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Abstract. Linking lower and higher trophic levels requires pelagic ecosystem of the Bay of Biscay at a regional and in-
special focus on the essential role played by mid-trophic levterannual scale.

els, i.e., the zooplankton. One of the most relevant pieces
of information regarding zooplankton in terms of flux of
energy lies in its size structure. In this study, an extensive

data set of size measurements is presented, covering parts df Introduction

the western European continental shelf and slope, from the

Galician coast to the Ushant front, during the springs fromSize of the zooplankton can play an essential role in pelagic
2005 to 2012. Zooplankton size spectra were estimated usecosystems3temmann and Bos2012. Physiological rates

ing measurements carried out in situ with the Laser Opti-as well as predator—prey interactions of zooplankton are
cal Plankton Counter (LOPC) and with an image analysis ofthought to be size-dependefgters and Wassenbef83

WP2 net samples (200 um mesh size) performed followingBarnes et a).2011; Bachiller and Irigoien2013. Therefore,

the ZooScan methodology. The LOPC counts and sizes patthe zooplankton size structure has been used as a key ecolog-
ticles within 100-2000 pm of spherical equivalent diameterical indicator of the dynamics of zooplankton communities
(ESD), whereas the WP2/ZooScan allows for counting, siz{(Sheldon et a.1972 Krupica et al, 2012 and is considered

ing and identification of zooplankton from 400 um ESD.  and resolved nowadays in an increasing number of ecosys-
The difference between the LOPC (all particles) and thetem models (e.gBaird and Suther2007 Ward et al, 2012).
WP2/ZooScan (zooplankton only) was assumed to providdn particular, the size-based approach becomes appropriate
the size distribution of non-living particles, whose descrip- in trophodynamic observation or modeling studies linking
tors were related to a set of explanatory variables (includingower and upper trophic levelD@ewel et al. 2014; i.e.,
physical, biological and geographic descriptors). A statisti-looking at potential top-down control on zooplankton, or es-
cal correction based on these explanatory variables was futimating food availability to fish (e.gBachiller and Irigoien

ther applied to the LOPC size distribution in order to remove 2013. For the latter case, the size of prey field is indeed a key
the non-living particles part, and therefore estimate the sizanodel component, especially for fish larvae (e.g., anchovy
distribution of zooplankton. This extensive data set providesand sardinePoulet et al. 1996 Morote et al, 2010. For in-
relevant information about the zooplankton size distributionstancePDaewel et al(2008 proposed the sorting of modeled
variability, productivity and trophic transfer efficiency in the zooplankton biomass in size classes according to the average
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slope of in situ zooplankton size spectra in order to improve(VPR) yielded twice as high an abundanceGz#lanus fin-
model realism. In relation to end-to-end fish models, obsermarchicusthan a LOPC, which in turn yielded abundances
vations of the size-structure of zooplankton are thus neededf the same order of magnitude than those from samples ac-
to provide the prey field, to calibrate the size-structured com-quired with a Multinet and enumerated under a stereomicro-
ponent of the model and to simplify model structure. scope.

However, measuring the size distribution of the zooplank- Few studies have provided zooplankton biomass distribu-
ton is not straightforward; various instruments exist, each oftion or size structure at regional scale of the continental shelf
them having pros and cons. The size structure of the zooef the Bay of BiscayPoulet et al(1996 reviewed zooplank-
plankton can be measured in situ by particle counters suclton size information from locations rather irregularly dis-
as the (Laser) Optical Plankton Counter (OPC and LOPC{ributed along the Bay of Biscaywaldés et al.(2007 and
Herman et al. 2009 that measures the size of all parti- Albaina and Irigoien(2004 from long time series of local
cles, in the range from 100 um to a few millimeters equiv- transects in the north of Spain or in front of the Gironde es-
alent spherical diameter (ESD), crossing a light of lasertuary, respectivelyNogueira et al(2004 andSourisseau and
field. However, the discrimination between living and non- Carlotti (2006 from biomass and size structure of the meso-
living particles with these instruments is not possible, al-zooplankton measured by an optical plankton counter from
though using derived parameters, such as transparency, ak single season and 2 years, respectively; or from a time se-
lows some discrimination (e.g., particles2 mm measured ries of biomass and size-spectrum maps over the southern
by the LOPC;Checkley et al.2008. Recently,Petrik et al. ~ French shelf of the bay over a decade in sprilgggien
(2013 proposed a way of discriminating living and non- et al, 2009.
living particles smaller than 2 mm counted by the LOPC by Regarding differences between size spectra measured by
fitting a log-normal curve to the biovolume spectrum; resid- the LOPC (which accounts for both living and non-living
uals are considered to be living particles. Another way ofparticles) and by traditional WP2 net samples analyzed
measuring the zooplankton size structure is through tradiby ZooScan (which considers only zooplankton; named
tional net samples followed by manual or automated count\WP2/Zs approach through the text), a statistical correction
ing and sizing Bachiller et al, 2012 Vandromme et al.  based on correlations between the differences observed and
2012. Even though this procedure allows a higher taxo- environmental data is proposed in this study, in order to es-
nomic resolution, the large amount of time required gener-timate the zooplankton size spectra where WP2/Zs data are
ally prevents its widespread use. Another approach to meamissing. Estimated zooplankton size spectra are further in-
suring the zooplankton size-structure is through in situ imag-vestigated to depict correlations between total zooplankton
ing systems (e.gRicheral et a].2010, although the instru-  biomass and the shape of the size distribution. This allows
ments designed for that purpose are still relatively recenthe large available data set from surveys made with the LOPC
and not yet widely used and fully validated against tradi- to be used for the characterization of the size structure pat-
tional methods. In any case, in situ imaging and traditionalterns of the zooplankton in the Bay of Biscay. Estimated zoo-
methods allow counting and sizing particles, and hence thelankton size spectra are further investigated to depict corre-
construction of abundance (or biovolume) size spectra in dations between total zooplankton biomass and the shape of
given size range. In our case, the LOPC allows the quantitathe size distribution. Following this methodological approxi-
tive measurement of particles between 100 an2000um  mation, the spatial and interannual variability of the habitats
ESD, while the ZooScan analysis on samples from WP2defined by the size spectra distribution are discussed in terms
net of 200 um mesh-size covers the size range from 400 t@f energy transfer to upper trophic levels, from ecological
~ 2500 um ESDNlichols and Thompsqri991, Vandromme  and modeling perspectives.
et al, 2012. The comparison between abundance estimates
derived from different sampling approaches renders contrast-
ing results. Total counts from net catches are generally lowep Materials and methods
than or equal to those observed by in situ particle counters
(Gonzalez-Quirds and Checkle3006 Schultes and Lopes 2.1  Zooplankton sampling
2009 Gaardsted et 312010, and this difference was at-
tributed mainly to fragile aggregates and detritus that are of-Samples were collected in the Bay of Biscay (Flj.on-
ten not analyzed in net catches but also disaggregated by theoard R/VThalassaluring PELGAS and PELACUS cruises,
net passage and thus not correctly sampled (Egnzalez- respectively, the French and Spanish acoustic surveys for
Quirés and Checkley2006. Fragile gelatinous zooplank- stock assessment of small pelagic fishes, which were an-
ton can also be destroyed by passage through the net antually carried out in spring. Both PELGAS and PELACUS
may also partially account for the difference between in situcruises are part of the Data Collection Framework (DCF) of
particles counters and net catches. Different optical sensorthe European Commission. Collected data are shared within
can provide discrepant abundance estimates. For instancethie Working Group on Horse Aackerel, Sardine and Anchovy
Basedow et al2013 showed that a video plankton recorder (WGHMSA) and the Working Group on Accoustics and

Ocean Sci., 10, 821835, 2014 Wwww.ocean-sci.net/10/821/2014/



P. Vandromme et al.: Biscay zooplankton size spectra 823

10°W 8 W 6 W 42w W o Table 1. Number of stations with LOPC and/or WP2/Zs data per
. i cruises. There is a total of 816 LOPC profiles and 89 WP2 net sam-
ples analyzed with the ZooScan. The table also shows the start and

-50m
-200m

Ushant front,

—-400 m

48'N aoeom end dates of the cruises.
=5000 m|; Ul
o Cruise First station Laststation #LOPC #WP2/Zs
PELACUS 2005 5 Apr 29 Apr 100 0
. PELGAS 2005 5 May 30 May 52 0
46 N PELACUS 2006 3 Apr 18 Apr 43 0
PELACUS 2007 11 Apr 21 Apr 55 14
C PELGAS 2007 27 Apr 18 May 55 0
e : N PELACUS 2009 2 Apr 20 Apr 77 0
i * Mﬁ- N PELGAS 2009 26 Apr 2Jun 105 24
(& o) CopErE PELGAS 2010 26 Apr 2Jun 117 23
PELGAS 2011 29 Apr 3Jun 127 29
PELGAS 2012 27 Apr 24 May 85 0

at our sampling scale is higher than the temporal variability,
giving confidence to our results. Based on the analysfd-of
baina and Irigoier(2004, a minimum resolution of 12 nm
(~22km) is necessary in the cross-shelf direction to obtain

Figure 1. Map of the Bay of Biscay showing the location of stations realistic patterns of mesozooplankton distribution in frontal

(black circle for LOPC/CTD only and white star for LOPC/CTD 27€aS, therefore, our sampling should allow identification of
and WP2 net). major spatial patterns of size distribution and habitat at the

mesoscale.

40°N

Eggs (WGACEGG) of the International Council for the Ex- 22 Measurement of the size distribution

ploration of the Sea (ICES/CIEM). Supplementary informa- 2.2.1 Laser-Optical Plankton Counter (LOPC)
tion on PELGAS cruises can be foundDoray et al.(2014).
At each station during the night, a structure containing a CTDThe Laser Optical Plankton Countéddrman et al.2004),
probe (seabird SBE19) and several automatic sensors includs an optical instrument capable of measuring in situ the size
ing a LOPC were lowered from the surface down to the bot-of particles by crossing a laser beam. The smallest recorded
tom of the water column (to a maximum depth of 600 m) gpjects are of- 100 um ESD and the largest are of a few mil-
at 1ms*. At some stations, a vertical haul with a WP2 |imeters to centimeters. SEPs are Single Element Particles
net (without a flow meter) was conducted down to 100 m and MEPs are Multiple Element Particles, which means that
depth (or to 2m above the bottom in shallower stations).\MEPs activate more than one diode when crossing the laser
Data from the CTD probe as well as nutrients and chloro-fig|q of the LOPC. In the present work, the analysis is limited
phyll a are available online through the SEADATANET por- g sjzes below 1.9 mm ESD, which corresponds to the max-
tal (Wwww.seadatanet.ojg _ imum measurable size of SEPs (MEPs lower than 1.9 mm
The total numbers .of stations with LOPC and/or WP2/Zs esp were added to the size distribution). Problems of co-
data are presented in Table The French PELGAS sur- jncidence in case of high particle concentrations that often
vey followed directly after the Spanish PELACUS survey grise with the OPCWoodd-Walker et aJ.2000 are largely
aboard the same vessel, both operating similar CTD, LOPGyecreased with the LOPGIérman et aJ.2004. The LOPC
and WP2 net tows. A span of 2 months separate the start s mounted on the CTD-Rosette, has a sampling window of
of the survey in the south from the end in the north of the 49 cn?, and samples the water column at a rate of 2 Hz with

Bay. The distance between stations are approximately 24 nrg |owering speed of 0.5 ms! (values recorded at a speed
(~ 44 km) in the alongshore direction, and 10 to 25 nal@ <0.2m s were removed from analysis).

to 46 km) in the cross-shelf direction which shows strongest
gradients, with refinement for the latter in the known frontal 2.2.2 WP2 net samples and in lab imaging
areas and over the Iberian shelf. analysis (WP2/Zs)

This sampling strategy prevents any assessment of ob-
served variability at short temporé@urisseau and Carlatti  Zooplankton sampling was done at night by vertical tows
2006 and spatial scale, yet, interpretation may be affected bymaximum 100 m depth or to 2m above the surface) with
population dynamic patterns or patchiness. However, as noa WP2 net (mesh size of 200 um, mouth area of 0.26m
ticed bySourisseau and Carlo2006), the spatial variability = The WP2 quantitatively samples objects frend00 through
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~ 2500 um ESDNichols and Thompsqri991 Vandromme  were described by the slopeand intercept of a log-linear
et al, 2012. Since no flow meter was mounted on nets, theregressionBlanco et al, 1994). Although some correlations
sampled volume was simply calculated as the towed lengtlexist between slopes and intercepts, both are needed to effi-
times the mouth area of the net. This also prevented any estiiently describe the NBSS30mez-Canchong et ak013.
mate of net clogging that could potentially occur in eutrophic Non-linearity of size spectra is a common observed feature
coastal areas. The WP2 net filtering : mouth areas ratio, adfNogueira et al.2004 Sourisseau and Carlgt2006§ and
justed to porosity, is about é1ernroth 1987 Keen 2013, reflects a non-equilibrium state as compared to theoretical
which is above the recommended ratio for coastal (or greenjnodels Kerr and Dickie 2001). However, the present work
waters of 3.9 (calculated with a sampled volume of 25m focuses on the principal scaling of the ecosystem structure
equivalent to a 100 m vertical to@mith et al, 1969. (zooplankton size spectrum and its spatial variabiltgsr

A selection of available WP2 samples representative ofand Dickie 2001, which is physiological (primary scaling)
different locations of the sampled area were processed wittand ecological (secondary scaling), rather than on short term
the ZooScan/ZooProcess system, a laboratory flatbed scapopulation dynamics, one of the factors leading to these non-
ning system used for the digitization of fixed wet net sampleslinearities.
(Gorsky et al. 2010. The ZooScan used here had a scan-
ning surface of 1% 24 cm and a pixel width of 10.56 um 2.3 Environmental data set
(2400 dpi; 14 200« 22 700 pixels). For each sample, small
and large objects were first separated in two size fractionddydrological parameters were measured simultaneously
with a mesh of 1000 um , and further subsampled with a Mo-with LOPC records. Values of temperature, salinity and den-
toda box. Each subsample was scanned after a manual sepsity at surface and bottom were used (surfacém depth,
ration of objects on the scanning tray to reduce the occurbottom corresponds to 100m or less, depending on the
rences of touching objectd/dndromme et al.20129. All bathymetry). The total fluorescence integrated from surface
objects were then visually classified into zooplankton orto bottom, the depth of the maximal fluorescence and the
non-living particles. Furthermore, zooplankton only from the value of fluorescence at its maximum were also included.
PELGAS cruises were sorted into a total of 18 categoriesFluorescence data were calibrated each year against in situ
consisting of 8 copepods groupAadartia sp., Calanussp., measurements of chlorophyll The stratification (first dif-
Centropagessp., Temorasp., Oithona sp., other calanoids ferences) was computed from density and the mean and max-
larger and smaller than 1 mm ESD, and other copepods)imum values were used. The mixed layer depth was also in-
cladocerans, other large crustaceans (mostly euphausiidsjuded, calculated by a finite difference criteria (0.02 ke/m
gamariids, mysiids and decapods larvae), other small crushigher than the surface, 4 m depth, valkeya et al, 2000).

taceans (mostly nauplii and cirripods), chaetognatlis, Inaddition, daily satellite data of chlorophyiland inorganic
macinasp., other molluscs, carnivorous gelatinous, appen-suspended particulate matter (SPM), processed with a spe-
dicularians, thaliaceans and other zooplankton. cific algorithm for Case 2 coastal watefaghin et al, 2005,

at the sampling date as well as 7 and 14 days before were
2.2.3 Size spectra calculation included. Finally, bathymetry, distance to the coast, latitude

The si d lized bi .and Julian day were also included. This formed a data set of
€ size spectra are expressed as normalized blomass sig8 o ironmental explanatory variables. Integrated and max-

spectra (NBSS) acg:ordmg ®latt and Denmaxl977) and imum fluorescence, satellite chlorophylland suspended

Blanco et al(1994), in other words matter as well as bathymetry were log transformed. At 68

Bw) = 2 1) stations (PELGAS 2009, 2010 and 2011), the surface chloro-
Aw)’ phyll « was measured for three size fractions, i.e., below

wherew is the carbon weight for a given size claggw) S KM, from 3to 20 um and above 20 um .

is the normalized formB(w) is the un-normalized form and ) o .

A(w) is the width of each size class. The carbon weight is2-4 Zooplankton size distribution analysis

calculated from the ESD of each object (both for the LOPC ] )
and the WP2/Zs) following ESD-to-dry weigHtdhette and LOPC size spectra were averaged over the same depth in-

Hernandez-Le6n2009 and dry weight-to-carborMauch- tervals as those size spectra derived from the WP2/Zs ap-
line, 1999 conversion equations: proach. LOPC and WP2/Zs have comparable size ranging

from ~400 to 2000 um ESD. The difference between the

ar=m (ESD/2)° (2a)  wP2/zs NBSS and the LOPC NBSS within this size range
dw = 43.38 at->4 (2b) was assumed to give the size distribution of non-living par-
w = 0.447 dw 20) ticles. Over this difference, a log-linear regression was per-

formed, and its slopexf) and interceptiy) were considered
where ar is the projected 2-D area of the object (in9ym as the descriptors of the non-living (nl) particles size distri-
dw is the dry weight (in pug) and is in ugC. Size spectra bution.

Ocean Sci., 10, 821835, 2014 Wwww.ocean-sci.net/10/821/2014/
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A stepwise redundancy analysis (Stepwise R[2§endre  trade-off between the level of details needed to detect pat-
and Legendre2012 Chap. 11.1) was first performed to as- terns and readability.
sess the variance of the non-living particle size distribution. All analyses were performed with Matlab R2012a with
The stepwise RDA was performed on a table of responseghe use of the Fathom toolbox for the Stepwise RDA
variablesX, which corresponded tan and by, explained  (David L. Joneswww.marine.usf.edu/user/djorjes
by a tableY of explanatory variables, which included the set
of environmental variables together with the NBSS LOPC-
derived biomass (in log) and slope. The stepwise RDA was
also performed on reduced tables including variables not 3 Results
available for all stations (e.qg., fractionated chloroplayll
Then, in order to compute the coefficients of the multiple 3.1  Size distribution of non-living particles
regression to be applied on the explanatory variables to es-
timatean andbpy, a partial least square regression was usedihe LOPC size spectra showed slopes ranging freti73
(PLS regressionge Jong 1993 Rosipal et al.200§. The  to 0.40 with a meanf standard deviation) 0£0.97+ 0.24.
robustness of the PLS regression was assessed by perforrimtercepts ranged from1.88 to 5.15 with a mean of 16+
ing a total of 5000 permutations with a random removal of 4 1.39. The coefficients of determination against the linear re-
stations for each permutation. Average PLS regression coefgression showed a mean aB8+ 0.03 which highlights the
ficients were then applied on the whole LOPC size spectra tdigh linearity of the size distribution. WP2/Zs size spectra
estimate the zooplankton size distribution for each station ofshowed slopes ranging from2.08 to 0.10 with a mean of
each year occurring in the data set. —0.86+0.40, and intercepts ranging from2.36 to 2.54
The methodology oPetrik et al.(2013 was also imple-  with a mean of QL5+ 1.20. The coefficients of determina-
mented in the analysis. The LOPC size spectra were contion of WP2/Zs size spectra against the linear regression were
verted into volumes, and a log-normal distribution represent-0.92+ 0.06, slightly less than the LOPC size spectra. The
ing the non-living particles was estimated. This distribution LOPC and WP2/Zs slopes had a Pearson correlation coeffi-
was then subtracted from LOPC counts to estimate the diseient of 0.57 and intercepts of 0.62.
tribution of the zooplankton. On Fig. 2, examples of LOPC and WP2/Zs size spectra
Further, the zooplankton growth as a function of water measured at the same stations are presented. Differences be-
temperature, chlorophylk and weight of individuals (in  tween slope and intercepts of the size distribution of non-
mgC) was calculatedHuntley and Boyd 1984 Hirst and  living particles for all stations are shown in Fig.For some
Bunker, 2003 Zhou et al, 2010; the production is the casesin PELGAS 2009 and 2010, the slopes of the WP2/Zs
growth rate multiplied by the total biomass of zooplankton; were steeper than that of the LOPC (red colored); these cases
the total biomass was calculated as the integral of an assumeslere mainly located on coastal stations. Stations where both
linear NBSS: LOPC and WP2/Zs estimates are comparable (small white
circles) are generally located offshore, in the middle of the

Xmax

E continental shelf, or over the slope of the French shelf. Dur-
B= / ax’ dx, (3a) ing PELGAS 2011 (Fig3e), non-living particles seemed
Xmin mainly located in the southern part of the French continen-
axmad Tt axmin® ! tal shelf. However, for most cases, no geographical patterns
=1 st1 (3b)  emerged.

Stepwise RDA results are shown in TaRleThe cumula-
whereB is the biomass betweetyin andxmax, s is the slope  tive explained variance (Cum. Exp.) for all variables included
anda the intercept of the NBSSmin, andxmax correspond to  reaches 73 % of the total variance. Most of the variance was
200 and 2000 um ESD, respectively, covering the size rangexplained by the total biomass of particles estimated from
of mesozooplankton. The production was summed from thd.OPC (40 % of variance explained), followed by the chloro-
surface to a max of 100 m depth to have an estimated produghyll a measured by satellite at sampling time (52 % Cum.
tivity per square meter. Exp.), the bathymetry (56 % Cum. Exp.) and the slopes of

Maps of estimated zooplankton biomass, slopes and prothe size distribution of all particles measured with the LOPC
ductivity were computed for each year on a>60 grid (59 % Cum. Exp.). Since the variance explained by a vari-
(~20x 20 km cells) covering the whole Bay of Biscay. Aver- able was removed prior to the selection of the next variable,
age maps were then generated from the means of each annuabariable strongly correlated with a previous extracted one
map. The interannual and spatial variability of zooplanktonis not likely to add much to the cumulated explained vari-
NBSS were analyzed through the distribution of five groupsance. The variance explained by each variable on the initial
that were calculated b means clustering computed on nor- X matrix is shown in the column Tot. Expl. of Taklke For
malized values of slopes and log-transformed biomass. Thexample, the Julian day explained 12 % of the inidama-
number of groups was arbitrarily chosen to produce the bestrix, but appeared on the 9th position in the stepwise RDA.

WwWw.ocean-sci.net/10/821/2014/ Ocean Sci., 10, 8235; 2014
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Table 2. Results of the stepwise redundancy analysis (RDA) and simple RDA performed on residuals from NBSSs of [LOPC-WP2/Zs].
Par. F= partial F statistic; Cum. Exp= cumulative fraction of variance explained; Tot. Explfraction of the total variance explained; Tot.

F =total F statisticp = p values for significance of the F statistic; SatSatellite; surf= surface; bottora= 100 m depth or maximum depth

of the profile; strat= stratification;7° = temperature; Sak salinity; chla= chlorophylla; Fluo.= fluorescence; Depth of fluo. maxdepth

of the maximum value of fluorescence; MI=Pmixed layer depth; SPM: suspended particulate matter; katintegrated value from surface

to bottom depth; max = maximum value observed between surface and bottom depth=dSathllite data 7 and 14 days before the
sampling date; Coast dist.distance to the coast. The last column represents the sign of the correlation between the slope and the intercept
of the residuals (i.e., the non-living matter), respectively; e.g., Sat. chla is positively correlated to the slopes but negatively to the intercepts.

Stepwise RDA Simple RDA

Variables Cum. Exp. Par.F p Tot.expl. Tot.F p

LOPC biomass 0.40 55.02 0.01 0.4 55.02 0.0%+
Sat. chla 0.52 20.78 0.01 0.01 0.82 0.014+-—
Bathymetry 0.56 7.68 0.01 0.02 1.29 0.01- -
LOPC slope 0.59 6.28 0.01 0.25 2841 0.04-—
Density bottom 0.61 355 0.22 0.06 5.77 0.0t -
T° bottom 0.62 290 0.12 0.01 0.63 0.52—+
Salinity bottom 0.66 7.89 0.01 0.03 285 0.01-—
Sat. chla d-7 0.68 5.61 0.01 0.05 4.47  0.15++
Julian day 0.69 224 0.23 0.12 11.31 0.014+-
Latitude 0.70 194 0.22 0.09 8.64 0.01+-
Sat. chla d-14 0.70 1.09 0.11 0.01 1.09 0.24++
Sat. SPM d-7 0.70 0.84 047 0.01 0.43  0.48++
Strat. mean 0.71 132 021 0.02 196 0.35++
Sat. SPM d-14 0.71 0.60 0.30 0.00 0.33  0.64++
Depth of fluo. max 0.71 0.30 0.76 0.01 1.11  0.29- —
MLD 0.71 0.15 0.6 0.03 261 0.01 - -
Coast dist. 0.71 0.11 0.91 0.07 6.29 0.0t —
Fluo. max 0.71 0.07 081 0.00 0.32 0.75++
Sat. SPM 0.72 0.08 0.91 0.02 142  0.34++
T° surf. 0.72 0.04 1.00 0.02 2.04 0.30- —
Strat. max 0.72 0.05 0.91 0.07 5.88 0.014++
Salinity surf. 0.72 0.04 0091 0.06 5.67 0.01- —
Density surf. 0.73 3.33 0.10 0.04 3.26 0.144-—
Fluo. int. 0.73 0.00 1.00 0.00 0.01 1.00—+

Without LOPC-derived variables, the variance explained de-3.2 Accuracy of estimated zooplankton size spectra
creased to 47 %.

Table 3 shows the effect of including fractionated sur- The average explained variance by the PLS regression was

face chiorophylia to the Y matrix. In this reduced” matrix 74.7+ 1.9 %, similar to the stepwise RDA. Correlations be-

(68 stations), the total cumulated explained variance is 74 % . i
without fractionated chlorophyll, but reaches 80 % with its tween Wp2/zs slopes and intercepts and the LOPC ones, be

inclusion. However, the first four variables in TaBlaccount fore and after the subtraction of estimated non-living parti

for the same explained variance as the first four in T&ble cles, are shown in Figand in Taylor diagrams (Fig, Tay-

A last stepwise RDA was made using the 18 zooplankton Cat!or, 2001). The Pearson correlation between WP2/Zs slopes

. . : . and intercepts with the ones of the LOPC are, respectively,
egories (Tabld) avallablefor7$ stations. The stepwise RDA 0.57 (» < 0.001) and 0.62 < 0.001). In the case of the
with the same explanatory variables as above (T2hdébows

intercepts (Fig4b), a strong overestimation by the LOPC

. ) 0 .
a total cumulated explained variance of 71 %, whereas W'thwas also observed (means are significantly different, Student

the 18 zoop_Iankton categories the explal_ned variance reaChEﬁestp < 0.001). After the subtraction, Pearson correlations
92 %. The first four zooplankton categories explains 82 % of ;
) ; reached 0.78 and 0.85 (bgph< 0.001) for slopes and inter-
the varianceAcartiasp., cladoceran§;alanussp. and other velv. Th S fthe h
calanoids smaller than 1 mm length) cepts, respectively. The ovgrestlmatlon of the mtercept byt e
' LOPC was also reduced with the PLS regression (no signifi-

cant difference in means observed, Studeeist p = 0.39).
ThePetrik et al.(2013 methodology gives Pearson correla-

tions of 0.61 p < 0.001) and 0.664 < 0.001) with WP2/Zs
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tribution of residuals for the four cruises in which data are available
for both LOPC and WP2/Z${ PELACUS 2007¢: PELGAS 2009,
d: PELGAS 2010 an@: PELGAS 2011) using the same color map
but size of points being divided by three for clarity.

|
|
|
|
|
|
|
|
|
|
|
E 4
| -1
s -1 -05 0 05 1
,“\/\ 4 Residual Slopes
|
|
|
L

10

log(ind. m™ ugc™)

-10t Correlations between slopes and intercepts for WP2/Zs,
LOPC and corrected LOPC are shown in F&gg.WP2/Zs
slopes ) and intercepts «) are significantly correlated
(Pearsonr = —0.86, p < 0.001) and related by a linear fit
on the forma = p1s + p2, where p;1 = —2.568 (—2.895,
—2.241) andp2 = —2.062 (-2.372,—1.752), numbers in
parentheses indicating the 95 % confidence interval. For the
LOPC, the Pearson correlation is-6D.70 (p < 0.001) and

the linear fit has coefficientg; = —4.144 (—4.445,—3.842)

and p2 = —2.251 (—2.551,—1.951). Slopes and intercepts
of corrected LOPC size spectra are also significantly cor-
related (Pearson= —0.84, p < 0.001) and have the coef-
ficients p; = —3.181 (-3.331, —3.031) andp, = —2.606
(—2.727,—2.486), closer to those of the WP2/Zs.

0
log(ugC)

46.9°N ; 5.28°W ; 1053m depth
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log(Ind. m™ ugc™"

3.3 Spatial and interannual distribution
of zooplankton

0
log(ugC)

On Fig. 6 the estimated biomass computed as the integral
Figure 2. Examples of simultaneous number normalized size specof a linear NBSS defined by its slope and intercept is dis-
tra (NNSS) measured by the LOPC (black lines) and by the WP2/Zsplayed as a color scale in lgg The strength of the re-
validated zooplankton (grey lines). The two vertical dashed Iinesin-kmOn between biomass and size spectra parameters is af-
dicate the limits of comparable size classes. Geographic coordinate‘%cted by the position of the subset slopes vs. intercepts

and bottom depth are indicate@) shows an example where the .
i . For the values of slopes and intercepts observed here, there
LOPC overestimates the WP2/Zs for all size clas@@swhere the . ) .
is a Pearson correlation of biomass and slopes-0f51

overestimation is only for smaller size classes &)dvhere there .
is no visible overestimation. (p < 0.001) and logy(B) = —0.5715+-0.544. The estimated

zooplankton biomass concentrations range from 2.9 to

63.7 mgC n13 with a mean of 14+ 8.2 mgC n13 (median
slopes and intercepts, respectively. The overestimation of inef 8.9 mgC nv3). A general tendency of large biomass asso-
tercepts was also reduced with no significant difference beciated with steeper size spectra is observed. Steep size spec-
tween the means (Studentestp = 0.31). tra are mostly observed along the coasts, especially in the

Gironde plume area and off Galicia, whereas the flattest size

Www.ocean-sci.net/10/821/2014/ Ocean Sci., 10, 8235; 2014



828 P. Vandromme et al.: Biscay zooplankton size spectra

Table 3.Simplified results of the stepwise RDA performed with ad- Table 4. Same as Tabl8 with zooplankton group abundances from
ditional fractionated chlorophylt (three fractions) from PELGAS PELGAS 2009, 2010 and 2011 as explanatory variables (total of 75
2009, 2010 and 2011 (68 stations) showing only selected variablesstations).
skipped variables are indicated by “...”. Cum. Expl. shows the to-

tal cumulated variance explained by the stepwise RDA. Orig. Cum. Variables Cum. Exp.
Expl. shows the total variance explained by the stepwise RDA per-

formed on the same subset of stations with the original set of vari- Acartiasp. 0.49
ables (as in Tablg). cladocerans 0.66
Calanussp. 0.76
Variables Cum. Exp small calanoids 0.82
i i larvaceans 0.87
LOPC biomass 0.41 e
chl 3 0.51 Cum. Expl. 0.92
Sﬁtgymetry (())555 Orig. Cum. Expl. 0.71
Fluo. int. 0.60
e (b): Intercept
LOPC slope 0.72
chl 1 0.73
cum. Expl. 0.80
Orig. Cum. Expl. 0.74 2 :

A B o« o7y e
04 4 4 % ° 7
o - . .. .Q Figure 5. Taylor diagram Taylor, 200 of the correlation (R), the
e ] ’ & '.'. % centered root mean square difference (RMSD) and standard devi-
:, " PR ; . ation (STD) between NBSS parameteas glope andb: intercept)
] E PCIY agfi " estimated by the WP2/Zs and estimated by the LOPC (black plain
, -, . ”:.;:_” w/Ee circles) and after the PLS (partial least square) regression performed
gl . | g o . .- A C on the LOPC Y, black plain stars). The white square indicates the
3 R 7 A ] maximum ® = 1, RMSD=0 and STD=1).
-_.‘" 5!:"' " N
] NS s S ]
RIS found in the most coastal areas, notably in the main estu-
N ] e T ” T aries of the French coast. This group has an important inter-
B - annual variability with low occurrences in 2011 compared to

Yowey 0T those of 2009 and 2010. The second group (green squares)
occurs mainly in coastal areas, similar to group 1, although
it extends farther over the shelf, and shows less interannual
variability. The third group (red diamonds) is observed in

Figure 4. Scatter graph of the relations of NBSS sloggay and
intercepts(b) estimated by the WP2/Zs vs. the raw LOPC (grey

circles), and after the PLS (partial least square) regression was per: . .
formed on the LOPCY, black plain square). In addition, the result 5005 and 2007 mainly on the Spanish and Portuguese coasts,

of estimating NBSS parameters of LOPC data corrected using th&Vhilé @ northward extension is observed from 2009. The
method ofPetrik et al (2013 are added (grey stars). The= y line fourth group (black triangles, lowest biomass concentration
is added to each plot. and second flattest size spectra) is mainly observed at south-

ern locations (Cantabrian Sea and Portuguese slope) in 2005,
2006 and 2007, and as for the third group, extends northward
spectra are observed on the French continental shelf§fig. from 2009. The last group (pink stars, low biomass concen-
Furthermore, the productivity of zooplankton was calculatedtrations and flattest size spectra) is the most offshore. This
and ranged from 0.0011 to 0.58 mgCfd~1, with a mean  group is also observed along the Spanish coast in 2007, close
of 0.03640.050 and a median of 0.021 mgC#d 1 Fig. 9. to the Gironde estuary in 2009 and 2010, and at some loca-
Interannual and spatial patterns were investigated throughions along the Brittany coast in 2012.
the 5 groups identified by th€ means clustering (FidL0).
Annual and spatial distribution of these groups is shown in
Fig. 11 The first group (blue circles, largest biomass con-
centration and steepest size spectra) is almost exclusively
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NBSS slopes vs. intercepts and
estimated biomass (0.2-2 mm esd)
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-2 -15 -1 -0.5 0 Figure 7. Spatial distribution of NBSS biomass concentration (in
Slopes log;gmgC nT3) estimated by the PLS (partial least square) from

. . . the surface to a maximum of 100 m depth.
Figure 6. Scatter graph of the relations between slopes and inter-

cepts computed from NBSS estimated by the WP2/Zs (blue circles),
the LOPC (grey circles) and by the PLS (partial least square) re-
gression (black square). The color map corresponds to the biomass
computed as the integration of the log-linear NBSS in the rangeassociated zooplankton bloon@(idi et al, 2009. Looking
0.2-2mm ESD. only at satellite-derived chlorophydl, the highest variability
is explained by values measured one week before (4.47 %),
again highlighting the potential role of past bloom in de-

4 Discussion tritus concentration, even if in the stepwise RDA the cur-
rent chlorophylla situation takes priority. In opposition, in-
4.1 Correction of the size spectra organic SPM from satellite does not explain much variabil-

ity due to their small size being unavailable in both type of

The correction of the LOPC significantly improved its relia- measurements. The absence of a flow meter on WP2 net,
bility as a measure of zooplankton size distribution, both inhowever, does not allow doe the complete exclusion of an
its correlation with the WP2/Zs (Figh), and in the shape impact of clogging in rich water (the median chlorophyll
of the dependency between slopes and intercepts @Fig. encountered was of 0.90 ugk with a maximum value of
The proposed correction methodology makes the best use df0.36 pg L=1), thus potentially creating an artificial depen-
available environmental information, both in situ and satel-dency with chlorophylk. Yet, such clogging seems unlikely
lite, and also of the size distribution of all particles (LOPC). according to the characteristics of the plankton net used, with
The LOPC NBSS parameters (total biomass and slope) apa filtering : mouth areas ratio adjusted to porosity and fil-
pear to explain a large part of the variance of the non-livingtering volume, which is above the recommended ratio for
particles size distribution (Tabl@sand3); the total explained  coastal (or green) waterSifith et al, 1968 Hernroth 1987,
variance decrease to 47 % without them. This highlights theKeen 2013 and because high chlorophydlconcentrations
need to perform a minimum of basic in situ size measure-are located in shallow waters where towed duration is lim-
ments to estimate the size distribution of non-living particles, ited.
and ultimately, zooplankton. Julian day, taken separately, explains more than 10 % of

In addition to the uncorrected LOPC NBSS properties, the variability. This may also be explained by the timing of
chlorophylla (either from satellite; Tabl@, or as fraction-  sampling with respect to bloom phenology, with highest de-
ated measurements; Talpappears as the second explana- tritus concentrations in post-bloom conditions occurring later
tory variable. It confirms that the majority of the differ- in spring Steinberg et al2001). Non-living particulate ma-
ence between both instruments is due to particulate organiterial may, in addition, have terrestrial or resuspension ori-
matter, being the highest in areas with detrital products ofgins, which would be reflected in the salinity, depth or dis-
large phytoplankton blooms (fractions higher than 30 um) ortance to coast covariables; however, redundancy with other
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830 P. Vandromme et al.: Biscay zooplankton size spectra

11

48°N I 48°N I

=y

T
L
4
©

46°N 46°N

T
L
o
©

- 1-07

T
L
o
5

Average NBSS slopes
T
I
o
Y

log, (mgC m2dY)

0
44°N 44°N

T
L
o
o

-1

o
IS

0
42°N 42°N

o
w

o
N

-1.2

10°W 8w 6°W 2°w 2°w 0° 40°N

40°N

0.1
10°W 8°wW 6°W 4°wW 2°w 0°

Figure 8. Spatial distribution of NBSS slopes estimated by the PLS Figure 9. Spatial distribution of zooplankton productivity (in

(partial least square) regression. logyomgC n2 d~1) estimated by the PLS (partial least square) in-

tegrated from the surface to a maximum of 100 m depth.

variables may have prevented them from being at the top of1€ dévelopment of in situ imaging systems and on the mea-
the list of the cumulated explained variance. surements of zooplankton groups.

Remaining unexplained variability may have several of = USINg an independent methoRe(rik et al, 2013 to es-
the following origins, making further assessment from our imate the size distribution of zooplankton tends to validate

study difficult: (i) insufficient information from the explana- "€ present conclusions. TRetrik et al (2013 method fo-
tory environmental variables and related measurement error&USES 0N estimating the size distribution of non-living parti-
(ii) errors in the estimation of volume sampled by the net cles and the total volume they represent. By removing the es-
(Nogueira et a].2004 Gonzalez-Quirés and Checkle3006 timated non-living particles from LOPC counts, this method
Schultes and Lope2009, as well as further fractioning be- ¢@n then be used to estimate the distribution of zooplank-
fore ZooScan processing; (iii) varying efficiencies betweent©": despite not being the primary focus of the initial study.

instruments, especially at the tails of the size range, even ifl "€ Petrik's estimated zooplankton NBSS parameters show
caution was taken in its selection, with potential avoidance® Petter correlation with Wp2/Zs than those from the uncor-

of larger individuals. rected LOPC. Moreover, NBSS intercepts are no longer sig-
Interestingly, the use of taxonomy information explained nificantly overestimated (Figt). Although the method is dif-
a larger part of the variance of non-living particles size dis- ferent, the estimation of non-living particles size distribution

tribution, revealing a strong influence, or correlation, of the S Pased solely on LOPC total counts. From the present anal-

zooplankton composition. This reveals also that taxonomyYSiS: itis observed that LOPC parameters only explain about
introduces spatial information such as distance from coasfi0 % ©f the total variance, supporting the results obtained
with community structuration along a coastal—offshore gra-through thePetrik et al(2013 methodology. The total parti-
dient (Albaina and Irigoien2004), timing information with cles size distribution may explam.a Iar_ge part of the variance;
species succession based on their phenology Ystegs however, for a more accurate estlm{;\tlon, ]t may be necessary
et al, 2007, and consequently some information on quan- to tgke other parameters into consideration. _Yet a subset of
tity and quality of associated detrital matter. In the case ofStations where both LOPC and zooplankton size spectra data
fragile gelatinous zooplankton accounting for the difference@r® available is necessary to apply the method presented here,
between the two instrument measurements, the taxonomicdNich is not the case iRetrik et al(2013 where only LOPC
information may also bring forth some information on the data are needed.

community assemblages unexplained by other covariables.

However, this latter analysis with taxonomy was mainly ex-

ploratory since no simultaneous information is available for

systematic correction. This also motivates further effort on
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Figure 10. Correlation between slopes and the biomass computed
as the integration of the log-linear NBSS in the range of 0.2-2 mm
ESD. The correlation (Pearson) is significant with- & —0.51.  Figure 11. Spatial and interannual distribution & means groups
Result of five groups o means clustering based on estimated as established in Fig.0for the 7 years. Groups are represented by
slope and biomass is shown with different colors and shapesthe same colors and shapes as in Efy.

Group 1: blue circles, group 2: green squares, group 3: red dia-

monds, group 4: black triangles and group 5: pink stars.

et al. (2004 during the 2002 winter—spring transition, but

the west to east trend of steeper to flatter slopes is observed.
4.2 Size spectrum patterns In any case, the few number of years of available data in the

build of a robust climatology in that area should be noted.
The estimated mesozooplankton biomass (2.9 to From 5-year-long high-resolution sampling over a transect
63.7mgCn73) is in agreement with values reviewed offshore the Gironde estuadibaina and Irigoier{2004 de-
by Poulet et al.(1996 in the area, or with high-resolution scribed the following structuration for the mesozooplankton
sampling in spring over the southern shelf of the Bay of community: (i) a river plume area with high abundance of
Biscay bylrigoien et al.(2009. The slopes of the NBSS small individuals; (ii) a shelf break frontal zone with rela-
range from—1.4 to —0.2, with a mean o0f-0.8, which is tively high abundance; (iii) the shelf zone with much lower
slightly flatter than the commonly accepted slope -af abundance but relative predominance of large-sized species;
(or —1.22 when expressed in carbon uni@uifiones et al.  (iv) an oceanic zone. Apart from the fact that the latter that is
2003, typical of steady-state large ecosysterfatt and  not well sampled in our surveys, except in 2011 and 2012 in
Denman 1977 Kerr and Dickie 200]1). This indicates the south (Figll), results of the present study show a simi-
a small: large ratio in favor of larger individuals, most likely lar cross-shelf structure over the whole north of the Gironde
explained by the post-bloom conditions; larger zooplanktonarea. Indeed, the coastal zone shows steeper slopes with
species often observed later in spring than smaller ones large proportion of small individuals, the mid-shelf zone
(e.g., Valdés et al. 2007 Vandromme et al.2011, for the has the flattest slopes with the highest relative proportion of
Bay of Biscay and Ligurian Sea respectively). Average large individuals, and with the slope steepening over the shelf
spatial distribution of size structure confirms the remarkablebreak. Such a coastal to offshore gradient was also observed
positive coastal to offshore gradient of the NBSS slope, withby Marcolin et al.(2013 in the Abrolhos Bank ecosystem
a slight decrease when reaching the shelf break, especiall{SE Atlantic) with flatter slopes at oceanic stations associated
over the French shelf in coherence with observations byto a greater contribution of larger organisms and less produc-
Sourisseau and CarlotfP00g and Irigoien et al. (2009. tive ecosystems. As highlighted bylarcolin et al. (2013
An opposite gradient over the north Iberian shelf is notthe association between steeper NBSS slopes and produc-
observed, as clearly emerged from observationsdgueira  tive systems depends on the size range considered. Steeper
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NBSS associated to less productive systems are observed after the spring bloom, and has water masses with long res-
studies working on a smaller size range (exgl um ESD; idence time under low residual circulatio€Hiarria et al.
Iriarte and Gonzale2004 San Martin et al.2006, while 2013. In opposition, productive coastal areas are continu-
steeper NBSS associated to productive systems are observedsly under the influence of rich river inputs (i.e., Loire and
when the sizes considered to construct the NBSS are gertsironde plumes), tidal fronts, and benthic remineralization,
erally larger than 250 um ES[Zkou et al, 2009 Basedow and the productive frontal structure of the continental slope
et al, 2019 Marcolin et al, 2013 this study). In less pro- regularly receives nutrient inputs from breakdown of internal
ductive systems a significant proportion of the primary pro-tides; this pattern strongly emerges in the geographic distri-
ductivity is provided by microbial food webdriarte and  bution of zooplankton productivity (Fig).
Gonzalez 2004 and the smaller fraction of phytoplankton At the scale of our defined habitats, the slope of zooplank-
(Guidi et al, 2009, therefore leading to steeper NBSS in ton NBSS is the result of local structuration of the commu-
the size range- 1 to~ 200 um ESD. However, on the meso- nity, which gives information on matter transfer efficiency
zooplankton size range, high productivity leads to a higheracross trophic levels and on types of trophic cont&ltbers
proportion of herbivores, generally smaller than carnivores.et al, 200§. From a literature reviewDaewel et al(2014)
resulting in steeper NBSZkou 2006 Zhou et al, 2009. did not find evidence of top-down control on zooplankton
Despite this size spectrum gradient, the biomass, wherat the scale of the Bay of Biscay, yet it may occur at lo-
vertically integrated, is relatively homogeneous, as also obcal scale for particular seasons. Within the size range of
served byAlbaina and Irigoier(2004, with only a slight de-  mesozooplankton (0.2—2 mm ESD), steeper slopes are gener-
crease in the mid-shelf area and an increase of biomass alorally related to lower efficiency of the matter flux, potentially
the coastal strip north of the Gironde, up to Brittany. The big- with top-down control and a fewer number of trophic levels,
ger size of individuals in the mid-shelf area observed in thiswhereas flatter slope areas are associated with efficient trans-
study may compensate for the lower abundance. The absender under bottom-up control and a higher number of trophic
of a clear pattern in cross-shelf structuration in the south oflevels ghou, 2006 Basedow et a].201Q Marcolin et al,
the Bay of Biscay and over the Iberian shelf is certainly due2013. So, even if more productive, coastal areas (especially
to the absence of the mid-shelf habitat (low occurrence ofplumes) and to a lesser extent shelf break habitats may have
group 5, see Figdl1, except 2005 and 2007) with a tightened a low transfer efficiency, mid-shelf areas may have a high
and continuous transition between coastal and shelf breakansfer efficiency, through the structuration of the planktonic
habitats Albaina and Irigoien2007 Stenseth et gl2006. food web Marquis et al.201]). The fact that similar ranges
Large continental inputs along the coast and internal waveof biomass occur in the mid-shelf and over the slope, despite
breakdown Pingree et a).1981) over the continental slope higher productivity over the slope, is potentially a sign of
are strong and regular drivers of the ecosystem dynamicéigher efficiency for the mid-shelf habitat. There are usually
over the French northern shelf. Those processes are lackinigw fish occurrences in this habitat in spring during the small
and replaced by more variable processes such as the inflpelagic survey (e.gRetitgas et aj2011, for anchovy), which
ence of the Iberian slope current or upwelling events over theéhas the possible effect of releasing top-down control on large
Iberian shelf Llope et al, 2006, which consequently shows zooplankton. In opposition, the southeastern Bay of Biscay

a higher spatio-temporal variability over the years. has high fish occurrencéétitgas et al.2017), which may
explain the lower biomass observed there than in the north,
4.3 Productivity and trophic control due to possible top-down control.

The integrated mesozooplankton productivity (Fiygives

a significantly different picture than the biomass (Fig.The 5 Conclusions

high biomass areas such as along the French and Galician

coasts still appear highly productive, but in addition, the shelfThe LOPC has been operating in the Bay of Biscay since
break is also more productive when compared to the mid-2005, during Spanish and French small pelagic surveys. Con-
shelf, which is more conspicuous again over the French shelfsidering that fewer stations are sampled with net due to time
This is partly due to bathymetry, which tends to lower the val- constraints, and the considerable amount of lab work for
ues in coastal areas after vertical integration as compared ttaxon identification and/or size measurements, which often
offshore deeper waters, but is also explained by differenceprevents complete analysis of the full set of sampled stations,
in size structure of the zooplankton and underlying primarythe LOPC combined with our methodology provides a robust
production Marquis et al, 2017). The mid-shelf, with the and rapid access to key information on the size structure of
flattest slopes and relatively large zooplankton, is estimatedhe mesozooplanktonr{(400—2000 pm ESD, in this study).
as less productive, even if the biomass seems close to th8elected samples may then be further analyzed with binocu-
one over the slope. This region is often rapidly and stronglylar or image analysis.

stratified in spring Koutsikopoulos et al.1996 with rela- During springtime in the Bay of Biscay, the high pro-
tively low new primary production limited to the thermocline ductive areas were associated with steeper NBSS, higher
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