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Size-based criteria [length frequency distributions (LFDs), size ranges, size class structure and biomass size spectra] were applied to investigate
changes between mesopelagic historical (HA, 1966–1979) and present fish assemblages (PA, 2014–2015) on the basis of a total of 35 566 length
measurements. Under-sampling, collection bias, time-averaging, and environmental change were considered as sources of uncertainty. In PA
comparisons, size-based criteria allowed for a distinction between seasonal (spring vs. summer) and environmental (oxygen minimum zone vs.
tropics) factors. In HA–PA comparisons, significant differences in LFDs were indicated in 20 out the 28 species–region combinations, however,
without association to changes in size ranges. In 8 species, younger size classes increased in dominance, whereas in 10 cases older size classes in-
creased. In two species, a shift in modal length was observed. At community level, smaller specimens increased in relative abundance in the sub-
tropical and tropical regions in PA samples. Slopes of normalized biomass size spectra steepened in 2015 for the tropical (�0.59 to �1.03) and
subtropical region (�1.03 to �1.28) and are in line with published modelling results for unfished assemblages. The slope for the temperate
region was �0.50 in 1966� 1979. It is concluded that observed differences in length structure are owing to environmental changes.

Keywords: climate change, length frequency distributions, Myctophidae, North Atlantic, oxygen minimum zone, permutation test,
time-averaging

Introduction

. . . one may readily appreciate how much fraught with dif-

ficulty is the task of sampling the yet larger and still more

active fishes.

C.M.H. Harrison (1967) On methods for sampling mesope-

lagic fishes

Integrating observations at decadal or centennial scales is nec-

essary to obtain an understanding of the present day status of ma-

rine systems (Jackson et al., 2001; Worm et al., 2006; Kidwell,

2015). Integrating depends on the knowledge of sampling condi-

tions indicating how good the sampling was, and environmental

conditions when the samples were taken including site history

prior to the time of sampling in terms of an “unsuspected past”

(Pickett, 1989; Kidwell, 2013). For deep sea fishes, observations

exist mostly in terms of net samples of spatially and temporally

confined collections in relation to topographic features and fron-

tal systems (e.g. Angel, 1989; Sutton et al., 2008) or large-scale

sampling (e.g. Krefft, 1976). Several factors need to be

considered when comparing fish catches from different trawling

campaigns (Fock et al., 2002; Heino et al., 2011): net geometry

and opening, ease of avoidance of net, retention through mesh

selection, escapement from net, trawling operation, and herding

effect. For midwater trawling, the possession of light organs in

many deep-sea fishes may have further implications for sampling,

i.e. induced bioluminescence may lead to either a further herding

effect, an attraction effect in terms of “baited-can-effect” for

predators or enhanced avoidance (Harrison, 1967; Jamieson
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et al., 2006). Pearcy (1983) showed that catchability changes sig-

nificantly with time of day with lower catches during daytime (af-

ter taking account of vertical migration effects), so that reaction

distance of fish towards the trawl also depends on visibility condi-

tions. Significant trawl avoidance was shown for myctophids

(Kaartvedt et al., 2012), whereas in other cases large predators

were apparently attracted and “accidentally” caught even from

the outside of plankton nets (Harrison, 1967). Accordingly, bio-

mass estimations of deep sea fishes depend on the methodologies

chosen (Fock and Ehrich, 2010; Irigoien et al., 2014).

We aim at integrating observations from 1966 to 1979 (Krefft,

1974, 1976; Post, 1987) and 2014�2015 to analyse long-term

changes. The historic assemblages (HAs) have been investigated so

far with regard to biogeographic distribution (Hulley and Krefft,

1985), regional assemblage structure (Fock et al., 2004), and large-

scale diversity gradients (Fock, 2009). We employ size-based crite-

ria, length frequency distributions (LFDs) and biomass size spectra

to distinguish between different sources of uncertainty at species

and assemblage level. Size-based criteria and behaviour are impor-

tant traits to understand the catchability of deep sea fishes

(Harrison, 1967; Fock et al., 2002). We assume that a systematic

sampling bias owing to differences in gear selectivity would be evi-

dent in terms of correlated changes between gear- and size-based

criteria. In turn, environmental effects on size structure and bio-

mass size spectra would be indicated, if changes in size parameters

and selectivity pattern were correlated with habitat, season, or a

gradient other than gear. In particular biomass size spectra are con-

sidered indicative of environmental change by means of altering

predator–prey relationships through exploitation and species

removals (Petchey and Belgrano, 2010; Menezes dos Santos et al.,

2017), so that the so-called “mesopredators” increase in abundance

after removal of top predators (Baum and Worm, 2009).

The study design will not allow to distinguish between differ-

ent environmental impacts, because in three major sectors

impacts occurred simultaneously in the tropical and subtropical

Eastern Atlantic, i.e. fisheries with a change in stock structure of

large predatory species such as tuna, multi-decadal variability

(MDV) in ocean climate with an increase in sea surface tempera-

ture (Figure 1), and a vertical expansion of the oxygen minimum

zone (OMZ) in proximity to the coastal upwelling in the eastern

Tropical Atlantic (Stramma et al., 2008; Hahn et al., 2017).

Theory predicts that warming will negatively affect growth by

constrained uptake of oxygen (see Pörtner and Peck, 2010;

Cheung et al., 2012), so that OMZ conditions and climate change

should yield similar effects. Temperature variability in the North

Atlantic is linked to MDV in the Atlantic with a period length of

50–80 years (Keenlyside and Latif, 2008; Polyakov et al., 2010).

During the present positive MDV phase trade winds were en-

hanced (Polyakov et al., 2010) with corresponding positive effects

on the coastal wind-driven upwelling systems. To investigate changes

along an environmental gradient, a regional comparison is under-

taken for the tropical region and the East Atlantic OMZ, which was

also sampled in 2015 during the same cruise. In our study, mini-

mum oxygen concentrations of ca. 40mmol l–1 were measured

(0.9 ml l–1, Supplementary Material S1), which according to Ekau

et al. (2010) meet criteria for hypoxic conditions of <60mmol.

Material and methods
Rationale
Studies on gear selectivity and comparison are generally done on

paired samples from the same assemblage in terms of size based

metrics such as size distributions (Gartner et al., 1989; Hilborn

and Walters, 1992), length, or biomass spectra (Gartner et al.,

1989; Trenkel et al., 2004) or assemblage structure (Trenkel et al.,

2004; Porteiro, 2005; Antacli et al., 2010; Heino et al., 2011;

Lauretta et al., 2013). This is not applicable in this study with an

HA from 1966 to 1979 and a present assemblage (PA) from 2014

to 2015. In turn, we encounter the sources of uncertainty as in

many paleobiological studies summarized by Kidwell (2013), of

which four apply to this study, i.e. under-sampling, collection

bias, time-averaging, and ecological change (Table 1).

In the first part of the analysis, we address issues of under-

sampling, collection bias and time-averaging, whereas the second

part focuses on the analysis of change in size structure between

the two periods. The sampling units in space and time and their

associated uncertainties are tested within 4 analysis blocks

(Figure 2). Under-sampling is related to sample size and survey

design, for the latter, PA fishing locations and depths were

aligned to HA sampling locations (Figure 1). To account for dif-

ferent sample sizes in PA and HA, an inclusion index is applied to

indicate the likelihood of an observation in the larger sample to

also be present in the smaller sample.

Collection bias refers to methodological issues such as gear and

time of survey, e.g. seasonal effect. HA and PA samples differed in

terms of gear although gears were similar (Supplementary Material

S2), month of sampling, and trawling operations. Size-based

criteria at species level are size class structure, maximum and mini-

mum sizes, and LFD. Larger specimens are relatively faster and

thus are less likely to be caught with smaller nets (Harrison, 1967;

Pearcy, 1983). This feature fuelled the discussion on the value of

larger and often non-closing nets in the study of deep sea fishes

(Krefft, 1976; Gjoesaeter and Kawaguchi, 1980) while certain disad-

vantages pertain to this net type, i.e. contamination with specimens

from shallower depths and unclear volumes of filtered seawater

(Pearcy, 1983; Hulley and Krefft, 1985; Fock et al., 2004). Sizes

Figure 1. Changes in water temperature 1965/1974 to 2005/2012
and sampling stations 1966–1971, 1979, and 2015. Blue—sampling
1966–1971 and 1979 (stations west of Bay of Biscay), black—
sampling stations in 2015, red—OMZ stations 2015. Changes in
water temperature calculated from World Ocean Atlas data for the
upper 100 m (https://www.nodc.noaa.gov/OC5/woa13/).
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depend on growth and thus could depend on the time of sampling

indicating a seasonal effect, whereas size class structure is assumed

to represent a qualitative measure of population structure less sen-

sitive to time of sampling. Otolith age readings in myctophids al-

low us to understand size classes as age groups (Linkowski, 1987).

To evaluate seasonal effects, PA summer samples from July 2014

are compared with 2015 PA spring samples.

At community level, relative community LFDs are evaluated,

and biomass size distributions are investigated to evaluate the se-

lectivity pattern in analogy to catch curve analysis. Two processes

contribute to the generation of biomass size distributions (see

Hilborn and Walters, 1992), i.e. first, the probability of capture

increases for smaller specimens with increasing size; and second,

after full catchability is attained a decline in abundance with size

for larger size classes occurs owing to natural mortality or net

avoidance. The negative slope of the downward branch of the

curve describes the negative relationship between body size and

community biomass in biomass size spectra (Kerr and Dickie,

2001). The point of inflection between positive and negative

branch can be used to evaluate the gear selectivity pattern.

In terms of behavioural traits that would affect catch in differ-

ently operated trawls, optical investigations indicate that many

mesopelagic species, in particular elongated species, have a 45� to

vertical orientation in the water column, which depends on their

predatory behaviour. For horizontally towed nets, the presumed

escape angle would easily lead the animals out of the path of a

horizontally towed net (Harrison, 1967). The potential bias in

terms of behavioural traits is investigated in that patterns are ana-

lysed by partially excluding groups for which Harrison (1967)

predicted that vertically oriented species would be proportionally

caught in higher numbers in the upward cast of double oblique

Table 1. Sources of uncertainty in long-term comparisons of historical (HA) and present assemblage data (PA) and respective solutions with
reference to text or analysis block.

Source of
uncertainty Observation, e.g. Effective when . . . Solution

Analysis block (I–IV)
or reference to table
or figure

Under-sampling Species is rare in HA Sample size HA is small
and HA<<PA

Inclusion index reveals susceptibility to type
II errors

Ia, IV

– Species is abundant in HA
but not in PA

PA study not well
designed

Congruency in HA and PA study designs Suppl. Material S3,
Table S2

Collection bias Abundant species in HA is
rare in PA

Gear bias due to effect of
catchability from
different gears

Analysis of changes in size metrics
correlated with gear

Ia, b, III, IV

– Abundant traits in HA
underrepresented in PA

Gear bias due to
differently operated
gears

Analysis with different combinations of
traits involved

IV, Suppl. Material S8

– Species undergoes seasonal
fluctuations

Seasonal pattern in HA
cannot be resolved by
PA

Inter-comparisons to evaluate how seasonal
effects and aggregation would affect
assemblage structure and size metrics

Ia, II

Time-averaging
in HA

Species traits in HA with a
wider range
than in PA

Averaging over longer
period in HA

Analysis of joint minima and maxima in
metrics indicative of higher variability in
HA (Hunt, 2004)

Table 4

– Species is abundant in HA in
all subsections

Averaging over longer
period in HA

Repeated of analysis of HA subunits (Terry,
2010)

III, IV

Ecological change Species abundance changes
correlated
with changes in traits

Changes in important
environmental drivers

Analysis of correlated changes in in LFD
and size metrics in relation to region or
other environmental factors—does not
reveal causal relationship

Table 4, Figure 8

Modified after Kidwell (2013).

Figure 2. Defining four analysis blocks I–IV with regard to HA and
PA data. Circle sizes represent availability of data. Subsets in terms of
time or region are indicated. BSS, biomass size spectra analysis; OMZ,
oxygen minimum zone.
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hauls when compared with horizontal tows, i.e. stomiids, parale-

pidids, and anguilliform species. Stomiidae and Anguilliformes

entangle easily in the forenet and could not be assigned to catch-

ing depths in the 2015 survey, while were collected and assigned

to the catch in 1966–1979. Gartner et al. (1989) showed that mor-

phological traits such as body shape in myctophids also affect se-

lectivity, but this is not analysed in this study.

In paleobiological studies, time-averaging describes the process

of accumulation and mixing of material into one time horizon of

sedimentary records. We conduct time-averaging by combining

different historical surveys (census assemblages sensu, Kidwell,

1997) in order to obtain sufficient HA sample sizes (see

Supplementary Material S3), otherwise, 20 040 observations from

March and April 2015 would have been directly comparable to

only 4078 observations from April 1971, however, not evenly dis-

tributed across the survey area. Time-averaging is efficient in re-

vealing large-scale patterns, but not effective on smaller scale

(Toma�sov�ych and Kidwell, 2010). As a corollary, PA should be

pooled, which is common practice in mesopelagic studies to over-

come effects from small scale patchiness (Krefft, 1976; Olivar

et al., 2017). This is comparable to the space-for-time substitu-

tion approach, when along an environmental gradient different

successional stages are sampled to replace a time series. In both

time-averaged (Hunt, 2004) and space-for-time substituted

assemblages trait variance, e.g. body size, increases, so that a po-

tential time-averaging bias would be indicated by presence of si-

multaneously smaller and larger specimens in HA.

Sampling with large pelagic trawls
The major HA and PA components are 15 577 length records

from January to May 1966–1979 and 20 040 records from March

and April 2015 for an area from the equator to the Bay of Biscay

and delimited by 25.96�W longitude (Figure 1; Supplementary

Material S3), of which 5380 length measurements from 2015 were

read in OMZ locations (Figure 1). Additionally, 1800 records

from July 2014 were read to analyse seasonal effects. Owing to the

low sample coverage in 2014, sample size in 2015 was adjusted to

a “reduced 2015 data set” for analysis block Ia (Figure 2).

Historical survey design and the application of large commer-

cial trawls were mimicked in 2015 (Figure1; station data in

Supplementary Material S4). In 1966–1979, a commercial Engel

MT 1600 trawl was deployed (Supplementary Material S2).

Gjoesaeter and Kawaguchi (1980) assume that this net has an ef-

fective mouth opening of 300 m2, given that fishes are able to es-

cape through the large meshes in the forenet. To avoid

contamination, nets were retrieved very speedily (Krefft, 1976),

while vessel speed was reduced to 1.5 kn during retrieval (Krefft,

1967). Sampling was carried out as double oblique haul with a

nominal duration at designated depth of 30 min. For a mesope-

lagic haul (500 m nominal depth), further handling time during

lowering and retrieval time accounted for 20 and 40 min, respec-

tively. After retrieval, the forenet area was carefully sampled by

hand.

For PA, a so-called “Aal”-trawl was deployed, equipped with a

multiple closing device with three net bags. At designated depths,

net bags were opened for 30 min. Tows were done horizontally.

Specimens from the forenet were collected on deck, but not

assigned to one of the three net samples.

Samples were assigned to three broader biogeographical

regions, i.e. tropics [equator to 12�N to avoid mixture with OMZ

region for HA, PA selected according to oxygen profiles

(Supplementary Material S1)], subtropics (19–40�N) and temper-

ate [>40�N, which is in accordance with an analysis of fish larvae

from the same cruise (Dove, 2017)] and cluster analysis of the

2015 data (Supplementary Material S5). All samples within a geo-

graphical region were pooled [see Olivar et al. (2017)]. For histor-

ical sampling, only samples shallower than 800 m were included

in the analysis. Historical data from 1966 to 1971 were available

for all three regions, whereas further data from 1979 were used

only from the temperate zone.

Processing of length data
Length measurements were conducted on preserved material.

Length data were binned to 5 mm length classes. Five types of

length measurements in historical and 2015 datasets were applied,

all adjusted to standard length (SL, in mm): “fd” (frequency dis-

tribution), “min-max” (minimum and maximum sizes indi-

cated), “rge” (unmeasured subsample of specimens that are

raised to their respective “fd” or “min–max” distributions),

“unm” (unmeasured), and “fix” (single measurements). To ana-

lyse length distributions at species level, raised “fd”- were com-

bined with “fix”-measurements, comprising 15 577 and 12 933

records for these 2 categories in 1966–1979 and 2015, respectively.

Only 4078 length measurements were available for direct compar-

isons from April 1971 to compare with the March–April data

from 2015 (Supplementary Material S3), and thus historical

length measurements were aggregated into two reference periods

and applied separately, i.e. February–April with 5528 measure-

ments and January–May with all available historical data.

To analyse LFDs and biomass size spectra at community level,

raised fd, fix, and raised min–max and unm-records were applied.

For min–max measurements, the range between minimum and

maximum was evenly split into 10 length values. This uniform

distribution was raised by a factor corresponding to the number

of “rge” specimens for this species. For “unm” specimens, average

abundance weighted mean length by species was applied, in the

first place from the respective period and regional outline. With

no match, both periods were pooled and further historical dataset

records from the entire North Atlantic were acquired to obtain

mean lengths. In the data records, “unm” applied in particular to

species groups that were originally measured and determined but

subsequently redetermined without remeasuring lengths or indi-

cating, which individuals were taken out of the sample, for in-

stance in some cases of melamphaids or the myctophid congeners

Hygophum macrochir/H. taaningii and Ceratoscopelus warmingii/

C. maderensis.

Testing for differences in species LFDs
The Cramer-von Mises two-sample test (CvM) is one of the best-

known distribution-free two-sample tests and more accurate than

the Kolmogorov–Smirnov test (Anderson, 1962). The test is on

the basis of the difference between two empirical distributions

function (EDF) of cumulative proportions x in size classes � i of

two samples N, M:

x2 ¼
X

i

�
FN xN ;i

� �
� GM xM ;i

� ��2

(1)

CvM is as EDF test insensitive to changes in abundance in N,

M but not to change in distribution parameters. The frequency
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distributions of the test static is obtained by means of a permutation

test (Syrjala, 1996), in this study on the basis of 500 permutations

on bootstrap samples, each consisting of 200 draws, i.e. 100 for ei-

ther category N, M, and sampled with replacement. A minimum of

20 records for either N, M was applied to run the test.

Inclusion index
An inclusion index I was calculated to evaluate type II error in as-

sessment blocks I, II, and IV, i.e. the probability of a binomial dis-

tributed extreme event z such as minimum or maximum size to

be present also in the smaller one of samples N and M (see

Equation (6) in Fock et al., 2014). The value was rescaled by 0.63

so that the index is distributed in the interval [0, 1], where 1

applies to the case that both N and Mare of same size in terms of

numbers of records, i.e.

I ¼
PðzminðN ;MÞ 6¼ 0Þ

0:63
¼

1� PðzminðN ;MÞ ¼ 0Þ
0:63

(2)

A value of 0.75 was taken as reference value indicative of a

probability of ca. 50% of z to be present in the smaller sample.

Association tests
Size metrics and LFD distributions were analysed in four analysis

blocks to indicate whether changes were associated with season,

aggregation of HA samples, region or long-term changes

(Figure 2). Assessment block I analyses PA changes with regard to

season and region in 2014–2015, block II investigates the aggrega-

tion in HA with regard to two reference periods (February–April

vs. January–May), blocks III and IV investigate long-term changes

between HA and PA for the two HA reference periods.

Association was tested with the v2 measure of association with

one factor or Fisher’s exact test for contingency tables. Fisher’s

exact test accepts zero cell frequencies (Zar, 1996). The null

hypothesis H0 was uniform probability. Where indicated,

association tests in assessment blocks I and IV were repeated for

species–region combinations with an inclusion index >0.75.

Community LFDs
A log difference d for abundance proportions x at size class i be-

tween two samples N, M was applied, assuming log-normal errors

and applying the log-ratio transformation (Aitchison et al.,

2000):

di ¼ log
xN ;i

g xNð Þ
� log

xM ;i

g xMð Þ ; (3)

where g(x) is the geometric mean for the distribution of propor-

tions. The log-ratio transformation is preferable over the

Euclidean distance in that it is invariant in terms of scale (propor-

tions, percentage), selection of subsets and permutation.

Opposite to the Aitchison distance, the log difference indicates

the direction of change by means of its sign.

Biomass size spectra
Biomass data were calculated from length distributions with allo-

metric length-weight relationships on the basis of 177 species-

specific length–weight relationships obtained from the 2015

cruise. Missing relationships were substituted by 0.01 as factor

and 3 as power for sizes in cm standard length and weights in g

(see method 4 in Fock and Ehrich, 2010). Biomass data were

binned into size classes w from 2�7 to 27 g (octaves). Bin width

was calculated according to Rossberg (2013) as w *2�0.5 to

w *20.5. Biomass within an interval was divided by bin width to

obtain normalized estimates, standardized to 30 min haul dura-

tion, and plotted on log10 axes referring to the LBNbiom method

in Edwards et al. (2017, Figure 2f). The maximum value of the

biomass size distribution was taken as inflection point. The nor-

malized slope –a of the biomass size spectrum is related to the

un-normalized slope as –aþ 1 (Kerr and Dickie, 2001; Edwards

et al., 2017, their Figure 2e).

Results
Sixty-four trawl samples station� depth were available for the

historical period, whereas 45 samples were collected in 2015 for

the 3 regions and 7 in 2014 (Supplementary Material S3). In par-

ticular, low coverage was obtained for the temperate region in

2015 with two stations totalling six trawl samples. The list of 27

species analysed accounted for 56 and 28% of total abundance in

2015 and 1966–1979, respectively (LFDs in Supplementary

Material S7).

Species level LFDs and analysis blocks I–IV
Eight species� region combinations could be performed to ana-

lyse differences between samples from July 2014 and March/April

2015 within analysis block Ia (Table 2), whereas more compari-

sons were possible with regard to analysis block Ib (14,

Supplementary Material S6), blocks II and III (21, Table 3) and

analysis block IV (28, Table 3).

For analysis block Ia, in six out of the eight cases significant

differences in LFDs were indicated equivalent to a 3:1 ratio con-

sidering combinations with an inclusion index >0.75, which was

not significant in relation to season (Table 4, hypothesis I.1). In

turn, a difference in maximum size was indicated (Table 4, I.2),

i.e. summer LFDs from 2014 had a tendency to smaller maximum

sizes and increases in younger size classes (Ceratoscopelus warmin-

gii, Figure 3).

When considering the OMZ—tropics differences in 2015

(analysis block Ib), significant changes along this gradient were

evident for LFDs and maximum sizes (Table 4, hypotheses I.4

and I.5). In 11 out of 14 cases a significant change in LFD was in-

dicated (Supplementary Material S6). All species available for the

comparison between tropics and OMZ had a smaller maximum

size inside the OMZ. Ceratoscopelus warmingii had a maximum

size of 69.2 mm in the OMZ when compared with 73 mm in the

subtropics and 75.9 mm in the tropics, with a small shift in

modal size from 42.5 mm to 37.5 in the OMZ (Figure 4).

Although minute differences appeared for some species (i.e.

Lepidophanes guentheri, 78 mm compared with 77.2 mm), it is

noteworthy, that with the exception of Myctophum affine, no

other species showed an increase in maximum size (LFDs in

Supplementary Material S9).

On the basis of analysis blocks II–IV, species–region combina-

tions were categorized into five groups A–E. Category A combina-

tions were data deficient in the HA reference period February–April

to compare with HA reference period January–May, which ap-

plied to seven species–region combinations (Table 3, category A).

Accordingly, overall inclusion index was low in analysis block III

(mean 0.37) when compared with analysis block IV (mean 0.55).

In analysis block III, only 1 species–region combination reached
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the 0.75-criterion for the inclusion index, i.e. Argyropelecus hemi-

gymnus in the subtropics. The analysis block II indicated, that for

the remaining species–region combinations, results from both

historical reference periods were strongly correlated, i.e. with 15

species–region combinations in categories B and C when com-

pared with 6 (categories D and E), there was a significant similar-

ity between LFDs in the historical reference periods February–

April and January–May (Table 4, II.8).

Only four species–region combinations showed no significant

changes between 1966–1971 and 2015 (Table 3, category B; 1979

only refers to temperate region for which no CvM tests were run

owing to low coverage of data). The other categories are inter-

preted as no change in the historical reference periods but change

in relation to 2015 (category C), a change in reference period

February–April in relation to 2015 but no change if further data

are considered (category D), and high variability within LFDs in

reference periods and in relation to 2015 (category E). Significant

changes in LFDs between 1966 and 1971 in relation to 2015

appeared for 17 (CþD þ E) out of 21 tested combinations con-

sidering reference period February–April of the historical

records, and in 20 out 28 cases (AþC þ E� 1) considering ref-

erence period January–May (Table 4, hypotheses III.9a and

IV.9b). Hypotheses III.9a and IV.9b were significantly associated

considering all species–region combinations (IV.10), but not

when considering combinations with an inclusion index >0.75

(on the basis of analysis block IV inclusion index values). There

was no regional effect, i.e. no association between regional affilia-

tion (tropics, subtropics) and significant changes in LFDs

(Table 4, III.11 and IV.12); i.e. for instance for reference period

February–April, 13 significant changes for the tropics were con-

trasted by 4 non-significant changes when compared with 4 sig-

nificant changes in the subtropics and zero non-significant

changes. There was no clear relationship between changes in

LFDs and changes in maximum or minimum sizes (Table 4,

III.13–IV.16); the test for the HA reference period February–

April (III.13) resulted in P¼ 0.08 but could not be re-evaluated

with regard to combinations with an inclusion index >0.75.

Changes in size class structure between 1966�1971 and 2015

were not significant (IV.17), i.e. in nine species, younger size

classes increased in dominance, whereas in nine cases older size

classes increased. In two species, a shift in modal length was ob-

served. For the sternoptychid A. hemigymnus (subtropics), the

myctophid C. warmingii (Figure 5, tropics), and the phosichtyid

Vinciguerria nimbaria, younger additional size classes were

found, whereas for Diretmoides pauciradiatus considerably larger

specimens were indicated (increase of maximum size from 72 to

118 mm). Whereas no significant relationships were indicated for

changes in LFD in relation to other size metrics (Table 4, III.11–

IV.16), a significant association was indicated between region

and changes in size class structure, with the increase in younger

size classes linked to the subtropical and for older size classes in

the tropical region (IV.18); i.e. for six species additional younger

size classes were indicated in the subtropics with zero additional

older size classes when compared with nine species with addi-

tional older size classes in the tropics accompanied by three spe-

cies with additional younger size classes. This relationship

remained valid considering combinations with an inclusion in-

dex >0.75 (p¼ 0.02).

Time-averaging (Table 4, hypothesis 19) was not directly ob-

servable because only in five species–region combinations HA

size ranges were simultaneously smaller and larger whenT
ab
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compared with PA size ranges. However, hypothesis IV.10

(Table 4) shows that similarities between HA and PA differences

with regard to both HA reference periods become insignificant

considering species–region combinations with an inclusion index

>0.75. This would indicate either increased variability in HA as

one possible indicator for time-averaging or the artefact of

under-sampling, when small samples are compared with larger

ones.

Community level LFDs and biomass spectra
Log difference plots for the three regions (Figure 6) were consis-

tent with plots after excluding taxa to account for sampling and

behavioural bias (Stomiidae, Paralepididae, and Anguilliformes;

Supplementary Material S8). For the subtropics and tropics, it is

indicated that smaller length classes increased in relative abun-

dances in 2015, leading to negative log differences. The opposite

is indicated for the temperate region. The high negative log differ-

ence values for the subtropics for smaller size classes correspond

to the significant change in size classes’ structure for the subtrop-

ics (Table 4, IV.18) but the increase in older length classes indi-

cated for the tropics is not reflected.

For the comparison with OMZ data (Figure 7), negative log

differences in particular between the 90 and 220 mm length clas-

ses indicate that in the OMZ relative abundances of smaller speci-

mens were higher than in the corresponding tropics.

The biomass size distribution shows in five cases a clear curvi-

linear pattern with well-defined upward and downward legs, i.e.

spectra (Figure 8). Only the temperate region in 2015 appears

data deficient (Figure 8c, closed circles), given that only two sta-

tions were sampled with overall low abundances, and neither the

upward nor the downward leg are well defined. In the other five

cases, biomass per size classes peaked at 2� g for the tropics and

subtropics in the historical data, and at 21 g in the 2015 data, re-

spectively. In the temperate region, the peak was indicated at

2�1 g for the historical dataset. This indicates variability from 2�1

to 20 g for the historical dataset, and presumably 20 to 21 g for the

2015 data indicative of almost no difference in selectivity pattern.

Slopes for the biomass spectra were steeper for the 2015 data, i.e.

�0.59 (1966–1971) when compared with �1.03 (2015) in the

tropics, and �1.04 (1966–1971) when compared with �1.28

(2015) in the subtropics. The HA slope for the temperate region

was �0.50. The HA and PA biomass size spectra were clearly

intersecting for the tropics, with higher values in the PA spectrum

from 2� to 22 g and lower PA values from 24 g upward

(Figure 8a).

Discussion
Methodological aspects
Size-based criteria in different analytical combinations were ap-

plied in this long-term comparison to distinguish between

Figure 3. LFD of the myctophid Ceratoscopelus warmingii in the tropics and subtropics in July 2014 and March/April 2015. Numbers refer to
measured specimens of the measurement categories “fd” and corresponding “rge” records, but are not raised to total population abundance.
For analysis, numbers were transformed into proportions of LFD composition. Owing to the low sample coverage in 2014, the number of
stations and sampling depths in 2015 was adjusted to a “reduced 2015 dataset.”
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sampling and environmental effects on mesopelagic historical

(HA) and present fish assemblages (PA). Size-based criteria have

been applied in paleobiological studies to indicate changes in eco-

logical “fidelity” (see Miller et al., 2014). Four major sources of

uncertainty were considered (Table 1), i.e. under-sampling, time-

averaging, collection bias, and environmental change. The major

analytical trade-off was between under-sampling and time-

averaging, i.e. to reduce type II error susceptibility of the analysis

as evidenced by inclusion index values while probably increasing

HA variability owing to including more historical sampling

months and years. One sign for time-averaging is increased vari-

ability in size metrics owing to environmental influences, i.e.

minima, maxima, and LFDs. The climate indicator North

Atlantic Oscillation index (NAO, Supplementary Figure S10) was

low for the period 1965–1971 and 1977–1979, so it can be con-

cluded that similar oceanic conditions were prevailing in that pe-

riod. Time-averaging as simultaneous changes in minima and

maxima was not evident (Table 4, hypothesis 19), whereas

changes in LFDs were significant with all species–region combina-

tions considered and marginally significant in analysis block IV

taking into account the 0.75-criterion combinations (IV.9b).

Another way to elucidate time-averaging effects is to split HA

into several subunits and to repeat the HA–PA analysis with each

HA subunit (Terry, 2010). In this study, two different HA refer-

ence periods are analysed in analysis blocks III and IV (Figure 2).

Time-averaging could only be potentially inferred from the per-

formance of the two tests for hypothesis IV.10 (Table 4), indicat-

ing that similarity in HA–PA comparisons disappears between

the two HA reference periods when the 0.75-criterion is applied.

Time-averaging and hypothesis IV.10 can be further evaluated

in light of analysis block Ia, showing that a seasonal effect was

associated with significant changes in size metrics, whereas

for analysis blocks III and IV these changes were not significantly

associated with LFD structure (Table 4, III.13–IV.16), except for

a marginal value of P¼ 0.08 obtained for a HA–PA increase

in maximum size with regard to the HA reference period

Table 4. Association tests for present (PA) and historic assemblages (HA), and combinations thereof.

Hypothesis Test statistics and p-values

p-Values only for
data with inclusion
index �0.75

Analysis block Ia : PA–PA comparisons, seasons March–April vs. July
I.1 : Differences in LFDs v2¼ 2, df¼ 1, p-value¼ 0.15 –
I.2: Differences in maximum sizes v2¼ 8, df¼ 1, p-value¼ 0.004 –
I.3: Differences in size class structure v2¼ 0.5, df¼ 1, p-value¼ 0.48 –
Analysis block Ib : PA–PA comparisons, regions tropics vs. OMZ
I.4: Differences in LFDs v2¼ 4.5, df¼ 1, p-value¼ 0.03 –
I.5: Differences in maximum sizes v2¼ 14, df¼ 1, p-value¼ 0.0001 –
I.6: Differences in minimum sizes v2¼ 2.5, df¼ 1, p-value¼ 0.11 –
I.7: Differences in size classes structure v2¼ 0.09, df¼ 1, p-value¼ 0.76 –
Analysis block II : HA–HA comparisons, aggregation effect
II.8 : Similarity between LFDs for reference periods HA February–April and HA January–

May (Table 4 categories B þ C vs. D þ E)
v2¼ 3.8, df¼ 1, p-value¼ 0.049 –

Analysis blocks III AND IV: HA–PA comparisons, HA reference periods indicated
III.9a : Differences in LFDs, reference period February–April 1966–1971 v2¼ 8.9, df¼ 1, p-value¼ 0.004 –
IV.9b : Differences in LFDs, reference period January–May 1966–1971 v2¼ 5.1, df¼ 1, p-value¼ 0.02 p¼ 0.08
IV.10 : Similarity between 9a and 9b Odds ratio¼ Inf, p-value¼ 0.005 p¼ 0.19
III.11 : Association between regions for significant LFD changes, months February–April,

1966–1971
Odds ratio¼ 0, p-value¼ 0.53 –

IV.12 : Association between regions for significant LFD changes, months January–May,
1966–1971

Odds ratio¼ 0.62, df¼ 1,
p-value¼ 1

–

III.13 : Association between significant LFD changes and increases in maximum size in
2015, reference period February–April, 1966–1971

Odds ratio¼ 13.53, p-value¼ 0.08 –

IV.14 : Association between significant LFD changes and increases in maximum size,
reference period January–May, 1966–1971

Odds ratio¼ 3.68, p-value¼ 0.19 p¼ 1

III.15 : Association between significant LFD changes and decreases in minimum size,
reference period February–April, 1966–1971

Odds ratio¼ 0.43, p-value¼ 0.61 –

IV.16 : Association between significant LFD changes and decreases in minimum size,
reference period January–May, 1966–1971

Odds ratio¼ 0.82, p-value¼ 1 –

IV.17 : Increase in presence of older size classes in either year, reference period January–
May, 1966–1971

v2¼ 0, df¼ 1, p-value¼ 1 –

IV.18 : Association between changes in size classes structure and region, reference
period January–May, 1966–1971

Odds ratio¼ Inf, p-value ¼ 0.009 p¼ 0.02

Time-averaginga

Hypothesis 19 No joint changes in minimum and maximum sizes in relation to 1966–
1971

v2¼ 11.5, df¼ 1, p-value < 0.001 p¼ 0.003

aIII.10 for species–region combinations with inclusion index >0.75 (from analysis block IV) indicates a difference between HA reference periods February–April
and January–May, which can be either interpreted as effect of under-sampling and subsequently high type II errors or time-averaging, see Discussion.
Tests are applied against H0 with a uniform distribution, equivalent to an odds ratio of 1 in Fisher’s exact test. For odds ratio values ¼ Inf, the 95% confidence
limits was >>1 . In each case, H0 may be formulated as “No. . .” and the hypothesis text pasted.
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February–April (III.13). No association was evident in hypothesis

IV.14 when considering combinations satisfying and non-

satisfying the 0.75-criterion of the inclusion index. Because hy-

potheses IV.10 and III.13 are only significant including the com-

binations with low inclusion index values, the interpretation is

equivocal either in terms of under-sampling creating spurious

contrasts or in terms of time-averaging creating more variability

and random structure comparing from III.13 (P¼ 0.08) to IV.14

(P¼ 0.19). All comparisons in analysis block III referring to HA

reference period February–April are subject to smaller sample size

as evidenced by the low average inclusion index (see Table 3).

Only one species–region combination met the 0.75-criterion for

the inclusion index. In turn, in analysis block IV for the HA refer-

ence period January–May, 11 out of 28 combinations passed the

0.75-criterion, as did 4 out of 8 in analysis block I. This indicates

that analysis blocks IV were more robust than analysis blocks III.

This robustness and the results for hypothesis 19 and IV.14 let us

conclude that with regard to minimum and maximum sizes HA

and PA selectivity patterns are not considered different and time-

averaging is not likely to confound results with regard to a pooled

PA. This is further corroborated by the low number of category D

species in Table 3; with a significant effect of time-averaging this

group should have been more pronounced.

With regard to collection bias and thus gear operations, trawl-

ing speed and type of tow must be considered. The probability of

capture is positively linked to trawling speed (Pearcy, 1983), but

no difference in average trawling speed between 1966–1979 and

2015 was indicated (Supplementary Material S2). In the case of

double oblique tows for HA and horizontals tows for PA, patterns

were analysed at community level with respect to different groups

of species being subsequently excluded from the analysis to take

account for the hypothesis that behavioural traits could confound

the analysis of differently operated trawls (see discussion on swim-

ming behaviour in Harrison, 1967; Gjoesaeter and Kawaguchi,

1980). The patterns did not change with the exclusion of vertically

orientated species (Figure 6; Supplementary Figure S8), indicating

that the pattern in the size range analysed (20–250 mm) was likely

not biased from vertically orientated species.

In turn, the methodological approach is capable of indicating

environmental change. Thus the differences in analysis block IV,

i.e. the regional affiliation of change in population structure

(Table 4, IV.18), and the subsequent changes in slopes of the bio-

mass size spectra are likely attributed to environmental influen-

ces. Analysis block I shows that changes in LFDs and maximum

sizes at species level were associated with environmental, i.e.

OMZ, and temporal gradients, i.e. season. Unexpectedly, for the

species investigated in the seasonal comparison maximum sizes

during summer were smaller, indicating high mortality of older

size classes in that season. For Nannobrachium isaacsi

(Myctophidae), maximum size in July 2014 was 174 mm SL in

the subtropics (no LFD analysis owing to low samples size), indi-

cating that not all species showed a decline in maximum size.

Figure 4. LFD of the myctophid Ceratoscopelus warmingii in the tropics and the OMZ region for 2015 (see Figure 1). Numbers refer to
measured specimens of the measurement categories “fd” and corresponding “rge” records, but are not raised to total population abundance.
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Figure 5. LFD of the myctophid Ceratoscopelus warmingii in the subtropics and tropics for 1966–1971 (reference period January–May) and
2015. Numbers refer to measured specimens of the measurement categories “fd” and corresponding “rge” records, but are not raised to total
population abundance.

Figure 6. Log difference 1966–1971 to 2015 of LFD proportions by length classes. (a) Tropics, (b) subtropics, (c) temperate region (including
1979 data). Negative difference—proportion in 2015 greater than in 1966–1971.
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Size-based criteria and gear selectivity in mesopelagic
assemblages
On the basis of published evidence, size-based criteria prove suc-

cessful to indicate differences in selectivity with regard to smaller

nets. Examples applying a 5 �7 m net in March–April 2015 in the

central Eastern Atlantic (“Mesopelagos” net, 4 mm codend mesh

size; Olivar et al., 2017) show that in 12 out of the 15 cases maxi-

mum sizes were smaller than in this study, indicating a gear effect.

Although surface migrators and certain small species (e.g. mycto-

phids Diogenichthys atlanticus, Notolychnus valdiviae, Gonichthys

cocco) are not well represented in Engel trawls (Hulley and Krefft,

1985), for smaller species not included in Table 4 maximum sizes

differed only very little between the “Mesopelagos” and the

“Aal”-trawl catches, e.g. myctophids D. atlanticus (24–24.3 mm

SL) and Benthosema suborbitale (34–33.4 mm SL). In a compara-

tive study of two midwater trawls (2.6 and 5.3 m2), Gartner et al.

(1989) showed that in all investigated species gear-correlated

changes in size-based metrics occurred, i.e. smaller size classes

(<35 mm) were enhanced in the smaller trawl, the larger net was

more effective in size classes 35–65 mm, and maximum sizes were

larger in the large net but never in the smaller net.

Reported maximum sizes for the species considered differed in

most cases only little from the maximum sizes indicated in this

Figure 7. Log difference of LFD proportions by length classes for
tropics and OMZ (see Figure 1). Negative difference—proportion in
tropics greater than in OMZ.

Figure 8. Normalized biomass size distribution plots for historical (open circles) and 2015 data (closed circles) by region, (a) tropics, (b)
subtropics, (c) temperate region. Values are standardized to 30 min twos but not to different trawl openings. Vertical line indicates size
classes 2�g.
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study for the respective regions (Table 3), indicating that an al-

most representative upper size range was sampled in both histori-

cal reference periods and in 2015. For the lower size range,

Gartner et al. (1989) point out that nets with meshes >2 mm

likely underestimate the lower size range (<30 mm SL) consider-

ably. A specimen of 30 mm SL has an approximate weight of

2�1 g, so that this observation conforms to the inflection point of

the biomass size distributions (see below, Figure 8). Accordingly,

Olivar et al. (2017) showed that sampling efficiency for

Cyclothone spp. in MOCNESS1 plankton nets with 0.2 mm mesh

size was significantly higher than for the “Mesopelagos” net.

Community metrics and biomass size spectra
We expected that a change in the inflection point of the biomass

size spectrum would indicate a change in selectivity as can be

seen in the example of Trenkel et al. (2004). The peak of the bio-

mass size distribution in this study was observed at ca. 2� g, which

was fairly the same as for Gartner et al. (1989) with nets <10 m2.

It can be concluded, that the increasing susceptibility of small

specimens to smaller mesh sizes probably has a trade off in the

necessarily smaller physical dimensions of trawls with smaller

meshes, so that reaction distances are still sufficient to avoid

trawls despite smaller and more effective mesh sizes.

At community level, patterns in the log difference figures need

to be interpreted in line with biomass size distributions. For the

temperate region, the biomass size distribution showed that this

region was likely data deficient in 2015, so that different patterns

in the log difference plot (Figure 6C) are considered spurious

when compared with respective figures for the subtropics and

tropics (Figure 6a and b).

Slopes of the biomass size spectra were steeper in 2015 than in

1966–1979. The highest value of �0.5 was indicated for HA in the

temperate region. The range of the other values was �0.59 to

�1.28. Applying the model framework of Jennings and Blanchard

(2004), scaling of the biomass size spectrum is dependent on tro-

phic efficiency (TE) and predator–prey mass ratio (PPMR) as

Mlog10(TE)/log10(PPMR)þ0.25 for un-normalized spectra. They calcu-

lated a slope of �0.1 for an unfished assemblage in the North Sea,

equivalent to �1.1 for a normalized spectrum, and of �1 for a

strongly fished assemblage corresponding to �2 for a normalized

slope, on the basis of basic assumptions of TE¼ 0.125 and

PPMR¼ 390. This indicates that our slopes correspond to the case

of unfished assemblages. Normalized slopes greater than �1 would

require a re-parameterization of TE and PPMR probably in the di-

rection of higher TE, which would be affected by the productivity

regime and or habitat. Heymans et al. (2014) showed that TE

increases with depth of habitat shown for habitats from 5 to

>200 m depth, where in shallow bays and lagoons much produc-

tion at all trophic levels is lost to detritus. Considering the depth of

the mesopelagic zone, high variability in TE must be expected.

Results for zooplankton indicate that slopes become steeper with

increasing productivity and thus show strong seasonality (San

Martin et al., 2006; Zhou et al., 2009). The interpretation of

changes in biomass size spectra slopes in line with productivity cor-

responds to results from Haedrich (1986), where an increase in

ocean primary production was correlated with a shift in the bio-

mass size spectrum of mesopelagic fishes towards an increase in the

number of smaller specimens. The clear intersection of HA and PA

biomass spectra for the tropics (Figure 8a) conforms to model

results of trophic spectra from Gascuel et al. (2005) after reduction

of top-down control. Apparently this effect was less pronounced in

the subtropics, indicating a potential impact of fisheries for large

migratory species on mesopelagic biomass, knowing that small

mesopelagics constitute a major prey for juvenile tuna in the east-

ern tropical Atlantic (Ménard et al., 2000).

Alternatively, temperature aspects might be considered. Brandt

(1981) showed that with increasing water temperature myctophid

size distributions shifted towards smaller specimens. These in situ

findings are congruent with theoretical considerations suggesting

changes in size as an effect of increasing oxygen demand with in-

creasing water temperatures (e.g. Cheung et al., 2012). The results

of this study may be interpreted in line with these results, indicat-

ing that observed changes in community LFDs between OMZ

and tropical region were similar to changes between historical

and 2015 samples after a period of warming (see Figure 1), indi-

cating a relative increase in smaller specimens in both cases.

However, the potential response of pelagic fishes to tempera-

ture changes must be weighed against their capability to inhabit a

wide range of thermal habitats by means of their daily vertical mi-

gration (DVM). Mesopelagic fishes may be thus better adapted to

strong temperature gradients and may be able to find their opti-

mum along this gradient (Jennings and Collingridge, 2015). In

case of combined effects of warming and decline in oxygen avail-

ability, a suite of responses are possible that would lead to a de-

crease in maximum sizes (Ekau et al., 2010): changes in growth

owing to higher metabolic demands of respiration, avoidance of

OMZ regions by larger specimens, and changes in spatial patterns

including DVM so that they are not captured. Differences in

DVM characteristics are evident between the tropical Atlantic and

the OMZ region, indicating increased fluxes in the latter as indi-

cated by hydroacoustics (Klevjer et al., 2016). Regarding a possi-

ble long-term trend, these increased fluxes could be linked to

increased productivity, given that trade winds have increased

(Polyakov et al., 2010) likely influencing coastal upwelling.

Supplementary data
Supplementary material is available at the ICESJMS online ver-

sion of the manuscript.
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Pörtner, H. O., and Peck, M. A. 2010. Climate change effects on fishes
and fisheries: towards a cause-and-effect understanding. Journal
of Fish Biology, 77: 1745–1779.

Post, A. 1987. Pelagic transects of FRVs ‘Walther Herwig’ and ‘Anton
Dohrn’ in the Atlantic Ocean 1966 to 1986. Mitteilungen aus dem

Institut für Seefischerei der Bundesforschungsanstalt für Fischerei,
Hamburg, 42: 1–68.

Ronald Clay Baird. 1971. The systematics, distribution, and zoogeog-
raphy of the marine hatchetfishes (family Sternoptychidae).
Bulletin of the Museum of Comparative Zoology, 142: 1–128.

Rossberg, A. G. 2013. Food Webs and Biodiversity. John Wiley &
Sons, Chichester. 376 pp.

San Martin, E., Harris, R. P., and Irigoien, X. 2006. Latitudinal varia-
tion in plankton size spectra in the Atlantic Ocean. Deep Sea
Research Part II: Topical Studies in Oceanography, 53:
1560–1572.

Stramma, L., Johnson, G. C., Sprintall, J., and Mohrholz, V. 2008.
Expanding oxygen-minimum zones in the tropical oceans.
Science, 320: 655–658.

Sutton, T. T., Porteiro, F. M., Heino, M., Byrkjedal, I., Langhelle, G.,
Anderson, C. I. H., Horne, J., et al. 2008. Vertical structure, bio-
mass and topographic association of deep-pelagic fishes in rela-
tion to a mid-ocean ridge system. Deep Sea Research II: Topical
Studies in Oceanography, 55: 161–184.

Syrjala, S. E. 1996. A statistical test for a difference between the spatial
distributions of two populations. Ecology, 77: 75–80.

Terry, R. C. 2010. On raptors and rodents: testing the ecological fidel-
ity and spatiotemporal resolution of cave death assemblages.
Paleobiology, 36: 137–160.

Toma�sov�ych, A., and Kidwell, S. M. 2010. The effects of temporal res-
olution on species turnover and on testing metacommunity mod-
els. The American Naturalist, 175: 587–606.

Trenkel, V. M., Pinnegar, J. K., Rochet, M. J., and Rackham, B. D.
2004. Different surveys provide similar pictures of trends in a
marine fish community but not of individual fish populations.
ICES Journal of Marine Science, 61: 351–362.

Whitehead, P. J. P., Bauchot, M.-L., Hureau, J.-C., Nielsen, J. and
Tortonese, E., 1984. Fishes of the North-eastern Atlantic and the
Mediterranean, UNESCO, Paris. 1473 pp.

Worm, B., Barbier, E. B., Beaumont, N., Duffy, J. E., Folke, C.,
Halpern, B. S., Jackson, J. B. C., et al. 2006. Impacts of biodiver-
sity loss on Ocean ecosystem services. Science, 314: 787.

Zar, J. H. 1996. Biostatistical Analysis. Prentice Hall, Upper Saddle
River. 659 pp.

Zhou, M., Tande, K. S., Zhu, Y., and Basedow, S. 2009. Productivity,
trophic levels and size spectra of zooplankton in northern
Norwegian shelf regions. Deep Sea Research II: Topical Studies in
Oceanography, 56: 1934–1944.

Handling editor: Valerio Bartolino

770 H. O. Fock and S. Czudaj

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/article/76/3/755/5049105 by guest on 24 April 2024


	fsy068-TF101
	fsy068-TF102
	fsy068-TF103
	fsy068-TF1
	fsy068-TF104

