the commercial deep-sea fishery developed in the
2002), although most fishing effort is focussed at depthsearly 1990s and has been subject to increasingly strict regu-
around 1000m where the commercially valuable speciedations since 2003. We first address the question of whether
including Coryphaenoides rupestrigoundnose grenadier), there is any evidence of changes in total biomass of the dem-
Aphanopus carbdblack scabbardfish)Hoplosthethus at-  ersal fish community at deptlis800 m between the two pe-
lanticus (orange roughy) and deep-water sharks are com+iods (1980’s and early 2000’s) and further estimate changes
monly found (Gordon et al., 2003; Priede et al., 2010). Itin the total biomass of deep-water fish species for ICES Sub-
has been shown that 71 % of the demersal fish species inhalarea VIl and compare these to annual landings by the fish-
iting the continental margins of the Porcupine Seabight areary (ICES, 2011). We then investigate any putative species-
are vulnerable to deep-water fisheries, as their depth rangespecific effects that the deep-water fishery may have had on
intersect the 500-1500 m trawling depth of the commercialthe total biomass and length-frequency distribution of the 8
fishing vessels (Priede et al., 2011). most dominant target and non-target demersal fish species.
Overfishing is one of the most serious conservation con-
cerns in marine ecosystems (Worm et al., 2009) and un-
derstanding which species are most at risk remains a chal Materials and methods
lenge, particularly in the deep-sea where species-specific in-
formation on ecology and life-history characteristics remains2.1  The study area
scarce. Available information for some deep-sea benthic fish
species of commercial value including the orange roughyThe deep-sea demersal fishes of the Porcupine Seabight and
(H. atlanticug and roundnose grenadieC.(rupestriy sug-  abyssal plain areas of the Northeast Atlantic Ocean (ap-
gest that deep-water fish in general are very slow growingprox. 50 N, 13° W) were surveyed by scientific bottom trawl
long lived and have delayed maturity (Koslow et al., 2000; from 1977 to 2002 (Fig. 1). For the present analysis we in-
Morato et al., 2006). For examp(@. rupestrisis thought to  cluded data from trawls at depths ranging from 800 to 4865 m
live up to 60 yr and mature after 8—11yr (Kelly et al., 1997), (=146 trawls), which is a subset of the full data set de-
this low productivity makes deep-sea fish species highly vul-scribed by Bailey et al. (2009) and Priede et al. (2010, 2011).
nerable to fisheries and extremely difficult to conserve andTrawls from depths< 800 m were excluded from the anal-
manage (Merrett and Haedrich, 1997; Morato et al., 2006)ysis as no upper slope trawling was carried out after 1989.
Concerns over the sustainability of the largely unregulatedin addition, eight trawls from 1997 were omitted from the
deep-sea fisheries were brought about in the mid- to lateanalysis, because these trawls lacked ‘time on bottom’ data,
1990's by the International Council for the Exploration of which is required to calculate fish biomass (kg and
the Sea (ICES) when a significant reduction in the catch pembundance (ind. ki?) from trawl swept-area (calculated
unit effort of the main target species, as well as severe defrom time on bottom, vessel speed and door spread). The
pletion of local aggregations in the North Atlantic were de- survey data were split into two distinct time periods, “early”
tected (e.g. Gordon et al., 2003; Large et al., 2003; Large angeriod from 1977-1989 (95 trawls) and “late” period from
Bergstad, 2005; Lorance et al., 2008). These trends were sutl2000-2002 (51 trawls). The “early” period represents the
sequently further confirmed by fisheries-independent long-state of the deep-sea fish assemblage before and during the
term studies (e.g. Bailey et al., 2009) suggesting that cominitial development of the commercial fishery in this area,
mercial fisheries have significantly reduced the abundance ofvhilst the “late” period represents the time when the fishery
target and non-target species Y50 % since the onset of was well established (Bailey et al., 2009; Priede et al., 2011).
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All the samples lie within ICES Sub-area VIl (Divisions b, lation structure (corGauss) (Pinheiro and Bates, 2000). For
¢, j, k) corresponding to the area shown in Fig. 1 (boundaryHalosauropsis macrochirdata exploration indicated viola-

48°00' N, 56°30'N, 9°00' W, 18°00 W), for which the best tion of homogeneity of variances, therefore requiring the
available data on annual landings by the fishery are takemse of varPower variance covariate structure that allows the

from ICES (2011). residual spread to vary with respect to depth (Pinheiro and
Bates, 2000; Zuur et al., 2009). In addition, 8ynapho-
2.2 The sampling procedure branchus kaupjidata exploration also indicated violation of

homogeneity of variances as a result of differences between
A 45-foot (13.7 m) semi-balloon otter trawl (OTSB, Mari- sampling cruises. As the different cruises represent samples
novich Trawl Co., Biloxi, USA) was fished on a single warp from the population about which we wish to make inferences
(Merrett et al., 1991a). The width of seabed sampled wasve used a random effects model to model the variability
8.6 m and haul duration varied between 60 min bottom con-caused by the factor “Cruise”. For both the additive (GAM)
tact time at around 800 m and 3 h bottom contact time onand the additive mixed models (GAMM) the initial models
the abyssal plain with a tow speed of 2—-2.5 knots. Variationincluded the factor “Period” (early or late) and a smoother
in the bottom time with depth approximately equalised theover Depth (s(Depth)), which was compared to an alterna-
catch sizes across the wide depth range sampled (Priede gte model including the factor (Period) and a s(Depth) for
al., 2010, 2011). Although this small trawl was very effec- each period to identify the presence of a significant interac-
tive at catching a wide range of species, the limited herdingtion. To estimate the optimal amount of smoothing for each
action and low towing speed reduced the number of large andmoother, we used cross-validation (Zuur et al., 2009) and
highly mobile species such as sharks and the black scabbar@lternative models were compared using the Aikaike infor-
fish, Aphanopus carban the catch (Merrett et al., 1991a; mation criterion (AIC). Once the optimal model was iden-
Gordon et al., 1996). Length (cm) and biomass (wet weighttified, the residuals were re-examined to ensure that model
g) were determined for each individual caught. In the late pe-assumptions were met.
riod every fish captured was weighed to the nearest 1 g using The Kolmogorov-Smirnoff (K-S) test was used to deter-
on board heave-compensated digital scales (S-182, Pols, Icenine if the length-frequency distribution of 8 of the dominant
land), which were calibrated at regular intervals during catchdemersal fish species differed significantly between the early
processing. In the early period this technology was not avail-and the late period. Fétalosauropsis macrochiin the early
able, so the biomass (g) of individuals caught was calculategeriod, the individual lengths were measured as gnathoproc-
from length-weight relationships determined for individual tal length (GPL), whilst in the late period lengths were mea-
species from sub-samples brought ashore supplemented witured in pre-anal fin length (PAFL). As the GPL and PAFL in
information from adjacent areas where appropriate (Supplethis species are very similar (O. A. Bergstad, personal com-

ment). munication, 2012), they were used directly for comparison
of the length-frequency distribution between the two periods,
2.3 Statistical analyses rather than inter-conversion between the two data sets.

Analyses were conducted in R (R Development Core

Change in the total demersal fish biomass (kgRrwith Team 2008) using the “nime” library for the extended linear
depth between the early and the late period was analysed usaodel (Pinheiro et al., 2007), the “mgcv” library for the ad-
ing an extended linear model with the variable “Depth” as ditive (mixed) models (Wood, 2007) and the “fishmethods”
an exponential variance covariate (varExp) to model the hetdibrary for analysis of the length-frequency distributions and
eroscedasticity in the variance structure (Pinheiro and Bateghe Kolmogorov-Smirnoff Test (Nelson, 2010).
2000). For eight of the most dominant species, in terms of to-
tal biomass (kg km?), in the Porcupine Seabight and abyssal 2.4 GIS methods
plain and for which there was sufficient data we investigated
the species specific changes in biomass with depth and conGharts of Sub-area VIl were developed using the General
pared these between the early and late period. Bathymetric Chart of the Oceans (GEBCO). The bathymet-

Changes in individual species biomass with depth betweemic grid was exported (GEBCO Grid Demonstrator v 2.12) to
the two periods were modelled using additive models with aan ASCII file and converted to a raster dataset using ArcView
Gaussian distribution, applied to lggtransformed data. We 9.3. The data were projected onto Universal Transverse Mer-
used logg transformation to stabilise the variance and re- cator (UTM) based on the World Geodetic System (WGS)
duce the effect of large values. The latitude and longitude1984 ellipsoid and ArcView 9.3 was then used to select the
coordinates of the individual trawls were used to visually as-study area and extract it from the GEBCO raster dataset. The
sess the effects of spatial autocorrelation using bubble plotgeographic coordinate system (GCS) was transformed onto
(Pebesma, 2004). Spatial autocorrelation was detected fazylindrical equal area projection in secant normal aspect,
Coryphaenoides rupestrand the biomass data were anal- with longitude of the central meridian at 13/ and stan-
ysed using an additive model with a Gaussian spatial corredard parallels at 1S and 5% N. During the transformation
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Fig. 1. Locations of the trawl stations. Period 1 (early period), pre-fishery years 1997-1989, period 2 (late period) during the commercial
fishery years 2000—2002. 800 m indicates the minimum depth sampled in this study.

a new cell size (734.215m) for the output raster dataset wa8 Results

automatically generated by ArcView, as optimized for the

particular projection. 3.1 Changes in total demersal fish biomass with depth
Fitted relationships for biomass as a function of depth and over time

were applied to GEBCO bathymetry. To predict the total de- ) ] ] ) )
mersal fish biomass across the entire Sub-area VII for botd" the present analysis 93 demersal fish species were identi-

periods, linear functions were used (Egs. 1 and 2): fied to occur at depths 800 m in the Porcupine Seabight
and the adjacent abyssal plain areas of the Northeast At-
Early period:y = —0.2253¢ + 1351, (1) lantic. The results show a significant decline in total demer-

sal fish biomass with depth in both periods (deptberiod,
L. ratio=4.240, d.f=1, p <0.05, Fig. 2). At 1000m,

Late periodiy = —0.1261x + 85327, (2)  within the depth zone of the commercial fishery, the results
. . 2 . show that total biomass decreased from 1126 kgkrim
wherey is total biomass (kgknr), andx is depth (m). the early period to 727 kgknt in the late period. On the

Biomass of the roundnose grenadi€ofyphaenoides ru- 4y ssal plaing 4000 m depth) total biomass decreased from
pestris the main t_arget species) as a function Qf t_jepth WaS_ 450 kg knm2 to < 349 kg knT2 in the early and late period
found to be non-linear. Therefore, for the prediction of t0- egpectively. Extrapolation to the entire ICES Sub-area VI
tal biomass for both periods we estimated using segmentegkig 3) would suggest that total fish biomass across the slope

regr.ession models. area decreased by 28 % from 169 792t in the early period to
Biomass values were calculated for each cell of the rastel 25 493+t in the late period.

dataset with a depth>800m and converted to total de-

mersal fish biomass (in tonnes) by multiplying the mean3.2 Species specific changes in total biomass with depth

biomass (kgkm?) resulting in ArcView 9.3 by area at and over time

depths> 800 m (knf). Area in the raster dataset was deter-

mined by counting pixels and multiplying by the pixel area, Although 93 demersal fish species were recorded, only

which were derived from pixel size (O'Sulivan and Unwin, the 8 species listed in Table 1 were encountered in suffi-

2003). cient frequency to model their spatial and temporal patterns
of biomass effectivelyCoryphaenoides rupestrithe main
species targeted by the commercial fishery, showed a sig-
nificant decline in biomass (lagkg km~2) across its entire

Biogeosciences, 10, 52839, 2013 www.biogeosciences.net/10/529/2013/
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Table 1. Summary results for the 8 most dominant species in terms of total biomass (‘k?g latthe Porcupine Seabight and abyssal plain.
*Species biomass distributions were analysed using generalised additive mixed modelling (GAMM). Here the terms “Period1” refer the
early period and “Period2” the late period of trawling. SE represents the Standard error and Edf is the estimated degrees of freedom for the
smoothers obtained by cross-validation. s(Depth) refers to a smoother for depth irrespective of trawling period and s(Depth) : Factor(Period2)
denotes that there is a separate smoother for changes in biomass with depth in Period2.

Biomass Depth distribution
Species Estimate SE  t-value p-value Edf F p-value
Synaphobranchus Intercept 1.45 0.095 15.71 <0.0001 s(Depth) 4.492 19.49 < 0.0001
kaupit*
Halosauropsis Intercept 1.169 0.049 23.76 <0.0001 s(Depth) 4184  9.803 <0.0001
macrochir s(Depth) : Factor(Period2) 3.608 11.636<0.0001
Coryphaenoides  Intercept 144 0.059 24.504 <0.0001 s(Depth) 4988 14.603 <0.0001
guentheri Factor(Period2) —0.102 0.53 —-1.949 0.055 s(Depth) : Factor(Period2) 15 5.934 <0.01
Coryphaenoides Intercept 2.0241 0.13 15.578 <0.0001 s(Depth) 3.909 4.425 <0.001
rupestris’ Factor(Period2) —0.367 0.178 —2.063 <0.05
Coryphaenoides Intercept 294 0.619 4.747 <0.0001 s(Depth): Factor(Periodl) 5.563 4.557<0.001
armatus s(Depth) : Factor(Period2) 3.608 11.636<0.0001
Nezumia aequalis Intercept 0.77 0.057 13.53 <0.0001 s(Depth): Factor(Periodl) 7.634 15.78& 0.0001
s(Depth) : Factor(Period2) 6.081 5.05 <0.001
Antimora rostrata  Intercept 1.195 0.072 16.65 <0.0001 s(Depth) 5.808 36.829<0.0001
s(Depth) : Factor(Period2) 2.53 6.811 <0.001
Lepidion eques Intercept 1.428 0.57 24.89 <0.0001 s(Depth) 3.066 39.41 < 0.0001
e was 7525t in the early period and 3232 t in the late period, a
9 decrease of 57 % of the initial biomass.
io Several non-target species also showed changes in
A . . .
§_ ! biomass between the early and late periods. The biomass
o « d . . (logiokg km~2) of quypha_eno_ides guenthefdepth range
'c o 1200-2875m) declined significantly at deptks2000m
< Q- (Table 1, Fig. 4) but there was no difference at its
< v depth of maximum biomass ca. 2500 m. The deeper-living
@ 9 Coryphae_noid_es arma_tu(sjepth range _2016—4865 m), in-
g O creased in biomass in the late period at 3000—4000 m
- . . .
ks depth (Fig. 4) Nezumia aequali&epth range 800-1650 m)
o o showed a small decrease in biomass over the shallower part
Q . . . . .
o of its depth range (Fig. 4), but biomass was higher in the late
period than the early period at depths greater than ca. 1400 m.
o In contrast taC. guentherandC. armatusAntimora rostrata

. ‘ T . . (depth range 853—-2970 m) showed a significant decrease in
1000 2000 3000 4000 5000 biomass between the early and later period at depths greater
Depth (m) than 1500 m. At its depth of maximum biomass (2500 m) the

Fig. 2.Changes in total demersal fish biomass (kg#ywith depth biomass decreased from 920 to 148 kgkn(Fig. 4).
in the Porcupine Seabight and abyssal plain area of the North- For Synaphobranchus kaupdepth range 800-2500m),

east Atlantic Ocean between the early (1977-1989, circles) and—|alosaurop5|s macrochlr(1440—3485_m,) andLepidion
late (2000—2002, triangles) trawling periods. Model predictions for eques(depth range 506-2420 m), no differences were found

changes in total biomass with depth in the early (solid line) and latei the total biomass between the two periods (Table 1, Fig. 4).

(dashed line) period. The vertical dashed line represents the approx- ) o
imate maximum depth of commercial fishing in this area. 3.3 Changes in the length-frequency distribution

The size structure (Fig. 6a) f&. kaupii did not signifi-

cantly change in the depth ranges from 800-1300 (K-S test,

D =0.169,p = 0.280) and 1300-1800 (K-S te€?,= 0.113,
depth range, 800-1932 m, between the two periods (Table 1 = 0.500). The median standard length of individuals at 800
Fig. 4). The peak biomass is at 1500 m where the biomass$o 1300 m depth was 20 cm in the early and 22 cm in the late
decreased from 386 to 166 kg ki Extrapolating over the  period. At 1300-1800 m depth the median standard length
entire ICES Sub-area VIl (Fig. 5), the predicted total biomassreduced from 34.5cm to 33.5cm in the early and late period

www.biogeosciences.net/10/529/2013/ Biogeosciences, 10,53292013
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Fig. 4. Biomass trends (log kg km?) for the eight most dominant species in terms of biomass in the Porcupine Seabight and Abyssal Plain.
Model predictions (solid lines) and 95 % confidence intervals (dashed lines) are shown for changes in total biomass for individual species
with depth in the early (black) and late (grey) period.

respectively, with a slight increase in the frequency of largertime periods, it did increase with depth (1200-1800 m: early
individuals & 40 cm) in the late period. At depths between vs. late, 4 and 4.45cm; 1800-2400: early vs. late, 5.8 and
1800-2500 m there was a significant shift in the population5.8 cm; 2400-2875: early vs. late, 6.1 and 6.1 cm).
to larger individuals from the early to late period (K-S test, Similarly, the cumulative length-frequency distribution of
D =0.298, p < 0.05), with the median standard length in- C. rupestrisalso did not change significantly between the
creasing from 41.5 to 45.5 cm respectively. early and late period irrespective of depth bin (800-1300 m:
The size structure of thd. macrochir(Fig. 6b) population K-S test, D =0.241, p = 0.160; 1300-1900 m: K-S test,
increased significantly to larger pre-anal fin lengths in theD = 0.06, p =0.750). The results suggest that in the
late period (K-S testD = 0.608, p = 0.01), with an increase  800-1300 m depth interval there was an increase in the num-
in the median pre-anal fin length from 20 to 23.5 cm betweenber of large individuals in the late period, shifting the median
the two periods. head length from 8 cm in the early to 9.7 cm in the late period
The cumulative length-frequency distribution©f guen-  (Fig. 6d).
theri did not change significantly between the early and C. armatus however, showed a significant change in
late period irrespective of depth bin (1200-1800 m: K-S population size structure across the whole of its depth
test,D =0.164,p = 0.58; 1800-2400 m: K-S tesh = 0.99, range (2000-3000m: K-StestD =0.240, p <0.05;
p=0.15; 2400-2875m: K-S testp =0.019, p=0.88, 3000-4000m: D =0.273, p=0.07; 4000-5000m:;
Fig. 6¢). Whilst the median head length did not vary betweenD = 0.327, p < 0.05). Between the early and late period

Biogeosciences, 10, 52839, 2013 www.biogeosciences.net/10/529/2013/
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Fig. 5. The GIS predicted model of spatial distribution for biomass (kg kjof the main target commercial fish species, roundnose grenadier
Coryphaenoides rupestria ICES Sub-area VII (Divisions b, c, j, k) based on the fitted models in Fig. 4§ajahe early (1977-1989) and
(b) the late (2000-2002) period.

at all depths the median head length shifted to a smalledecreased by 47 300t so that biomass remaining in the late
size, 7.6 to 7.2cm, 9.3 to 8.6cm and 13 to 11.5cm withperiod was 72 % of the biomass present in the early period.
increasing depth (Fig. 6e). In addition, the results show thatOver the decade, 1992—2001 the fishery reported mean an-
overall the head length &&. armatusindividuals increased nual landings of 1566t of orange roughydplostethus at-
with depth, irrespective of time period. lanticug 1304t of roundnose grenadie€ ( rupestriy and
TheN. aequaligpopulation showed a significant change in 520t of black scabbard fisltAphanopus carbo(data from
size-structure across its depth range between the early an€ES, 2010). Bailey et al. (2009) showed a significant de-
the late period (800-1650: K-S tedd,= 0.162, p < 0.05). crease in terms of demersal fish abundance could be detected
This trend appears to be largely driven by an increase in thelown to 2500 m, suggesting that the impact of the fishery
number of individuals with a head length between 2 and 3 cmextended beyond the maximum depth of commercial fishing
in the late period (Fig. 6f). The median head length between(~ 1500 m). Similarly in the present study we detected a sig-

the two periods increased slightly from 3.5 to 3.7 cm. nificant decline in the total demersal fish biomass, particu-
No significant change in the cumulative size-frequencylarly at depths 800—-2000 m.
distribution was found forA. rostrata (Fig. 6g) across its For the commercially targeted speci@srupestriswe es-

depth range (800-1916: K-S tesh =0.115, p =0.85; timate that the biomass decreased from 7525t in period 1
1916-3000 m: K-S test) = 0.165, p =0.15). At the shal- to 3232t in the late period (Fig. 5). ICES (2011) made an
low end of its depth range, the median standard length ofexploratory assessment of total biomassCofrupestrisin
A. rostratadecreased from 18.5 in the early to 16.3 cm in the ICES Sub-areas Vb, VI, and VIl based on landings and land-
late period, with no difference in median standard length be-ings per unit effort data indicating decrease in biomass from
tween periods at the deep end of its depth rage (early vs. latea. 140000t in 1988 to 55000t in 2001. The landings from
46.1 and 47 cm). Sub-area VIl comprise on average 0.09 of the total landings
The population size structure af equeswas also found in Sub-areas Vb, VI and VII. Assuming stock biomass fol-
to change significantly between the two periods (800-1100iows the same ratio this implies that the biomass in Sub-
K-S test, D =0.26, p <0.05), and the median standard area VII was approximately 12600t in 1988 and 4950t in
length shifted from 24.2 cm in the early to 20.2 cm in the late 2001, which is 1.67 and 1.53 times higher than our esti-
period (Fig. 6h). mates. Given the high probability that a significant propor-
tion of the fish population escapes the OTSB net (Merrett
et al., 1991a, b; Gordon et al., 1996) these results are in re-
markably close agreement, and could be reconciled by as-

. o -
The present analysis shows that there was major declin§umlng a 60 /° trawl capture efficiency for the O.TS.B' We
. ) ; ound no significant change in length-frequency distribution
in demersal fish biomass over a large area of the bathyal

slopes of ICES Sub-area VI, the Porcupine Seabight an(Pf C. rupestrishetween the early and late periods, although

adjacent areas, following the onset of a commercial fisheryﬁ? Te fshallower en(: |Of Its .d%pthd rarl;?e thehres(;lllts stjhggest
around 1990. We estimate that the fish biomass in the areq @ ¢' ' cdUeNCIes otiargerindividua 6 cm head length)

4 Discussion
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in the early 2000s. This contradicts the findings of ICES
(2011) that there has been a general decline in lengths of fish
landed since 1990. However interpretation of the true popu-
lation size structure from commercial fishery data is compli-
cated by the high levels of discarding small fishes (Lorance
et al., 2001) in addition to changes in discarding practices,
with increasing numbers of smaller fish being accepted by
the market as the fishery progressed. The overall pattern of
the impact of the fishery is that biomass®@f rupestrishas
decreased by 57 %, compared with a 41 % decrease in num-
bers reported by Priede et al. (2011).

The depth range of Coryphaenoides guentheri
(1200-2875m) is predominantly deeper than the 1500 m
maximum depth of the fishery. It is interesting to observe,
therefore, that both abundance (Bailey et al., 2009; Priede et
al., 2011) and biomass (Fig. 4) of this species decrease at the
shallow end of the depth range between the early and late
period, suggesting that individuals further up the slope have
likely been affected by the fishery. The fishery does not seem
to have affecte. guentherifurther down the slope, where
biomass is the same and highest for both periods. These
trends are consistent with the length-frequency analysis in
the present study and previous analyses of trawl data from
this region, which revealed a significant increase in body size
of C. guentheriwith depth (Collins et al., 2005) suggesting
that this species moves deeper with increasing age.

Coryphaenoides armatuthe abyssal grenadier, has an up-
per depth limit of 2016 m and therefore the entire population
lives beyond the limit of the fishery and presumably cannot
be affected directly. Nevertheless the results show a signifi-
cant increase in biomass at continental rise depths (3000 to
4000 m) (Fig. 6), which is also reflected in a similar increase
in abundance at these depths (Priede et al., 2011). However,
the increase in total biomass 6f armatusacross its depth
range appears to be a result of an increase in frequency of
smaller individuals (Fig. 6€) in comparison to the early pe-
riod. This may be the result of natural fluctuations in recruit-
ment episodes that have occurred independently of any effect
of the fishery (Bailey et al., 2006), although the possibility
of a cascade effect (Myers et al., 2007) resulting from re-
moval of fishes in shallower areas cannot be excluded. As this
species is a facultative scavenger it is possible that changes
in carrion availability over the study period have been impor-
tant. However, no general effect on scavenger abundance was
detected by Bailey et al. (2009) when compared to species
that are not known to feed on carrion.

A large proportion of the depth rangeNézumia aequalis
straddles the depth zone of commercial fishery operations so
it is clearly a vulnerable species that has significantly de-
creased in both abundance (Priede et al., 2011) and biomass,
although the decrease in abundance is greater than the de-
crease in biomass. As the population size structuie. fe-
qualis shifted to larger individuals in the late period, the re-
sults likely suggest density dependent compensatory growth
in the individuals that escape the impact of the fishery (Rose
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etal., 2001). At depths greater than 1500 m there is no changthe late period may suggest that this species is also exhibiting
in abundance but there is an increase in biomass, further suglensity dependent increases in growth as a result of reduced
gesting a general increase in size of this species over time. intraspecific competition.

The pattern of change in biomass Aftimora rostrata Bailey et al. (2009) found that the fishery did not nega-
exactly mirrors the observed changes in abundance of thisively impactLepidion equesdespite its depth range coin-
species reported by Priede et al. (2011), where highest abureiding almost entirely with the depth zone of the commercial
dance and biomass were observed at depths greater thdishery. It was later also shown thiat equesabundance in-
1500 m and a paradoxical increase in abundance and biomasseased in the late period (Priede et al., 2011). Although in
at shallower depths<{1000 m), which are directly impacted the present study we also detect no change in biomass be-
by the fishery.A. rostrata is a conspicuous scavenging tween the early and late period, the results do show a change
species often seen at baited cameras deployed at shallowar the size structure of thie. equalispopulation, as the stan-
depths (Priede et al., 1994) so it may benefit from feed-dard length reduced significantly in the late period.
ing on discards or damaged fauna within the fishery area.

Similar to the size distribution observed fér rupestristhe ~ 4.1 Conclusions

results show an increase in the length-frequency distribu- . Lo ) L )
tion of A. rostrata suggesting that this species moves to Reductions in fish biomass have occurred within this region

greater depths with increasing age. The decrease in bioma&d the NE Atlantic and in the only case where a comparison
at depths> 1500 in the late period may reflect variability in €an be made, our estimates of this reduction are in agree-

recruitment patterns, but at present there is insufficient dat&"€Nt with those of fishery scientists. Our study includes

on this species to allow identification of the mechanisms un-2& Wide range of target and non-target species and demon-

derpinning the observed changes in biomass. strates that reductions in biomass are common across this
The eelSynaphobranchus kaupii the most abundant fish fish assemblage and extend outside the fished area itself.
species on the upper slope of the NE Atlantic. It is metabol-HOWeVer, responses are strongly species-specific, likely re-
ically active (Bailey et al., 2005) and regularly appears in flecting differences in life-history characteristics, changes in
large numbers at baits in different habitats (Priede et al.POPUlation dynamics as a result of competitive release and
1994; Heger et al., 2007). Bailey et al. (2009) and Priedecompensatory growth. The abyssal grenadierfmatugin
et al. (2011) showed that the abundance of this non-targe?articmar exhibited significant increases in biomass, which
species was highly significantly reduced from 4099Rrin may have occurred as a result of changes in the food supply
the early to 2110 km? in the late period. It is therefore some- and/or recruitment. Understanding of the observed patterns
what surprising that there has been no corresponding chand8 Piomass in response to the deep-sea fishery thus requires

in biomass; biomass appears to have remained constant. Thid'ther detailed understanding of the behavior and ecology

implies there must have been a shift in size frequency dis©f individual species.

tribution towards larger individuals. Inspecting Fig. 6a the _ From 2003, fishing has been strongly regulated by the
only statistically significant change in size frequency dis- EU @nd limited by total allowable catches (TACs), which
tribution is in the depth range 1800-2500m, however athas resulltgd in reduction of reported landings to a mean of
8001300 m there is a small increase in median length and 86 tYr~ in 2005-2007 and a mean of 53t for the years
1300-1800 m there is an interesting second mode in the atg008-2011 (I,CES’ 2012). Itis likely, therefore, tha’? the im-
period of individuals larger than 40 cm. The composition of Pact of the fishery has been greatly diminished in recent
samples ofS. kaupiican be numerically greatly influenced Y&&rs, as has been suggeste_d by Neat arjo! Burns (2010) from
by the presence of many tiny individuals weighing just a few asurvey area furt_her_north within ICES [?IVISIOI’] Vla. Future

g each and conversely a few large individuals weighing overSUrveys will be vital in order to ascertain a reversal of the
1kg can influence biomass. In additic, kaupiiare highly trends observed for some of the impacted species identified
mobile species, thus the significant reduction in abundanc&€re:

observed in Bailey et al. (2009) may have reduced intraspe-

cific competition for food resources increasing growth ratesSupplementary material related to this article is

of individuals at depth. Changes such as these may be SUffI'vailable online at: http://www.biogeosciences.net/10/

cient to account for the apparent compensation in biomass g 20/2013/bg- 10-529-2013-supplement.pdf
S. kaupiiin the face of reduction in population size.

Halosauropsis macrochiralthough occurring predomi-
nantly below the depth zone of the fishery has been shown
to undergo a significant reduction in abundance between the
early and late period (Bailey et al., 2009; Priede et al., 2011).
The present results show that there has been no correspond-
ing change in biomass (Fig. 4), but the shift in the length-
frequency distribution of this species to larger size classes in
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