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Large scale patterns in planktonic food web structure were studied by applying continuous size-scaled models of bio-
mass and 6"V to plankton samples, collected at 145 stations during the Malaspina-2010 Expedition across three
ocean basins and including major biomes. Carbon biomass and 8> were determined in size-fractionated samples
(40 to 5000 pm) collected by vertical hauls (0-200 m). Biomass-normalized size-spectra were constructed to summar-
ize food web structure and spatial patterns in spectral parameters were analyzed using geographically-weighted
regression analysis. Except in the northwestern Atlantic, size-spectra showed low variability, reflecting a homogen-
eity in nitrogen sources and food web structure for the central oceans. Estimated predator-to-prey mass ratios <104
and mean trophic transfer efficiency values between 16% (coastal biome) and >20% (Trades and Westerlies biomes)
suggested that oceanic plankton food webs may support a larger number of trophic levels than current estimates
based on high efficiency values. The largest changes in spectral parameters and nitrogen sources were related to
mputs of atmospheric nitrogen, either from diazotrophic organisms or dust deposition. These results suggest geo-
graphic homogeneity in the net transfer of nitrogen up the food web.
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INTRODUCTION

Ocean plankton is an essential contributor to the
dynamics of the earth climate system. Phytoplankton
drawdown of COy depends on nutrients such as nitro-
gen, and the fate of the organic matter produced
depends on the characteristics of the food web, that in
turn are largely determined by the size of planktonic
organisms (Legendre and Le Fevre, 1995). The effects of
warming and increasing stratification imply reductions
in the input of nutrients from deep waters to the surface
ocean and subsequent changes in primary production in
large ocean areas (Behrenfeld e al., 2006). Depending
on the structure of the food web the climate effects can
be amplified or modified as shown by both n situ
(Richardson and Schoeman, 2004) and modeling studies
(Chust et al., 2014). Thus, determining the structure of
the food web is essential for understanding the behavior
of ocean ecosystems under a changing climate.

Based on the dependency of most physiological pro-
cesses on organism size, models relating organism abun-
dance (or biomass) and individual size have been
developed with the aim of describing the continuous
change of biomass across the whole food web (Platt and
Denman, 1978; Blanco et al., 1994). The so-called size-
spectrum models have been used to synthesize the food
web structure in comparative analysis of oceanic ecosys-
tems (Rodriguez and Mullin, 1986; Piontkovski et al.,
2003; Quifiones et al., 2003; San Martin et al., 2006).
Furthermore, they have been used to infer the max-
imum number of trophic levels (NTL) that a particular
ecosystem can support (Zhou, 2006; Basedow e al.,
2010). Their applicability has been questioned as their
predictions generally require steady state conditions and
uniformity in the size-dependent physiological rates
(Poulin and Franks, 2010), but some of these limitations
can be overcome by models (Ward ¢t al., 2014) or the
use of seasonal averages (Hunt ez al., 2015).

Stable isotope analysis provides an important tool for
elucidating trophic structure. For instance, enrichment
in "°N has been observed with increasing trophic pos-
ition, thus allowing trophic structure to be inferred (e.g.
Post, 2002). This enrichment can also be expected
across plankton size classes, as pelagic food webs are
strongly size-structured, the smallest organisms being
generally primary producers and large organisms consu-
mers of smaller prey (Platt and Denman, 1978).
However, only a few field studies have explored the
implications of the variability in '°N with plankton size
(Fry and Quifiones, 1994; Rolft, 2000; Bode et al., 2007;
Jennings et al., 2008; Mompean et al., 2013). One of the
main limitations has been the difficulty in obtaining
measurements over a large number of size classes

representative of the different trophic levels. The adjust-
ment of simple continuous functions is not always pos-
sible because of the frequent exceptions to the general
increase of '’N with the average size of the organisms
sampled size. For instance, plankton of total length
smaller than 200 ym tend to show lower variability in
average "N content than plankton in larger size classes
(Rolff, 2000; Bode et al., 2007). This is due both to the
high variability at short time scales in small size classes
owing to fast turnover times, thus reflecting rapid
changes in the N sources (e.g. Jennings et al., 2008), but
also to the small changes in isotopic composition
observed in microbial food webs (e.g. Gutiérrez-
Rodriguez et al., 2014). In addition, the presence of
large or colonial plankton that feed on phytoplankton
cause a decrease in '°N at large sizes, while there is a
linear increase with plankton size when these large her-
bivores are not present (Fry and Quifiones, 1994; Hunt
et al., 2015). Besides, because most studies have used net
sieves with a logarithmic increase in mesh size, the direct
comparison of '°N content with size did not allow for
the computation of significant linear functions in some
of the samples, even when considering a relatively large
range of sizes (e.g. Rolff, 2000). As for the biomass dis-
tributions, the use of logarithmic transformations and
normalization of the variable of interest ("N in this
case) by the biomass of the organisms may lead to the
construction of size-spectra that allow inferences on the
trophic structure of plankton independently of the actual
range of sizes measured. To our knowledge, this study
represents the first application of biomass-normalized
size spectra using stable isotopes.

Large regions of the open ocean are poorly sampled.
Here, food webs are generally characterized by low
nutrient concentrations, low biomass and dominance of
microbial recycling of nutrients with some exceptions
due to external nutrient supply (Longhurst, 2007).
Studies analyzing planktonic size structure at large
oceanic scales are scarce (Plontkovstki et al., 2003;
Quifiones ¢t al., 2003; San Martin et al., 2006) while
there are no studies addressing the changes of stable
nitrogen isotopes with plankton size at such scales.
Meta-analyses of planktonic isotopic composition in
plankton at large geographic scales have shown latitu-
dinal patterns that were related to the sources and bio-
availability of nutrients (Bowen, 2010; McMahon et al.,
2013). In this study we use biomass and "°N size spectra
to assess whether the type of dominant source of inor-
ganic nutrients affects the trophic structure of plankton
in the open ocean. The underlying hypothesis is that the
trophic structure of plankton will be determined by the
balance between nutrient inputs from deep or continen-
tal waters or from the atmosphere. Advective inputs can
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be expected to be of importance at relatively small spa-
tial or temporal scales, such as those related to meso-
scale dynamics (Oschlies and Gargon, 1998), while most
of the nutrients for the oligotrophic ocean are provided
by transport across the pycnocline (Mourifio-Carballido
et al., 2011; Torres-Valdes et al., 2009; Fernandez-
Castro et al. 2015). Atmospheric inputs include bio-
logical Ny fixation (Capone et al, 2005; Mulholland,
2007) and deposition of inorganic and organic nutrients,
the latter noticeably enhanced by anthropogenic emis-
sions (Duce et al., 2008). Advection of deep nutrients is
expected to lead to blooms of phytoplankton of rela-
tively large size, high primary production and metazoan
food webs, typical of most temperate and polar regions,
with a strong seasonal variability (Longhurst, 2007).
Most of the open ocean is expected to depend on non-
seasonal, relatively small inputs of nutrients by diffusion,
leading to phytoplankton of small size, low primary pro-
duction and rapid remineralization of organic matter in
microbial food webs. Atmospheric N fixation can be
due to either large phytoplankton (such as the colony-
forming cyanobacteria Trichodesmium) or to microbial
forms, but in all cases low primary production and high
microbial remineralization is expected before effective
transfer of the fixed N up the food web (Mulholland,
2007). Because of the dependence of N fixation on
micronutrients, such as Fe provided by dust deposition
(Moore et al., 2009), atmospheric inputs of nutrients may
have also a clear seasonal component. In all cases, the
trophic structure of the food web will depend on the net
amount of nutrients transferred from the primary pro-
ducers to the various types of consumers. This implies,
by assuming a constant transfer efficiency between
trophic levels (Zhou, 2006), that most of the oligotrophic
open ocean would have shorter food webs than

productive seasonal regions, as the biomass of pelagic
predators depends on the amount of primary produc-
tion (Chassot et al., 2007). However, a larger number of
trophic steps is expected in the oligotrophic ocean
because of the rapid recycling of organic matter in
microbial food webs (Sommer e/ al., 2002).

The objective of this study is to investigate the rela-
tionships between plankton trophic structure and the
source of N at large-scale spatial scales. For this purpose
we analyzed carbon biomass and the natural abundance
of stable nitrogen isotopes in a large set of size-
fractionated plankton samples from the research exped-
ition Malaspina-2010 across three ocean basins.

METHOD

Plankton sampling and analysis

Plankton samples were collected during Malaspina-2010
expedition between December 2010 and July 2011
(Fig. 1). The expedition employed two oceanographic
ships to make observations and collect water, seston and
plankton samples across three major ocean basins
(http://metamalaspina.imedea.uib-csic.es/geonetwork/
srv/en/main.home). In this study plankton samples
from 145 stations were considered. Samples were col-
lected by vertical hauls of bongo-type nets (30 cm diam-
eter, 40 pm mesh size and 50 cm diameter and 200 pm
mesh size) between 200 m depth and the surface during
early morning. Plankton was size-fractionated using
sieves of 200, 500, 1000, 2000 and 5000 um, collected
on pre-weighted glass-fiber filters and oven dried (60°C,
24h) on board. Large gelatinous organisms were
removed and analyzed separately (Molina-Ramirez

Fig. 1. Position of stations sampled during the Malaspina-2010 expedition for determination of size-fractionated plankton biomass and natural
abundance of stable nitrogen isotopes. The colors indicate the biomes (black: Coastal, gray: Westerlies, white: Trades) according to Longhurst
(2007). The arrows and numbers indicate the different cruise legs and track direction.
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et al., 2015). In addition, sample aliquots were preserved
in formalin (4% final concentration) for later determin-
ation of the abundance of trichomes of the N-fixing
cyanobacterium 7richodesmium. Counts were made using
a semiautomatic image analysis flow-through system
(FlowCam).

Biomass was later determined in the laboratory for
each size fraction as carbon (C) and nitrogen content
using an elemental analyzer (Carlo Erba CHNSO
1108). No acidification treatment to remove carbonates
was applied prior to analysis of carbon, but molar C:N
values (mean + SE = 4.8 + 1.39, n = 145) were typical
of planktonic organic matter (Sereide et al., 2007) and
indicated that the possible overestimation of C due to
inorganic carbon would be small. Natural abundance of
stable nitrogen isotopes was determined using a mass
spectrometer (Finnigan Mat Delta Plus) coupled to the
elemental analyzer. Nitrogen stable isotope abundance
were expressed as 6N (%) relative to atmospheric
nitrogen (Coplen, 2011). International Atomic Energy
Agency USGS40 and L-alanine isotope standards were
analyzed with the samples, along with internal acetanil-
ide and sample standards. Precision (+SE) of replicate
determinations of standards and samples was <0.1%o
(n =2 to 6) and <0.3%0 (n = 5 to 10), respectively. The
analytical offset between certified and measured values
was <0.1%o. All isotopic determinations were made in
the Servicio de Analisis Instrumental of the
Universidade da Corufia (Spain). Further details on the
sampling and analysis can be found in Moreno-Ostos
(2012) and Mompean et al. (2013).

Oceanographic conditions in situ

Hydrographic information was obtained from CTD-
rosette casts at the same stations and chlorophyll-a
(Chla) was determined from acetone extracts of phyto-
plankton collected at up to eight discrete depths in the
photic layer (>0.1% of surface photosynthetically active
irradiance). Here Chla values were integrated in the
photic layer as a proxy for phytoplankton biomass. In
addition, the vertical extent of phytoplankton was esti-
mated by the depth of the chlorophyll maximum
(DCM). As nutrient concentrations and fluxes were not
available for all the sampled stations (Fernandez-Castro
et al., 2015), several proxies for nutrient supply from
deep waters were employed. First, the DCM itself, as it
was negatively correlated with the flux of nitrate (Fig.
1S). Second, the stratification of the upper water column
(Behrenfeld et al., 2006). estimated by the mixing layer
depth (MLD), computed using a density difference cri-
terion (A§ = 0.125kgm™ with respect to surface
values), and the mean squared Brunt-Vaisild frequency

(M) values computed at 1m intervals for the upper
200 m. Additional details on the sampling and on the
analytical methods employed can be found in Moreno-

Ostos (2012).

Satellite observations

As the observed plankton properties (i.e. biomass, stable
isotopes) at each station would be the consequence not
only of local conditions but also of general oceano-
graphic conditions prevailing over a wider range of
space and time, additional variables, estimated from sat-
ellite observations, were also considered. Annual
averages of primary production for 2010 (PP, mg C
m™? d™") were generated by averaging monthly data for
primary production downloaded from the Ocean
Productivity website (http://www.science.oregonstate.
edu/ocean.productivity/index.php)  from the grid
(0.17° % 0.17°) closest to each station position.

Dust deposition, as a proxy for atmospheric inputs
of key nutrients for primary production (e.g. Fe or P),
was also estimated from Aqua-MODIS Aerosol
Optical Depth at 550 nm and Aerosol Small Mode
Fraction data provided by the Giovanni online data
system (NASA Goddard Earth Sciences). These data
were retrieved from a grid of 1° resolution and cen-
tered at the closest location to each station and com-
bined with wind speed derived from AVISO (http://
las.aviso.oceanobs.com/las/getUlL.do) to estimate the
monthly average atmospheric dust column concentra-
tion (MDU, g m™) at each station (Kaufman e al.,
2005).

Creation of size spectra

Biomass and &'’V values by size fractions of plankton
were combined in the form of linear regressions with the
median size of individuals in the corresponding size frac-
tion. This median size was estimated as the geometric
mean of the nominal size (length) of the sieves employed
for each class, and further calculation of carbon biomass
by using conversion factors (Rodriguez and Mullin,
1986). Due to the large variability in the values, a single
regression including all stations sampled was not pos-
sible (Fig. 1S). Logarithmic transformations (logs) and
normalization by the width of the interval of individual
biomass were applied to obtain functions independent
from size-class width (Blanco et al., 1994; Zhou, 2006).
The resulting biomass-normalized lines (obtained by
least squares regression) characterized the size distribu-
tion of biomass or '°'by two parameters: the intercept
(Cy 513Na), a proxy for the values in the first size class,
and the slope (G, 515Nb), indicative of the rate of change
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Fig. 2. Examples of size spectra for plankton samples collected at two
stations of Leg 8 of the Malaspina-2010 expedition. (a) un-normalized

spectra for biomass (C, mg m™), (b) un-normalized spectra for 8N

(%o), (€) 6'°N biomass-normalized spectra. Mean biomass of the size
class (logo(w)) in pg C.

in the values with increasing individual size (Fig. 2).
Individual values of spectral regression parameters for
each station are provided in the Supplement (Table IS).
The normalization procedure can be reversed to obtain
un-normalized values of the slope that can be further
used to develop several descriptors of food web proper-
ties (Blanco et al., 1994). For instance, we computed
the NTL from €, (Zhou, 2006), the predator-to-prey
mass ratio (PPMR) from the slope m of the un-
normalized 6'°NV spectrum (Jennings e/ al., 2001), and

the trophic transfer efficiency (ITTE) from PPMR
(Barnes et al., 2010). Where

NTL = —(1 + 0.7)/(G;0.7)

by assuming a trophic efficiency (i.e. the ratio of produc-
tion of predator to its prey) of 0.7 (Zhou, 2006),

PPMR = 922/m

by assuming a '’V enrichment between trophic levels
of 2.2%o, appropriate for plankton, ammonotelic organ-
isms which show lower 6'°V enrichment than consumers
excreting urea (Vanderklift and Ponsard, 2003; Hunt
et al., 2015), and

TTE = PPMR-1-05+0.75

by assuming a time averaged un-normalized biomass
slope of —1.05 (Barnes ¢t al., 2010; Hunt et al., 2015).

In addition, the trophic position of the largest plank-
ton size class (TPygp0) was computed from their 82N
values (515.]\/2000) as

8" Noggo — 6Ny

TPyop0 = TPy +
2000 40 99

where TPy 1s the trophic position of the 40-200 um
size class used as the reference baseline by assuming that
it contained a mixture of phytoplankton and microzoo-
plankton (TP4, = 1.5), and a constant 8"V enrichment
between adjacent trophic levels of 2.2%¢ (Hunt et al.,
2015).

Spatial analysis

Stations were first grouped by biomes (Longhurst, 2007)
(Fig. 1) to investigate large scale differences in biomass
and spectral parameters using ANOVA and Dunnett-C
post hoc tests. Visualization and further analysis of
trends at various spatial scales were made using the tools
provided by the package Spatial Analysis in
Macroecology (SAM V 4.0) which allowed mapping
and computation of various spatial statistics from
metrics descriptive of spatial autocorrelation to
advanced spatial regression (Rangel ¢ al., 2010). Spatial
autocorrelation of variables was analyzed by means of
correlograms of the Moran’s I coefficient computed for
groups of samples (stations) of increasing spatial dis-
tance. The relationships between spectral parameters
and environmental variables were investigated using
principal components analysis (PCA) to determine the
main correlations. Then, we selected the most
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representative environmental variables to construct
regression models explanatory of each of the spectral
parameters at each station using Geographically
Weighted Regression (GWR). This method, specifically
designed to deal with spatial autocorrelation and lack of
stationarity (Rangel e al., 2010), was used to compute a
series of local regressions, one for each station location,
between the independent variable (i.e. spectral para-
meters) and the explanatory variables (i.e. selected envir-
onmental variables) taking into account the information
from the surrounding stations weighted by a spatial
function. In this case we used a moving spatial window
with an adaptive Kernel of 15% of neighboring stations
optimized using the Akaike’s Information Criterion.
The explanatory power of GWR (%) for each spectral
parameter was in general higher than those of ordinary
least squares, as measured by ANOVA tests (Rangel
et al., 2011).

RESULTS

Spatial distributions

Biomass and 8'°N showed an uneven distribution as
illustrated by the maps for the 40-200 um size-class

VOLUME oo

NUMBER 00 | PAGES 1—-15 | 2016

(Fig. 3). In contrast, the values for the parameters char-
acterizing biomass and 6'°V spectra showed in general
low variability, resulting in a relatively homogeneous
distribution at large spatial scales (Fig. 4, Fig. 3S). An
exception was the Subtropical North Atlantic region
(cruise legs 7 and 8), mostly in the Westerlies biome.
Here, the intercepts for both biomass and 6'°V spectra
(C, and 8'°N,) reached in general lower values than in
other regions, while the slopes (C, and 8'°;) showed
high variability. This latter pattern is a response to the
low °N values measured in the 40-200 um size-class
(Fig. 3) in the subtropical regions thus resulting in an
overall negative correlation with latitude (r = —0.507,
P < 0.001, n = 145). The geographic and temporal dis-
tribution of samples also affected these distributions in
complex ways, as there were positive correlations
between &N, and either latitude (r = 0.331,
P < 0.001) or sampling date (r = 0.202, P < 0.03).
When grouped by biomes, the differences were signifi-
cant in the Westerlies (including the southern Australia
region) for all parameters and variables, except for
8N, (Table I). Thus, the lower biomass and &N
values at the base of the planktonic food web in the
Westerlies biome (Cyg 990 and 515]\/40,200) affected the
food web structure represented by size spectra.

(a) © :
1|2 3 |4 | 5! 6 7 8
4 - 4
g ” g S
(@) (@)
2 - 4'/ L 2
0 . . . . Lo
(b) 14 14

5'5N,,
> 3
0\.
— | [

-2 T T T

________ |

Distance (104 km)

Fig. 3. Distribution of plankton biomass (a, Cyo, mg C m™>) and 8N (b, 6Ny %o) in the 40-200 um size fraction for stations sampled during
the Malaspina-2010 expedition. The vertical dashed lines and numbers indicate the different cruise legs. The horizontal dashed line in b) indi-
cates 6'°N'= 0. Note the inversion of values in the horizontal axis for Leg 8.
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Table I: Mean = SE values of the parameters
of the size spectra for biomass (C,: intercept;
Cy: slope) and 8N ('°N,: intercept;
8""Ny: slope) and of carbon biomass (Czy-
2000 mgC m_g) and 8'°N (615N407200,
%0) for the 40—200 um size class in the three

biomass sampled

Variable Biome Mean SE n Group
C, Coastal 8.840 0.166 11 a
Westerlies 7.954 0.095 55 b
Trades 8.961 0.071 79 a
Co Coastal -0.871 0.021 11 a
Westerlies -0.941 0.009 55 b
Trades -0.884 0.006 79 a
5'°N, Coastal 10.589 0.230 11 a
Westerlies 9.444 0.163 55 b
Trades 10.444 0.183 79 a
5"°N, Coastal -0.867 0.008 1 a
Westerlies -0.824 0.010 55 a
Trades -0.832 0.012 79 a
Cao Coastal 1.314 0.193 11 a
Westerlies 1.083 0.068 55 a
Trades 1.491 0.090 79 a
5" Ny Coastal 5.520 0.881 1 a
Westerlies 2.723 0.422 55 b
Trades 5.810 0.365 79 a

n, number of data. Means not significantly different are marked in the
same group (ANOVA and Dunnett-C test, P < 0.05).

The trophic position of the largest plankton size-class
sampled was significantly correlated with the slope of
the 6"V spectra (Fig. 4S) and reached values generally
below 2, particularly for the samples in the coastal
biome (Table II). In contrast, estimates using the bio-
mass spectra resulted in a maximum number of ca.
three trophic levels. Mean values of PPMR were below
1000 and no significant differences were found between
biomes, while mean TTE was 16% for the coastal
biome and >20% for the Trades and Westerlies biomes
(Table II).

The distribution of annual primary production
(Fig. 3S, f) was also quite homogencous across the
regions sampled, while variables indicative of different
nutrient inputs, such as the abundance of
Trichodesmium, the DCM or the atmospheric dust
deposition were more heterogeneously distributed
(Fig. 5, Fig. 3S). Trichodesmium was present in all regions
but showed in general high values in the North
Atlantic (Legs 7 and 8). The chlorophyll maximum was
deepest in the central regions of all ocean basins. The
distribution of other variables as the depth of the mix-
ing layer or the Brunt-Viisila frequency (not shown)
was also variable at intermediate and large spatial
scales but otherwise they were significantly correlated
with the DCM (r = —0.355, P < 0.01, n = 137).
Relatively high dust deposition was estimated in the

North Pacific and in the North Atlantic, but in the lat-
ter there were large differences between the values cor-
responding to different cruise legs in this region. For
instance, the largest dust deposition corresponded to
the spring-summer leg and the lowest to the winter leg

(Fig. 5c¢, Fig. 3S g).

Correlations of spectral and other variables

We found a correlation between the intercepts of each
spectrum type (biomass or 8'°N) and the values mea-
sured at the smallest size class (40-200 pm), as
expected. There was also a negative correlation
between the slopes of biomass and §'° spectra. All
these correlations can be characterized by the angle
between vectors in the space of the two main compo-
nents of the PCA, explaining 46.3% of total variance
(Fig. 6). The negative correlations between §'°N, and
the DCM and the abundance of Trichodesmium, and the
positive correlations between €, and chlorophyll and
primary production should be highlighted. In turn,
8N, showed positive correlation with mean dust
deposition and DCM while €, was negatively corre-
lated with DCM. Interestingly, DCM can be consid-
ered a better index of nutrient inputs across the
thermocline than the MLD, as it was positively corre-
lated with MLD and also with chlorophyll-a, primary
production, biomass and §'°V of the 40-200 um size-
class.

GWR models

From the global correlation and PCA results we selected
the independent variables DCM (as an index of the ver-
tical transport of nutrients across the thermocline),
Trichodesmium abundance (as a proxy for atmospheric
nitrogen fixation) and MDU (as a proxy for other
atmospheric nitrogen inputs) to construct regression
models explanatory of the spectral parameters (C,, Cj,
515Nd, 513]\0,) at local scale using GWR models
(Table III. Most GWR models were significant
(P < 0.001) and only the GWR model for C, was non-
significant (P = 0.070) and with less explanatory power
than ordinary least squares (the latter with a relative
decrease of 33.035 in the Akaike Information Criterion).
The spatial autocorrelation of spectral variables and
residuals indicated by Moran’s I values (Fig. 7) showed
that the spatial structure was better represented at all
spatial scales in the case of §'° N models, with lower resi-
duals than models for biomass. The median values of
the model parameters indicated that the distribution of
the dependent variables was determined mainly by a
constant value modulated by the coefficients of the
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2010 expedition. (a, b): intercept of biomass (C,) and 6> (8'°N,) spectra, respectively. (c, d): slope of biomass (C;) and 8N (5'°;) spectra,

respectively. Cruise legs indicated as in Fig. 3.

independent variables (Table III). Trichodesmium abun-
dance and DCM had marginal influence in general
(median values close to 0) but their range of values indi-
cated some local influence. In contrast, median values

for MDU coefficients ranked second after the constant
values, suggesting that this variable was important for
determining the shape of §'°V spectra and the biomass
at the base of the food web (C,).
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Table II: Mean + SE values of the trophic
position  of the 2000-5000 um size-class
(TP5gpy) and food web paramelers derived
Jfrom size spectra in the three biomass sampled

Variable Biome Mean SE n Group
TP2000 Coastal 1.47 0.12 11 b
Westerlies 1.91 0.07 55 a
Trades 1.95 0.07 79 a
NTL Coastal 2.81 0.07 11 a
Westerlies 2.60 0.03 55 b
Trades 2.76 0.02 79 a
PPMR Coastal 696.71 199.75 11 a
Westerlies 378.49 148.22 55 a
Trades 723.12 203.19 79 a
TTE Coastal 16.44 1.65 11 b
Westerlies 2491 1.72 55 a
Trades 21.66 1.42 79 a, b

NTL, number of trophic levels (Zhou, 2006); PPMR, predator-to-prey
mass ratio (Jennings et al., 2001); TTE, trophic transfer efficiency, as %
(Barnes et al., 2010); n, number of data. Means not significantly different
are marked in the same group (ANOVA and Dunnett-C test, P < 0.05).

DISCUSSION

The results of this study showed that the size spectra of
stable nitrogen isotopes add a new dimension to charac-
terizing the structure of oceanic planktonic food webs.
The parameters defining the size spectrum in each par-
ticular region were correlated with the main sources of
nutrients for primary production, such as the vertical
transport across the thermocline and atmospheric
inputs. Thus, the use of stable isotope spectra comple-
ment the information provided by biomass spectra,
which have already been established as an useful tool
for describing and modeling the structure and function
of pelagic ecosystems (Rodriguez and Mullin, 1986;
Quifiones et al., 2003; San Martin et al., 2006; Zhou,
2006). The large number of observations collected
across three ocean basins in our study suggests that the
resulting relationships are of general application to all
pelagic environments.

Isotope size-spectra in the central region of
the ocean

The samples used in this study do not cover all possible
oceanic conditions as most of the observations were
made in central areas of the ocean. Also, temporal vari-
ability (e.g. seasonality) was not taken into account for
most regions. However, three of the four ocean biomes
were covered (only the polar biome was not included in
the study), and the range of primary production values
is representative of most of the open ocean, even includ-
ing some data from the most productive upwelling
regions (e.g. Benguela). In addition, the observations

across the subtropical North Atlantic were made in two
different seasons (winter-early spring and late spring-
summer) thus providing some indications of temporal
variability, at least in this region. This is supported by
the overall correlations with the sampling date for either
8"N40 or 6N, In agreement with the low relative
importance of seasonality for plankton in the tropical
and subtropical ocean (Longhurst, 2007), we found
small differences in size-spectra in this region, even
when there were large differences in dust inputs between
transects made in different seasons (Fig. 5c, Fig. 3S g).
Short term variability (e.g. those caused by diel migra-
tions of plankton between deep and surface layers) is
likely to have a small effect on our results as the sam-
pling was conducted approximately at the same period
of the day through all cruises.

The range of individual sizes considered could also
influence the estimation of the parameters of the spectra
(Blanco et al., 1994). Besides, a large fraction of the pri-
mary production in the central regions of the ocean is
due to phytoplankton cells much smaller than the sizes
considered in our samples (Marafion, 2009). Although
we employed only five discrete size-classes to construct
the spectra, they included organisms ranging from
10ng C to 0.5 mg C individual weight (i.e. four orders
of magnitude). An inspection of some of the samples col-
lected indicates a good representation of phytoplankton
(including diatoms, dinoflagellates, phytoflagellates and
cyanobacteria), and zooplankton filter-feeders and pre-
dators (Mompean et al, 2013). This wide range of
organisms, along with the robust character of biomass-
normalized size-spectra that allows for estimations of
properties of the plankton community outside the actual
range of fitted sizes (Blanco et al., 1994), supports the
validity of our estimations for the planktonic food web.
In the case of 8>V, previous studies have shown that
the spectra are continuous across the whole pelagic food
web (Jennings et al., 2001; Bode et al., 2007; Barnes ¢t al.,
2010; Hunt et al., 2015).

Size-spectra and nutrient sources

When considering biome scales, our results show gen-
eral homogeneity in the parameters defining the size
spectra. Only the Westerlies biomes showed lower
values of intercept and slope in the biomass spectra, and
also lower intercept values of the 8'° spectra, than
those computed for the Trades and Coastal biomes.
Such homogeneity in the size structure of the open
ocean plankton can be interpreted in terms of the main
controls of productivity. For most ocean regions, pri-
mary production is controlled by the availability of
nutrients in the photic layer, and the main inputs
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mean dust deposition (¢, MDU, g m™?) measured or estimated for stations sampled during the Malaspina-2010 expedition.

depend on eddy diffusion through the pycnocline
(Fernandez-Castro e al., 2015) or advection of subsur-
face waters (Longhurst, 2007). These are likely the main
fertilization mechanisms for the Trades and Coastal
biomes, including productive upwelling in equatorial
and coastal waters, while most of the subtropical oceans
are occupled by oligotrophic gyres with reduced nutri-
ent inputs and productivity (Behrenfeld et al, 2006).
Nevertheless, various mechanisms can provide local
nutrient inputs, as mesoscale turbulence (Oschlies and
Gargon, 1998), lateral transport from productive regions
(Torres-Valdes et al, 2009), atmospheric deposition
(Duce et al., 2008) and biological fixation of atmospheric
nitrogen (Capone ¢t al., 2005). Notably, the subtropical
North Atlantic is a region within the Westerlies biome
where the fixation of nitrogen by diazotrophic plankton

I0

is favored by the deposition of Fe and phosphorus in
dust particles (Gapone et al., 2005; Moore et al., 2009;
Fernandez et al., 2010). Notwithstanding the relatively
small fixation rates recorded in tropical and subtropical
waters of the South Atlantic, they also contributed to a
large fraction of total nitrogen inputs when compared to
those from eddy diffusion (Mourifio-Carballido et al.,
2011). Only in the vicinity of upwelling areas the contri-
bution of deep water nitrogen produced a traceable
8N signal in plankton (e.g. Fernandez et al., 2010;
Hauss et al., 2013; Mompean et al., 2013) as observed in
the increase of 6'° Ny, from east to west in Legs 7 and 8
(Fig. 3).

Our results show how the importance of these fertil-
ization mechanisms translates into a significant correl-
ation between indices of different nutrient sources and
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plankton biomass structure, the latter represented in this
study by the parameters of the size spectra. Nutrient
inputs from subsurface waters are indicated by the
DCM, the layer where phytoplankton biomass accumu-
lates because growth is maximized by a compromise
between light levels (from above) and nutrient inputs
(from below). The DCM, generally deeper when vertical
advection/diffusion is low (e.g. at the center of oligo-
trophic gyres) and shallower when is high (e.g. near
upwelling areas), also could be seasonally affected.
Previous studies have revealed that the DCM is a better
proxy for productivity than instantaneous nutrient con-
centrations in the surface layer (Mourifio ¢t al., 2004),
and estimations of the vertical flux of nitrate during the
Malaspina-2010 expedition (Fernandez-Castro et al.,

1.0
Co C,
N2,
0.5 MDU Tricho Chia
815Nb
Qo
S
S 0.0
©
w
MLD Cp SToN,
-0.5 A DCM
-1.0 T -
-1.0 -0.5 0.0 0.5 1.0
Factor1

Fig. 6. Vectors of variables projected in the space of the two main
components of the PCA. Factors 1 and 2 accounting for 39% and
18% of total variance, respectively. C, and (), intercept and slope of
the biomass spectra, respectively; 6'°A, and &'°N;, intercept and slope
of the 8>V spectra, respectively; PP, primary production; Tricho,
Trichodesmium abundance; MDU, mean dust deposition; MLD, mixed
layer depth; DCM, depth of the chlorophyll maximum; €40 and
5Ny, biomass and 8N of the 40-200 um size-class, respectively;
Chla, chlorophyll concentration; N%,,, mean squared Brunt-Vaisila
frequency.
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2015) were significantly correlated with the DCM
(Fig. 1S). In the case of atmospheric inputs, biological
nitrogen fixation is generally associated to the abun-
dance of the colony-forming Trichodesmium, although
unicellular diazotrophs may be also important, as found
in most of the studied stations across the North Atlantic
(Benavides et al., 2016). Dust deposition favors nitrogen
fixation, as it provides the necessary additional micronu-
trients (Moore et al., 2009; Fernandez et al., 2010), but it
also introduces significant amounts of nitrogen and
phosphorus (Morin et al., 2009). Thus, the main nutrient
inputs can be used to model the biomass at the base of
the food web, represented in our model by C,.

Size-spectra and trophic structure

To our knowledge, this study represents the first applica-
tion of biomass-normalized size spectra using stable iso-
topes. The increase in 8"V with organism size is a
general rule in pelagic food webs (Jennings et al., 2001;
Bode et al., 2007; Jennings et al., 2008; Barnes e al.,
2010; Hunt et al., 2015). However, previous studies of
8N in different size classes of plankton failed to dem-
onstrate a regular increase in 6> with size, as there
were many exceptions both at large and small organism
sizes (Fry and Quifiones, 1994; Rolff, 2000, Bode et al.,
2007; Landrum et al., 2011, Mompean et al., 2013). The
planktonic exception can be attributed to the presence
of large herbivores (such as the colony-forming salps)
but also to the different turnover times of biomass in
organisms of different size (Jennings et al, 2008).
Besides, there is evidence of low or no enrichment in
8N within the microbial food web (Gutiérrez-
Rodriguez et al., 2014). The normalization procedure
applied in this study overcomes the lack of a regular
increase in each local spectrum computed with raw
values, as in previous studies. The biomass-normalized
spectrum allows for a synthetic representation of the
continuous distribution of the variable of interest across
organism sizes by using only two parameters (Zhou,

Table III: Median, mimimum (min) and maximum (max) values of GWR coefficients for spectral para-
meters (C,, 615Na and 8"°Ny) estimated from logarithmic Trichodesmium abundance (Tricho, lo
trichomes m™>), depth of chlorophyll maximum (DCM, m) and mean monthly dust deposition (g m

-1
month™ ")
Constant Tricho DCM MDU
Dependent Median Min Max Median Min Max Median Min Max Median Min Max
C, 9.162 5.842 12.391 0.001 —-0.036 0.058 —-0.002 -0.032 0.004 0.327 —5.685 7.134
5'°N, 11.194 7.444 15.799 —-0.004 -0.076 0.063 —-0.002 —-0.045 0.029 -2.416 -20.418 3.535
5'5N, -0.879 -1.473 -0.722 0.000 —0.003 0.004 0.000 —-0.001 0.004 0.089 —-0.088 0.682

All models were fit with P < 0.05 and include a constant term. Values from models for C, are not shown as GWR was not significant for this variable.

II
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cept and slope of the biomass spectra, respectively; (e, d): 6N, and
8"N;, intercept and slope of the 8"V spectra, respectively.

2006). Besides, the reversal in the normalization
(Blanco et al., 1994) facilitates the determination of the
values of the un-normalized slopes employed in estima-
tions of PPMR and TTE (Barnes et al., 2010). Such un-
normalized slopes cannot be obtained in a larger num-
ber of cases using raw values (e.g. Fig. 25). In this
study, changes in the intercept of the 8>V spectrum
were related to the dominant source of nitrogen for
primary producers, while changes in the slope were
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indicative of the overall isotopic enrichment along the
food web.

Low intercepts are thus expected in areas with signifi-
cant atmospheric inputs, either from diazotrophy or by
inputs of anthropogenic nitrogen, as these sources have
8N values near zero (Morin ¢t al., 2009). This was the
case for our observations in the Westerlies biome that
had lower 6>, than the Trades and Coastal biomes
(Table I), in agreement with the large importance of
atmospheric nitrogen fixation in the former. However,
we did not find significant differences in 6'°N, between
biomes and the detailed distribution of this parameter
was very homogeneous (Fig. 4d). This suggests that the
transfer of nitrogen up the planktonic food web pro-
ceeds, in general, at similar rates in all ocean regions.
The exception was found for the two legs crossing the
subtropical N Atlantic, where a large variability in 6'°V
spectra was found in coincidence with relatively high
amounts of  Trichodesmium and other diazotrophs
(Benavides et al., 2016).

The relative homogeneity in the structure of oceanic
plankton food webs suggested by 6>V, is supported by
the low variability also observed in N'TL, the latter inde-
pendently estimated from C, (Table II). On average,
NTL indicated that the oceanic plankton food webs
analyzed had <3 trophic levels, with maximum values
in the Coastal and Trades biomes. These values are
about one trophic level higher than the estimations of
the trophic position for the largest plankton size class
using 8'°N. The difference would suggest that these
planktonic food webs would support only one additional
consumer level predating upon the largest size class ana-
lyzed. Some of consumers may well be the cnidaria and
ctenophora removed from the largest size fraction of
our samples, with estimated TP between 2.6 and 2.9
(Molina-Ramirez et al., 2015). The trophic position of
large plankton and the PPMR values obtained in our
study are indicative of feeding on small plankton by
most consumers. This is expected in oligotrophic waters
dominated by picophytoplankton, (Hunt et al., 2015),
thus suggesting a common trophic structure related to
the nutrient inputs. The resulting TTE values were in
the range observed for pelagic (Hunt et al., 2015) but
also benthic ecosystems (Jennings e al., 2001) indicating
a relatively high efficiency in the transfer of energy
through the food web. However, these values were low-
er than the average estimation of 70% for pelagic food
webs (Zhou, 2006). For instance, using a global TTE
average of 21% would increase the NTL to 6.4, thus
suggesting that the use of biomass spectra corrected by a
TTE estimate from 6>V would take into account the
larger number of trophic steps expected in oligotrophic
waters (Sommer et al., 2002).
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The low variability observed in 8'°V slopes suggests
that the overall trophic structure is similar across differ-
ent planktonic communities, even when there are large
variations in the nutrient sources and in the transmission
of the energy through the food web. Organisms
included in our spectra covered four orders of magni-
tude in individual size, implying large differences in
growth rates and biomass turnover times, and thus
greater variability in 8>V composition of the small
plankton versus large plankton (Jennings et al, 2008).
Such differences would explain the reported delays in
the transmission of the §'°V signal from the N source
(e.g. atmospheric N) to zooplankton predators (Rolff,
2000; Mompean et al., 2013). The normalization pro-
cedure applied in our study overcomes the time-lags
and local variability of §'° and, as normalized biomass
spectra, provides a better tool to compare different com-
munities than un-normalized spectra. Similarity in the
8" N spectrum slopes and trophic structure across plank-
ton communities can be expected if the underlying
physiological processes are similar. Even when the nutri-
ent (nitrogen) sources are different, the transmission up
the food web is made by similar biochemical reactions
for all planktonic communities. In the case of tropical
and subtropical communities living in oligotrophic
waters, recycling of dissolved organic matter through
microbial communities is an important mechanism for
transmission of nitrogen to upper trophic levels
(Mulholland, 2007). The homogeneity in trophic struc-
ture across pelagic ecosystems was already suggested by
the first studies of biomass and abundance size spectra
(Platt and Denman, 1978) and confirmed by subsequent
studies including upper trophic levels (Hunt ¢ al., 2015).
Now, the application of biomass-normalized 8'°V spec-
tra to whole food webs, including fish and upper consu-
mers, can be used to analyze their variability by
considering nitrogen exchanges.

CONCLUSIONS

Biomass and §'°V size-spectra of plankton in general
showed low variability, reflecting a large homogeneity in
nitrogen sources and food web structure for the central
oceans. The largest changes in spectral parameters and
nitrogen sources were observed in the northwestern
Atlantic and were related to inputs of atmospheric nitro-
gen, either from diazotrophic organisms or dust depos-
ition. Mean PPMR between 4 and 3x10° were
estimated for all biomes, while mean TTE values varied
between 16% (coastal biome) and >20% (Trades and
Westerlies biomes), thus suggesting that current esti-
mates of the NTL based on a high average community
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efficiency may be too low, at least for most of the oligo-
trophic ocean. Both 6'°V and biomass size-spectra sug-
gest geographic homogeneity in the net transfer of
nitrogen up the food web.
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