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Abstract

Synthetic normalized biomass size spectra (NBSS) comprising non-synoptically

sampled phytoplankton, meso- and macrozooplankton, and micronekton

including mesopelagic fishes were explored to analyze pelagic community

structure in seven regions of the tropical and the subtropical Atlantic represen-

tative of different water bodies (NE Brazil shelf, NE Brazil oceanic islands,
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northern and southern offshore Benguela Upwelling System, northern off-

shore Canary Current Upwelling System, equatorial region, southern Canary

Current Upwelling System oxygen minimum zone). For mesopelagic fishes

and micronekton, conversions were applied accounting for sampling biases in

relation to other ecosystem components. Three main results were obtained.

Firstly, NBSS slopes based on biovolume were significantly shallower than

slopes based on carbon contents, as revealed in part through pairwise compari-

sons of linear models and by ANOVA. The ensemble mean slope for six

regions combined (one region omitted due to missing zooplankton data) mea-

sured in terms of biovolume was −0.866, and the respective value in terms of

carbon biomass was −0.894. Secondly, log ratios of spectral densities, that is,

contrasts, between consumers and phytoplankton increased with decreasing

primary production. Contrasts for total micronekton and mesopelagic fishes

relative to phyto- and zooplankton varied with primary production, indicating

that below a primary production of 650 mg C m−2 day−1, their spectral densi-

ties were higher than predicted by phytoplankton. Above this level, however,

the spectral densities were lower. Thirdly, regional population marginal means

were positively correlated with primary production in terms of carbon biomass

(p = 0.01) but not biovolume (p = 0.48). Biovolume NBSS slopes were nega-

tively correlated with primary production (p = 0.02), if the northern Benguela

Upwelling System was not included (else p = 0.11). The increase in biovolume

relative to the carbon biomass of gelatinous organisms is discussed as allome-

tric advantage to enhance trophic transfer efficiency. Trophic transfer efficien-

cies ranged from 28.9% to 36.8% for open-ocean systems and from 36.8% to

49.7% for coastal and oceanic island habitats. The results suggest that synthetic

pelagic size spectra provide a powerful framework to detect regional and func-

tional shifts in Atlantic pelagic communities, offering predictive value for

future ocean changes under climate scenarios.

KEYWORD S
mesopelagic fishes, phytoplankton, size spectra analysis, underwater vision profiler,
zooplankton

INTRODUCTION

Biomass distribution in marine ecosystems differs funda-
mentally from that in terrestrial systems, where hetero-
trophs represent only about 2% of the total biomass. In
the oceans, by contrast, heterotrophic organisms account
for more than 80% of the biomass (Bar-On & Milo, 2019).
The hypothesis that marine biomass is distributed in
roughly equal concentrations across body-size classes,
from “phytoplankton to whales” (Sheldon et al., 1972;
Sheldon & Parsons, 1967), provided the foundation for
abundance–biomass allometry relationships and size
spectra models that are among the most widely used
empirical macroecological patterns to describe changes

in the functioning of ecological communities (Cohen
et al., 2003; Kerr & Dickie, 2001; Stemmann &
Boss, 2012). The central premise is that community bio-
mass (B) does not change with body mass (M) but is
shaped by processes that govern energy flow between tro-
phic levels (TLs). With bacteria and phytoplankton pro-
viding the basis of all marine pelagic food webs, size
spectra properties certainly depend on how well the basal
resources can be incorporated in the analysis. In marine
systems, heterotrophic plankton biomass exceeds autotro-
phic biomass in both coastal and ocean habitats (Del
Giorgio & Gasol, 1995; Gasol et al., 1997; Pomeroy
et al., 2007). Accordingly, marine bacterioplankton bio-
mass is higher than phytoplankton biomass, which leads
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to “inverted” size distributions, where the biomass of
autotrophic producers is less than that of herbivorous
and bacterivorous zooplankton (Gasol et al., 1997;
Lombard et al., 2024). Inverted biomass pyramids are typ-
ical of ecosystems where a consumer level has more than
one energy source (Trebilco et al., 2013). The imbalance
between heterotrophic and autotrophic plankton biomass
is greater the more oligotrophic the environment
is, leading to a negative correlation between the
heterotrophic-to-autotrophic biomass ratio and primary
production (Gasol et al., 1997). A second effect
observed for marine zooplankton is the prevalence of
gelatinous plankton in oceanic systems so that these
systems have a relatively shallow size spectrum slope
and become top-heavy, that is, with many large,
volume-rich specimens, while systems with a strong
dominance of autotrophic production and a stronger
contribution of non-gelatinous plankton become
bottom-heavy with steeper size spectra slopes (Kwong
et al., 2022).

This has certain implications for the analysis and
interpretation of size spectra from phytoplankton to
fishes, described in the log–log form by means of their
dimensions slope and intercept or elevation (Figure 1d;

see Yvon-Durocher et al., 2011). Rodríguez (1994) and
Guiet et al. (2016) identified how certain processes affect
size spectrum dimensions, although effects may differ
depending on ecosystem component and habitat (dos
Santos et al., 2017). Growth and predation would tend to
flatten slopes by redistributing biomass towards higher
body mass classes. In turn, microbial turnover and pro-
duction of dissolved organic matter (DOM) result in
steeper slopes, by limiting transfer to higher levels.
Coagulation makes this material accessible for larger
detritivores, and heterotrophic incorporation by decom-
posers would in turn create shallow slopes. Increased
autotrophic production would affect size spectrum inter-
cepts positively, incorporating more biomass into the
entire food chain, while respiration would have the oppo-
site effect. Given that community biomass does not
change with body mass M and the biomass spectrum thus
scales as M0 across all TLs, in normalized biomass size
spectra (NBSS, i.e., division by M), biomass scales as
M−1, which is denoted as B(M), the spectral density of
biomass B at M. The Metabolic Theory of Ecology (MTE)
predicts the slope to be composed of a term of −0.75
depending on metabolic constraints and a predation term
with a value of −0.25 regulated through a transfer

F I GURE 1 Schematic representation of size spectra models and data selection related to (a) metabolic size spectra models,

(b) predator–prey models (where arrow indicates biomass flow consumed by predator of body mass, M), (c) linear model of spectral densities

in the BDKT model of predator and prey each represented by dome-shaped patterns, and (d) selection of data by ecosystem component for

the synthetic NBSS analysis (selected, solid circles; unselected, open circles), where the double-sided arrow indicates a gap with zeroes.

BMR, basic metabolic rate; B(M) and B(MR), spectral densities of predator and prey; M, body mass of predator; R, prey–predator mass ratio,

that is, the inverse of PPMR; or in (d) as B(M) referring to generic spectral density. Illustration credit: H. O. Fock.
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function (Arim et al., 2011; Brown et al., 2004). In cases
where predation is not so significant and/or transfer effi-
ciency is high, NBSS slopes are predicted to range
between −0.75 and −1.

In this study, we analyzed community size spectra
composed of phytoplankton, meso- and macrozoo-
plankton, and total micronekton (including mesopelagic
fishes) across seven regions of the Atlantic, ranging from
30� N to 35� S with different levels of nutrient supply and
coastal affiliation. By integrating components sampled
with different methodologies and time frames, we assem-
bled spectra of ecosystem components into “synthetic
spectra” that are supposed to resemble the genuine syn-
optic spectra representative of distinct oceanographic set-
tings and productivity regimes. At the regional level,
NBSS analyses have previously been carried out only for
specific ecosystem components, for example, for zoo-
plankton in the northern Canary Current Upwelling
System (nCCUS) (Couret et al., 2023) and NE Brazilian
shelf and oceanic islands (de Figueiredo et al., 2025; Lira
et al., 2024), and for mesopelagic fishes in the equatorial
(EQU) region and the Benguela Upwelling System (BUS)
(Fock et al., 2025; Fock & Czudaj, 2019). At the basin
scale, analyses in the Atlantic were carried out for zoo-
plankton observed with underwater vision profiler (UVP)
(Kiko et al., 2022; Soviadan et al., 2024) and water
bottle-sampled phytoplankton (Gonz�alez-García et al.,
2023; Moreno-Ostos et al., 2015). In contrast to lake eco-
systems (Mehner et al., 2018; e.g., Yurista et al., 2014),
synthetic analyses in the marine realm combining two or
more ecosystem components are scarce and mostly focus
on plankton components (Martin et al., 2006; Quinones
et al., 2003; Lombard et al., 2024; Stukel et al., 2024). The
inclusion of mesopelagic fishes and micronekton as such
and on this scale is unprecedented except for the global
modeling approach of Hatton et al. (2021).

Combining across ecosystem components and averag-
ing across samples are essential to generate synthetic size
spectra for larger bodies of water (Zhou & Huntley, 1997;
see Sheldon et al., 1972). This implies that samples are
combined across significant spatial and temporal scales
and across ecosystem components sampled with various
methodologies. Vertically, this integrates everything from
the small mucus layers around phytoplankton cells with
associated bacterial populations, that is, “phycospheres”
(Azam & Malfatti, 2007), of which billions are contained
in a single water bottle sample, to microlayers comprising
strong environmental gradients such as deep chlorophyll
maxima with associated changes in the size structure of
the phytoplankton (Álvarez et al., 2008) to macrolayers
such as acoustic deep and surface scattering layers of
dense micronekton (Czudaj et al., 2021; Hoving
et al., 2020; Marohn et al., 2021). However, this vertical

structure is effectively redistributed by means of two pro-
cesses, that is, diel vertical migration (DVM) and particle
sinking. DVM in particular for metazooplankton can
change and modify phyto- and zooplankton food web
and size structure at smaller scales (Cornils et al., 2022;
Kang et al., 2023). Sinking as the second process gener-
ates a vertical connectivity given that organic particles
and aggregates act as vehicles to transport their micro-
bial communities from the surface into deeper waters
(Iversen, 2023). Horizontally, regional oceanography
generates coherent water bodies that can be applied as
proxy to understand biological processes leading to the
delineation of biogeographical provinces in the sea,
sharing common attributes in terms of species compo-
sition and productivity regime (Longhurst, 2007;
Platt & Sathyendranath, 1999; Sutton et al., 2017).
Temporally, observations with inherent intra- and
interannual variability are combined. In the tropical
and subtropical Atlantic, intra-annual variability
exceeds interannual variability by a factor of 2–5
(Picaut et al., 1984). However, despite high intra-
annual variability, regional differences can be
maintained if the underlying water mass distributions
are respected. Fock et al. (2025) analyzed micronekton
size spectra from two seasons in two regions of the
BUS governed by specific water masses. They stated
that NBSS slopes differed seasonally but were on aver-
age steeper in the more nutrient-enriched region.
Likewise, biomass on average was higher, indicated
through the intercept of the linear NBSS model.

We ask whether synthetic NBSS parameters consis-
tently describe the regional community structure as a
function of the underlying productivity regime and
oceanography. This assumes vertical and horizontal
coherence of water bodies and communities. Secondly,
productivity can be expected to consistently impact
NBSS parameters of the phytoplankton–zooplankton–
micronekton system in four ways, that is, (1) by deter-
mining the degree of dominance of heterotrophic zoo-
plankton over phytoplankton; (2) by determining the
average level of biomass or elevation of NBSS; (3) by
steepening the slopes in eutrophic regions; and (4) by
considering the specific role of gelatinous, that is,
volume-rich, organisms in inverted, top-heavy plankton
food webs (Lombard et al., 2024).

The following objectives were addressed by applying
two biomass units in this study, carbon contents and
biovolume. Size spectra are analyzed in their linearized
form, that is, as a log–log model:

1. Firstly, calculate the size spectrum slope to investigate
whether biovolume-based size spectra are more
top-heavy than carbon-based size spectra.

4 of 34 FOCK ET AL.
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2. Secondly, analyze differences in community structure
by means of standardized spectral densities of hetero-
trophic ecosystem components, in particular zoo-
plankton in relation to each other and to autotrophic,
that is, phytoplankton biomass. For the latter, these
contrasts should be negatively correlated with primary
production.

3. Thirdly, in line with the interpretation of NBSS
models in relation to primary production, the regional
mean spectral densities should be positively and
slopes negatively correlated to primary production.

MATERIALS AND METHODS

Ecosystem components and sample
selection

For carbon biomass, 379 samples were selected from
seven regions based on data availability and oceano-
graphic properties (Table 1; for regions see Appendix S1).
Respectively, 536 samples were selected for biovolume,
including additional records for underwater vision pro-
filer (UVP) organic particle density combining both

TAB L E 1 Available records for the synthetic normalized biomass size spectra (NBSS) analysis, based on carbon biomass.

Region Gear minDepth (m) maxDepth (m) No. records included Years covered Months covered

BRZ_oc_isl Bongo 0 200 9 2015 10

BRZ_oc_isl Niskin Bottles 2 199 38 2017 4–5

BRZ_oc_isl UVP 1 4707 10 2014–2016 5, 10

BRZ_oc_isl Trawl meso 58 525 12 2015 10

BRZ_oc_isl Trawl micro 60 800 4 2015, 2017 4, 10

BRZshlf Bongo 0 200 5 2015 10

BRZshlf Niskin Bottles 16 122 12 2017 4

BRZshlf UVP 1 689 7 2014–2016 5, 9

BRZshlf Trawl meso 12 500 11 2015, 2016 10

BRZshlf Trawl micro 60 680 8 2017 4

EQU Multinet 0 1000 20 2019 10

EQU Niskin Bottles 5 100 32 1995–2022 1, 12

EQU UVP 1 4700 33 2014–2016 4, 9

EQU Trawl Aalnetz 78 680 15 2015 3–4

NBUS Multinet 0 200 8 2019 3

NBUS Niskin Bottles 2 20 7 2000 10

NBUS RMT 0 602 17 2019, 2021 3, 10

NBUS UVP 1 3515 3 2016 11

OMZ_sCCUS Niskin Bottles 7 60 4 1996–1997 5

OMZ_sCCUS RMT 0 670 4 2016 8

OMZ_sCCUS UVP 1 5232 14 2013–2016 3, 9

OMZ_sCCUS Trawl Aalnetz 76 441 9 2015 3

SBUS Multinet 0 300 5 2019 2–3

SBUS Niskin Bottles 56 64 2 2011 2

SBUS RMT 0 505 13 2019, 2021 2, 9

SBUS UVP 1 1258 4 2010 7–9

nCCUS Niskin Bottles 5 110 28 1995–2022 5, 12

nCCUS UVP 1 3657 27 2012–2016 3, 12

nCCUS WP-2 0 200 6 2018–2019 2, 10

nCCUS Trawl Aalnetz 79 623 12 2015 4

Note: Region abbreviations: BRZ_oc_isl, NE Brazil oceanic island habitat; BRZshlf, NE Brazilian shelf habitat; EQU, equatorial region; NBUS, northern
Benguela Upwelling System; maxDepth, deepest depth sampled, in m; minDepth, shallowest depth sampled; nCCUS, northern Canary Current Upwelling
System; OMZ_sCCUS, southern Canary Current Upwelling System oxygen minimum zone; SBUS, southern Benguela Upwelling System.
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zooplankton and detritus (uvpZPLD). Except for phyto-
plankton samples that were collected between 1995 and
2022, all other samples were collected in the period
2010–2021. The analysis of Atlantic Meridional Transect
samples for phyto- and zooplankton from San Martin
et al. (2006) was not duplicated.

Ecosystem components were defined by their sam-
pling gears. Phytoplankton samples were collected from
water that was collected using Niskin Bottles; WP-2 net,
Multinet, and Bongo net represent zooplankton net sam-
ples; and four trawl types were deployed for micronekton
and mesopelagic fishes (Rectangular Midwater Trawl
RMT, trawl “Aalnetz,” trawl “Meso,” trawl “Micro”). See
Appendix S2 for details. To account for sampling and
processing biases, conversions were applied (see the next
section). Net-based methods tend to undersample abun-
dances due to net avoidance or destruction of fragile
specimens, whereas in situ methods like the UVP for
zooplankton and detritus and hydroacoustics for mesope-
lagic fishes overcome these shortcomings. For methodo-
logical details, see Appendix S2.

The Fernando de Noronha Archipelago (FNA),
located in the Western Tropical Atlantic (3� 5002400 S and
32� 2404800 W; Figure 2), was defined as the NE Brazil
oceanic island habitat (BRZ_oc_isl). Physical oceanogra-
phy is determined by the central branch of the South
Equatorial Current and seasonal fluctuations of the
Intertropical Convergence Zone (da Silva et al., 2021;
Lira et al., 2024). The NE Brazilian shelf habitat
(BRZ_shlf) is influenced by the northward-flowing North
Brazil Undercurrent (NBUC) that originates from the
bifurcation of the southern South Equatorial Current
(Dossa et al., 2021; Tosetto et al., 2021) and represents a
very oligotrophic habitat.

For the open-ocean regions, the biogeographical tax-
onomy of Sutton et al. (2017) and Longhurst (2007) was
applied (Martin et al., 2006). The EQU region is charac-
terized by a relatively homogeneous composition of
mesopelagic fishes and cephalopods due to interactions
between the Equatorial Current and the Equatorial
Countercurrent (see Czudaj et al., 2021; Olivar et al.,
2017, fig. 12; Spalding et al., 2012). It corresponds to the

F I GURE 2 Study regions and sample distribution. BRZ_oc_isl, NE Brazil oceanic islands; BRZ_shlf, NE Brazil continental shelf, depth

<800 m; EQU, northern equatorial region; NBUS, northern Benguela Upwelling System; nCCUS, northern Canary Current Upwelling

System; OMZ, southern Canary Current Upwelling System oxygen minimum zone; SBUS, southern Benguela Upwelling System. Map credit:

Vihtakari (2024).
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northern limit of the Tropical and West Equatorial
Atlantic province in Sutton et al. (2017).

The nCCUS represents the water body of the North
Atlantic subtropical gyre well defined as north of the
Cabo Verde Frontal Zone and separated from the coastal
upwelling (Central North Atlantic in Sutton et al. (2017)
and Couret et al. (2023)). The area representative of the
southern Canary Current Upwelling System oxygen mini-
mum zone (short: OMZ, else: OMZ_sCCUS) of the cen-
tral eastern Atlantic lies south of the Cabo Verde Frontal
system in the southern limb of the Canary Current
Upwelling System and also outside the coastal zone. Its
main features are low midwater oxygen concentrations
and it hosts the Guinea dome, a tropical cyclonic gyre
(Longhurst, 2007; Stramma et al., 2008).

The BUS is separated into a northern (NBUS) and a
southern (SBUS) part by the Lüderitz permanent upwell-
ing cell at 26� S. The northern limit is defined by the
Angola–Benguela front at 19� S, and the southern limit at
34� S. The NBUS and SBUS are influenced by distinct
water masses. The SBUS is dominated by nutrient-poor
Eastern South Atlantic Central Water (ESACW). In the
NBUS, ESACW prevails on the shelf during the main
upwelling season in austral winter and spring, while
nutrient-rich South Atlantic Central Water (SACW) is
transported to the NBUS during the austral summer.
Additional leakage from the Agulhas Current leads to
entrainment of Indian Ocean water especially in the
SBUS, while tropical water penetrates through the
Angola–Benguela front (Duncan et al., 2022).

In some cases, regional data inventories were
complemented by data from outside the chosen geo-
graphic boxes, that is, zooplankton WP-2 data in nCCUS
were included, along with additional RMT data in OMZ
and SBUS (see Figure 2). Data were not spread evenly
inside the geographical boxes; for instance, UVP data
were concentrated in the southern part of the nCCUS,
and zooplankton Multinet samples were collected along
the equator in EQU. Sampling was conducted either in
terms of cross-sections and transects or with high
regional resolution, which was in particular good for
those areas for which specific multidisciplinary surveys
were designed, that is, TRAFFIC campaigns in the BUS
(NBUS, SBUS; see Martin et al., 2024) and ABRAÇOS
cruises for the Brazilian coast habitats BRZ_shlf,
BRZ_oc_isl (Bertrand, 2015, 2017; Eduardo et al., 2022).

Conversions

Sintering information across ecosystem components
requires standardization of measurements with regard to
measured units and protocols to account for known
sampling biases (Giacomini et al., 2023). Since no

comparative sampling was carried out, literature data were
applied to establish conversion factors (Appendix S3).

Four types of conversions were carried out.

Tissue composition

Conversion coefficients were applied to account for
taxon-specific differences in tissue composition, includ-
ing preservation effects (Appendix S3: Section S1). Data
from this processing stage for both biovolume and car-
bon biomass were available, containing micronekton
without subsequent conversions (see below), that is, the
unconverted “micronekton as is” (Fock et al., 2024).

Trawl type conversion (T)

While phytoplankton and UVP-measured zooplankton
and detritus were all analyzed with a consistent method-
ology and instrumentation, net zooplankton and mesope-
lagic fishes and micronekton were sampled with various
gears of different sizes and designs. For net zooplankton,
no conversion was applied. For mesopelagic fishes and
total micronekton, the conversion protocol is described
in Appendix S3: Section S2.

Volumetric–gravimetric conversion (VG)

A principal difference must be considered for those taxa
for which weight was determined basically as volume
by image analysis (zooplankton with ellipsoidal vol-
ume models both net and UVP) and those taxa for
which weight was determined gravimetrically and
converted back to biovolume, of which the latter
applies to biovolume calculations of micronekton and
mesopelagic fishes. Conversions were carried out for
micronekton and mesopelagic fishes (Appendix S3:
Section S3).

Acoustic–trawl conversion (A)

Hydroacoustic biomass estimates of pelagic fishes are
much higher than trawl-based estimates (Fock &
Ehrich, 2010). No hydroacoustic data were evaluated for
this study but in previous investigations where fish were
included, hydroacoustic data have been applied
(Giacomini et al., 2023; Hatton et al., 2021; Yurista
et al., 2014). Hence, a conversion factor was applied for
mesopelagic fishes and total micronekton to account
for the methodological difference (Appendix S3:
Section S4).
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Starting with unconverted micronekton, termed
“micronekton as is,” T, VG, and A conversions were sub-
sequently included in the analysis as indicated.

Data preparation and size spectra
calculation

Typology of size spectrum models

In marine systems, three classes of size spectrum
models have been applied, although the range of size
spectrum and allometric models is much broader
(Andersen et al., 2009, 2016; Martens et al., 2015;
Yvon-Durocher et al., 2011). In all cases, the size spec-
trum models can be expanded from groups of organisms
with similar characteristics and functions to the com-
munity level (Stemmann & Boss, 2012).

The first model category focuses on metabolism, that
is, basal metabolic rate (BMR), growth, feeding, and mor-
tality relationships, which can be described in terms of
allometric functions of body size M (Figure 1a).
Metabolism can be scaled differently, either to surface
area with a predicted scaling of 2/3 or in the form of
resource transport networks with a predicted scaling
of 3/4, that is, Kleiber’s law (Glazier, 2014). Platt and
Denman (1977) and Silvert & Platt (1978, hereafter PDS)
described NBSS as

B Mð Þ∝M − 1− x+ αΛ+ qð Þ, ð1Þ

where x is the exponent of the turnover or loss function
including predation, with a nominal value of 0.28. The
dimensionless product αΛ is comprised of the scaling fac-
tors for the turnover loss term and the term of metabo-
lism with a value in the range of 0.1–0.5. The term q is
the scaling factor for losses to the decomposer food chain.
Taking into account that two main processes with oppos-
ing signs take place in the microbial loop, that is, micro-
bial turnover as opposed to subsequent heterotrophic
incorporation, q is suggested to be ~0 (Silvert &
Platt, 1978). The MTE (Arim et al., 2011; Brown
et al., 2004; Brown & Gillooly, 2003) builds on the 3/4--
scaling law (which is questioned for some ecosystem
components; Hatton et al., 2021; Huete-Ortega
et al., 2011; Marañ�on et al., 2007). Energy allocation E
should be the same across the body mass range consid-
ered (energy equivalence rule; Allen et al., 2002), thus
scaling biomass B as M0 between TLs and subsequently
with B as M0.25 within a TL where no predation takes
place (Jennings & Mackinson, 2003). MTE describes the
NBSS for biomass, scaled as

B Mð Þ∝aMγ ¼ aM
log10 TTEð Þ
log10 PPMRð Þ− 0:75: ð2Þ

The first term of the exponent is the biomass transfer
function by means of trophic transfer efficiency (TTE)
and predator–prey mass ratio (PPMR) with an expected
value of −0.25 which is 0 for the within-TL case.
Equation (2) can be applied to calculate TTE as
TTE¼PPMRγ+0:75: MTE has been applied to explain sea-
sonal differences in temperature and productivity in
micronekton assemblages of the BUS (Fock et al., 2025),
interdecadal differences in mesopelagic assemblages of
the tropical and subtropical Atlantic (Fock &
Czudaj, 2019) and Pacific (Hunt et al., 2015) as well as
North Sea demersal fishes (e.g., Jennings &
Mackinson, 2003).

The second approach puts an emphasis on population
dynamics, which will refer, in this study, to all organisms
belonging to either phytoplankton or zooplankton, and
fishes. Heath (1995) developed a model where the differ-
ence from one size class to another depends on individual
growth and mortality. Zhou & Huntley (1997, herafter
ZH) included intrinsic rates of growth and mortality, and
their NBSS slope is eventually determined by the ratio of
the intrinsic growth rate μ over the individual growth
rate g:

B Mð Þ∝M − 1+ μ
g: ð3Þ

The sign of μ determines whether the slope is <−1
(negative sign = net mortality) or >−1 (positive
sign = net increase).

A third category of models is built as predator–prey
models describing the transfer of biomass between two
TLs by means of a feeding term with a certain transfer
efficiency KF and changes in specific production P of the
prey (Figure 1b), both as a function of predator body size
M so that prey size is MR accordingly (Boudreau
et al., 1991; Kerr & Dickie, 2001; Thiebaux &
Dickie, 1992, 1993, hereafter BDKT):

B Mð Þ
B MRð Þ∝

KF
P

¼ a0Mγ0

a00Mγ00 ¼
a0

a00
Mγ0 − γ00 ¼ aMγ: ð4Þ

The BDKT model does not imply that the NBSS is a
monotonically decreasing function, but rather is com-
prised of domes of biomass separated by PPMR, or its
inverse R (Figure 1c).

All models have certain features in common. MTE
predicts NBSS slopes of about −1 depending on transfer
efficiency and PPMRs, while PDS predicts a range from
−0.82 to −1.22. MTE and BDKT include the body mass
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ratio between prey and predators and feeding efficiency,
and ZH and PDS include mortality. In turn, MTE and ZH
provide different explanations for shallower slopes >−1.
MTE predicts a common slope for the entire system,
whereas ZH allows for different slopes in different parts
of the M range. None of the models includes all the pro-
cesses that were indicated by Rodríguez (1994).

Rationale of the analysis

Data were sampled with great spatial, temporal, and verti-
cal heterogeneity. Therefore, to obtain a robust regional
mean for each ecosystem component, samples were aver-
aged to compensate for small-scale patchiness. If possible,
seasonal differences were eliminated by averaging across
repeated cruises and differences in spatial distribution by
accounting for water body affiliation and bathymetry as
well as vertical averaging. Averaging across samples
increases sample size, allowing for closing zero gaps in
individual size spectra, since size spectrum classes with
zero abundance are not defined at the log scale
(G�omez-Canchong et al., 2013). In the same way, averag-
ing is understood as a means to overcome issues of small
sample sizes of UVP measurements (Soviadan et al., 2024).
In line with Fock et al. (2025), the 10−7 ppm detection
threshold of a specimen of a given size (Witek &
Krajewska-Soltys, 1989) is applied to indicate unduly
range extensions of size spectra in three exemplified sce-
narios, each for a single sample and for the average of five
samples taken. In the first scenario, this refers to a 1-mg
specimen of a sample size of 0.01 m3 representative of the
UVP samples, where the typical depth-integrated UVP
sample size lies in the range of 0.03–0.15 m3 (Kiko
et al., 2017). Secondly, it was applied to a 1-g specimen
sampled within a sample volume of about 105 m3 repre-
sentative of the relatively small RMT, and thirdly, to a 1-g
specimen in a sample volume of about 107 m3 representa-
tive of the larger “Aalnetz” and “Micro” trawls.

Of the size spectrum toolbox, BDKT allows for the
analysis of PPMR and MTE to infer TTEs from size spec-
trum slopes with a known PPMR. Hence, these two con-
cepts were used to analyze the synthetic size spectra with
a log–log model. Following the energy equivalence rule,
which states that all specimens at a certain level of body
mass M, regardless of their role in the food web and TL,
have the same requirements, MTE allows us to derive an
overall NBSS slope. We consider two categories of spec-
tra: the single synthetic spectrum for a certain region and
the ensemble synthetic spectrum for all regions
combined. Slopes were calculated for both single and
ensemble synthetic spectra in accordance with
Equation (2), and for single synthetic spectra, a further

analysis of PPMR was carried out. Relationships between
ecosystem components and between regions were ana-
lyzed with population marginal means models and
correlated with regional primary production. Respective
analyses were carried out for two units of biomass, that
is, carbon contents and biovolume. With regard to uncer-
tainty in sampling efficiency, we subsequently applied
conversions for data of mesopelagic fishes and total
micronekton as described above.

NBSS components

Each gear specifically samples a certain ecosystem com-
ponent quantitatively within a certain size range,
resulting in abundance domes as described above. For
each ecosystem component, size classes from peak abun-
dance to the last non-zero size class M in a consecutive
order with Mlast > Mpeak were selected (Figure 1d, selec-
tion of unbiased size classes; see Dugenne et al. (2024)).
Log-binning with normalization was applied to averaged
samples, analogous to the LBNbiom method (Edwards
et al., 2017) already applied to mesopelagic fishes (Fock
et al., 2025; Fock & Czudaj, 2019). Binning was carried
out in log2-bins, that is, octave scale (Sheldon et al., 1972;
William Gary Sprules & Barth, 2015) with bin size classes
defined as 0.5, 1, 2, 4 g C or cubic millimetres biovolume,
respectively. Slopes were tested according to Paternoster
et al. (1998). Stations were only selected if the size spec-
trum of the respective ecosystem component had a clear
peak with subsequently declining spectral densities. In
one case, station 14 in the nCCUS for zooplankton
biovolume, this did not apply (Figure 3).

Single synthetic spectrum

For the single synthetic spectrum, the BDKT model with
constant R in the log–log form implies a linear relation-
ship (Figure 1c). The ratio 1/R is the PPMR. This allows
for two ways of analysis. Firstly, given a constant ratio of
spectral densities, that is, sampling from the same assem-
blage, the log of the intercept should be negatively corre-
lated to γ × log(M):

− loga¼ log
B MRð Þ
B Mð Þ

� �
+ γ logM ð5Þ

This can be shown through resampling within a given
assemblage where the condition logB Mð Þ− logB MRð Þ¼
const: applies, to indicate how sample composition
affected the within-assemblage variability (Appendix S4).
The negative relationship between slope and intercept is
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well known (G�omez-Canchong et al., 2013), and it differs
depending on ecosystem type (see Moreno-Ostos
et al., 2015, fig. 6). The second application is that
Equation (4) can be solved as a difference equation, with
the solution yielding a quadratic term plus a periodic
part. The quadratic part is understood to represent the
abundance dome of the respective ecosystem component
(Yurista et al., 2014). Not including the periodic part,
Thiebaux and Dickie (1993) and Thiebaux and Dickie
(1992) showed that in the solution

logB Mð Þ¼ logB0 + 0:5c0 log Mð Þ− log M0ð Þ½ �2, ð6Þ

the (x,y)-position of the apex of the abundance dome is
defined by (log(M0), log(B0)) and c0 describes the curva-
ture of the parabola and is negative. Accordingly,
M0_predator and M0_prey can be determined, and the differ-
ence between them indicates PPMR. The above approach
follows a bottom-up rationale, while Rossberg et al.
(2019) demonstrated that dome-shaped patterns likewise
can arise from top-down trophic cascades. Regressions
were carried out with the R package nlme (Pinheiro
et al., 2021).

Ensemble synthetic spectrum

The basic form of the population marginal means model
with two categorical variables is (see Searle et al.,
1980, eq. 2.1)

μmn ¼ μ+φm + βn, ð7aÞ

where μ is a general mean and φ and β are effects with-
out interactions. Population marginal means models cal-
culate least squares means as within-group means
appropriately adjusted for the other effects in the model,
which in this case is the dependence of the mean on size
class Mi.

The general mean for the MTE model in its log–log
form is defined by the slope of the entire ensemble spec-
trum times the log of the biomass size class M, that is, γ
log Mi. This ensemble mean slope has been commonly
applied to describe generic size spectra properties (“sys-
tem slope” [Zhou & Huntley, 1997], “global slope”
[Blanco et al., 1994], and “overall regression” [Mehner
et al., 2018]). Subtraction of the general mean on both
sides sets the factor values in relation to the difference
between the observation and the general mean. Here, fac-
tors region rk and ecosystem component cj are consid-
ered. Analyzing the log–log model with two factors
implies that the intercept parameter a in Equation (2)
would be a yet-undefined multiplicative effect. Therefore,
the log–log analysis is separated into two equations, one
for either factor, resulting in population marginal means
either by region or by ecosystem component, but not in
the interaction of region and ecosystem components.
With respective error terms, we get

logBjk Mið Þ− γlogMi ¼ log cj + ϵj ð7bÞ

logBjk Mið Þ− γlogMi ¼ logrk + ϵk ð7cÞ

where subscripts indicate ecosystem components j and
regions k, respectively. To avoid duplication within eco-
system components, the ensemble mean slope is calcu-
lated from three ecosystem components, that is,
phytoplankton, one zooplankton component (either net
zooplankton or UVP-measured zooplankton), and total
micronekton. Since no net zooplankton was available for
the OMZ region, OMZ data were not included in the cal-
culation of the ensemble mean slope. Slopes were calcu-
lated either as a simple linear model (lm) or with a
mixed-effects model (lme), where the offset is allowed to
vary by region. The R system packages base and lme4 were
applied for regressions (Bates et al., 2015; R Development
Core Team, 2023). For model evaluation, the Akaike infor-
mation criterion (AIC) was applied and interpreted in
terms of evidence ratio as exp(−0.5▵), where ▵ is the dif-
ference of AIC values between two models (Burnham
et al., 2011). Based on the lm-slope, region and ecosystem
component effects were obtained as estimated marginal
means in terms of mean expected spectral densities at a
given M (Lenth, 2024; Searle et al., 1980). The differences

F I GURE 3 Size spectrum for zooplankton biovolume, Station

14, northern Canary Current Upwelling System (nCCUS), 2018. See

Couret et al. (2023) for details of the zooplankton sampling

program.
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on a log scale, that is, contrasts (also biomass ratios, see
Stukel et al., 2024), between components within and
across all regions and regions across all components are
thus related to log ckj, log cj, and log rk and were calculated
using the R package emmeans (Lenth, 2024). Multiple
comparisons of region and component marginal means
were carried out as t-test with Šid�ak correction (Midway
et al., 2020). Differences in slopes were tested by means of
type III ANOVA on the joint biovolume and carbon data
set for three ecosystem components as described above
with conversions and biomass unit as factors.

Environmental data

Information on mean annual primary production as cli-
matological proxy was extracted for the center of each
region from publicly available modeled data based on
remote sensing (Kaschner et al., 2008).

RESULTS

Ensemble mean slopes for biovolume- and
carbon-based NBSS

The ensemble mean slope is essential to build the mar-
ginal means model and tested with different combina-
tions of data conversions and biomass units. The plot of
the ensemble mean slope model for carbon contents prior
to applying conversion factors to spectral densities of
micronekton and mesopelagic fishes, that is,
“micronekton as is,” shows how sensitive the model is
regarding coverage of ecosystem components included
(Figure 4). For instance, the gap between phyto- and zoo-
plankton indicates that microzooplankton data were not
available. For the ecosystem components considered, the
phytoplankton–net zooplankton–micronekton model
(solid line, Figure 4) on average yields moderate negative
residuals for the micronekton and mesopelagic fishes’
components and mostly positive residuals for net and
underwater vision profiler (UVP)-measured zooplankton.
Selecting phytoplankton and net zooplankton alone to
build the ensemble mean slope model would result in
strongly negative residuals for the mesopelagic fishes and
micronekton (Table 2, model 32). The resulting slope is
shallower and thus indicates a top-heavier system. In
turn, selecting only phytoplankton for the ensemble
mean slope model would generate strongly positive resid-
uals for the zooplankton components. It is further clear
that the conversions would increase the numbers for total
micronekton and mesopelagic fishes, thus reducing the
gap between the two zooplankton components and

the two former ecosystem components and making
slopes shallower.

According to the AIC values, models 16, 24, and
28 were the best models to explain the data with an
AIC < 800, all carbon-based (Table 2). The best model
28, with a slope of −0.894 incorporating all conversions,
was significantly different from the third best model
16 with a slope of −0.972 (Table 2, dd). While
model 16 slope was marginally different from the theoret-
ical MTE slope of −1 (p = 0.053), the slope estimate for
the third best biovolume model (model 15, slope =
−0.943) was significantly different from −1 (p < 0.001),
as were the best biovolume models, models 23 and 27.
The evidence ratio between models 24 and 16 is 11-fold,
and 270-fold between models 28 and 24. If model 16 is
assumed to represent the default overall MTE slope of −1
with 10% TTE and a PPMR of 10,000:1, then the evidence
of our data that the slope is > −1 is about 3000-times
stronger (=11 × 270). For both biovolume and carbon
biomass, the differences between best and second-best
models were significant (Table 2, cc, dd).

F I GURE 4 Ecosystem components selected for synthetic

normalized size spectrum analysis. Regression line representing

ensemble mean slope according to model 8 for three ecosystem

components (solid line), depicted in Table 2. The 10−7 ppm

detection threshold of specimens of different sizes are indicated for

three different sampling scenarios each for a single sample and

averaged across five samples. UVP-measured zooplankton fairly

well respects the first detection limit threshold (blue circles), while

sample sizes for net zooplankton are relatively larger allowing for

extended spectra (blue dots). “Micronekton as is” refers to
unconverted micronekton; MicNek, total micronekton; mesopFish,

mesopelagic fishes; PPL, phytoplankton; uvpZPL, UVP-measured

zooplankton; ZPL, net zooplankton.
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TAB L E 2 Calculation of ensemble mean slopes for six regions (excluding OMZ) with two methods and three and two ecosystem

components, respectively.

Model coverage/test
Biomass
unit Ensemble mean slope SE AIC p value of Z score

Three ecosystem components

“Micronekton as is”

(1) lm: PPL–uvpZPL–MicNek Volume −0.93703 0.01760 1000.4

(2) lm: PPL–uvpZPL–MicNek Carbon −0.98491 0.01713 1044.4

(a) Difference in slopes (1) and (2) 0.025

(3) lm: PPL–ZPL–MicNek Volume −0.97944 0.01467 883.6

(4) lm: PPL–ZPL–MicNek Carbon −1.02150 0.01542 873.3

(b) Difference in slopes (3) and (4) 0.017

(c) Difference in slopes (1) and (3) 0.032

(d) Difference in slopes (2) and (4) 0.042

(5) lme: PPL–uvpZPL–MicNek Volume −0.93441 0.01665 988.7

(6) lme: PPL–uvpZPL–MicNek Carbon −0.98746 0.01624 1032.4

(e) Difference in slopes (5) and (6) 0.016

(7) lme: PPL–ZPL–MicNek Volume −0.97470 0.01355 856.3

(8) lme: PPL–ZPL–MicNek Carbon −1.01872 0.01408 846.2

(f) Difference in slopes (7) and (8) 0.012

(g) Difference in slopes (5) and (7) 0.030

(h) Difference in slopes (6) and (8) 0.072

Micronekton T converted

(9) lm: PPL–uvpZPL–MicNek Volume −0.90519 0.01648 958.0

(10) lm: PPL–uvpZPL–MicNek Carbon −0.93210 0.01621 923.6

(i) Difference in slopes (9) and (10) 0.122

(11) lm: PPL–ZPL–MicNek Volume −0.94620 0.01435 841.9

(12) lm: PPL–ZPL–MicNek Carbon −0.97072 0.01507 801.0

(j) Difference in slopes (11) and (12) 0.112

(k) Difference in slopes (9) and (11) 0.030

(l) Difference in slopes (10) and (12) 0.041

(13) lme: PPL–uvpZPL–MicNek Volume −0.90704 0.01575 952.3

(14) lme: PPL–uvpZPL–MicNek Carbon −0.93756 0.01580 926.3

(m) Difference in slopes (13) and (14) 0.086

(15) lme: PPL–ZPL–MicNek Volume −0.94349 0.01343 828.8

(16) lme: PPL–ZPL–MicNek Carbon −0.97215 0.01438 798.5

(n) Difference in slopes (15) and (16) 0.072

(o) Difference in slopes (13) and (15) 0.961

(p) Difference in slopes (14) and (16) 0.052

Micronekton T and VG converted

(17) lm: PPL–uvpZPL–MicNek Volume −0.90332 0.01648 958.2

(18) lm: PL–ZPL–MicNek Volume −0.94421 0.01441 844.2

(19) lme: PPL–uvpZPL–MicNek Volume −0.90526 0.01572 951.5

(20) lme: PPL–ZPL–MicNek Volume −0.94155 0.01345 829.8

(q) Difference in slopes (17) and (10) 0.106

(r) Difference in slopes (18) and (12) 0.102

12 of 34 FOCK ET AL.
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Comparing synthetic NBSS based on either carbon
contents or biovolume shows that the hypothesis of
top-heavier size spectra if biomass is measured in
biovolume units is true in pairwise comparisons if no
conversions for sampling bias were undertaken for
micronekton in relation to zooplankton (Table 2, a, b, e,
and f). Further pairwise comparisons indicate that
biovolume slopes were marginally larger than their car-
bon counterparts (Table 2, m, n, s, t, y, and z), or in four
cases not significantly different (Table 2, i, j, u, and v),
depending on combinations of conversions. In turn,
ANOVA reveals significant slope effects of biomass unit
(p = 0.0005 for the binary interaction effect slope: bio-
mass unit) and of conversions (p < 0.0001 for the binary

interaction effect slope: conversion type; Appendix S5).
This perception remains unchanged even considering the
ANOVA, a case of multiple comparisons with Bonferroni
adjustments of the significance levels, either for three
types of conversions (p = 0.0015 for the interaction effect
slope: biomass unit) or for 10 different ways of condu-
cting linear mixed-effects models (see Table 2) (p = 0.005
interaction effect slope: biomass unit).

In all regressions, the mixed-effects models with net
zooplankton were better in terms of AIC than the models
for UVP-measured zooplankton. While there was no sig-
nificant difference between the best linear (Table 2,
model 24) and the best mixed-effects model (Table 2,
model 28) in terms of slopes (p = 0.46), in most cases

TAB L E 2 (Continued)

Model coverage/test
Biomass
unit Ensemble mean slope SE AIC p value of Z score

(s) Difference in slopes (19) and (14) 0.073

(t) Difference in slopes (20) and (16) 0.060

Micronekton T and VG and A converted

(21) lm: PPL–uvpZPL–MicNek Volume −0.83131 0.01456 888.3

(22) lm: PPL–uvpZPL–MicNeka Carbon −0.85734 0.01469 867.2

(u) Difference in slopes (21) and (22) 0.104

(23) lm: PPL–ZPL–MicNek Volume −0.86824 0.01399 828.2

(24) lm: PPL–ZPL–MicNeka Carbon −0.89201 0.01486 793.7

(v) Difference in slopes (23) and (24) 0.122

(w) Difference in slopes (21) and (23) 0.033

(x) Difference in slopes (22) and (24) 0.048

(25) lme: PPL–uvpZPL–MicNek Volume −0.83283 0.01377 878.2

(26) lme: PPL–uvpZPL–MicNeka Carbon −0.86282 0.01419 866.8

(y) Difference in slopes (25) and (26) 0.064

(27) lme: PPL–ZPL–MicNek Volume −0.86589 0.01285 806.5

(28) lme: PPL–ZPL–MicNeka Carbon −0.89393 0.01389 782.5

(z) Difference in slopes (27) and (28) 0.069

(aa) Difference in slopes (25) and (27) 0.039

(bb) Difference in slopes (26) and (28) 0.058

(cc) Difference in slopes (20) and (27) <0.001

(dd) Difference in slopes (16) and (28) <0.001

Two ecosystem components

(29) lm: PPL–ZPL Volume −0.88065 0.02144

(30) lm: PPL–ZPL Carbon −0.91579 0.02382

(31) lme: PPL–ZPL Volume −0.86859 0.01972

(32) lme: PPL–ZPL Carbon −0.90732 0.02187

Note: Micronekton modifications: “Micronekton as is,” without conversions.
Abbreviations: A, conversions applied for differences regarding hydroacoustic biomass estimation; AIC, Akaike information criterion; lm, linear model without
random effects; lme, linear mixed-effects model with random effects for each region; MicNek, total micronekton; PPL, phytoplankton; T, conversions applied

for different trawl sizes; uvpZPL, UVP-measured zooplankton; VG, conversions applied for volumetric–gravimetric differences in mass determination; ZPL,
zooplankton.
aVG conversion does not apply to carbon biomass.
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there was a significant difference between models for net
zooplankton and those for UVP-measured zooplankton
(Table 2, c, d, g, k, l, w, x, aa) as compared to marginally
different (Table 2, h, p, and bb) or insignificant differ-
ences (Table 2, o). Slopes by region are shown in
Appendix S6: Tables S1 and S2.

Analysis of contrasts I: Plankton spectral
densities in relation to other ecosystem
components

The ensemble mean slope model for carbon contents
(Figure 4) shows that residuals for zooplankton were
mainly positive as compared to residuals of phytoplank-
ton, micronekton, and mesopelagic fishes. The applica-
tion of converted figures for micronekton reduces the gap
between zooplankton and total micronekton, which is
shown in the analysis of estimated mean marginal spec-
tral densities by ecosystem component. Because different
slopes were used in the analyses for carbon biomass
(Figure 5a,b,d), the marginal means differed in absolute
terms. In all four analyses (Figure 5a–d), there was no
significant difference of marginal means among phyto-
plankton (PPL), total micronekton, and mesopelagic
fishes. The relative difference, that is, contrast,
between T converted total micronekton considering
the effect of different trawl sizes and phytoplankton
was ~0. In turn, contrasts for net zooplankton in rela-
tion to total micronekton were 0.88 for T converted
and 1.41 for “micronekton as is.” This can be
interpreted as a relatively higher spectral density of
zooplankton by factors of 7.5 (=100.88) and 25.1,
respectively, which helps understand the effect of T
conversion, which on average is ~5 for the larger
graded nets, and hence the combined effect is ~5 × 5
(~7.5) ≈ 25. The third conversion step, a conversion to
account for the bias between hydroacoustic and trawl
estimates of micronekton biomass, with a further fac-
tor of 13.9 for micronekton and mesopelagic fishes,
eliminates the difference to zooplankton ZPL
(Figure 5d). At this step, total micronekton and
uvpZPL were significantly different from phytoplank-
ton PPL, and the estimated marginal mean spectral
densities of all heterotrophic components were higher
than for phytoplankton.

Zooplankton and detritus exceeded phytoplankton
significantly. The analysis of trawl size and
volumetric–gravimetric converted biovolume (T + VG)
indicated a contrast of 2.77 between UVP-measured
organic particle density (uvpZPLD) (Figure 5c), and hence
a 500-times higher concentration of non-autotrophic parti-
cles as compared to phytoplankton. Taking the

uvpZPL–ZPL contrast as an indicator of a potential meth-
odological difference between selective net sampling and
nondiscriminatory UVP sampling (1.04, equivalent to
“intercept adjustment”; see Lombard et al., 2024) and the
UVP relative percent error and sampling bias of 35% (see
Bisson et al., 2022, with log10(1) − log10(0.65) = 0.19), a
minimum value of a 35-times (=102.77–1.04–0.19) higher con-
centration of non-autotrophic particles and zooplankton
as compared to phytoplankton was obtained.

The contrasts uvpZPL–ZPL by carbon contents and
biovolume were 0.54 (factor 3.5) and 1.04, respectively
(factor 11, positive: uvpZPL > ZPL). This in turn was very
close to the factor of approximately 7.1 (measured at
103.3 μm equivalent spherical diameter [ESD]) for the
global carbon contrast uvpZPL–ZPL (Soviadan
et al., 2024, fig. S1).

Analysis of contrasts II: Relationships to
primary production

The marginal estimates by ecosystem indicated
that zooplankton on average were relatively more
abundant than phytoplankton, that is, the contrasts
zooplankton–phytoplankton were positive on average
and vice versa. Resolving the analysis of contrasts by
region and ecosystem component allowed us to corre-
late the trend of contrasts with primary production
(Tables 3–5).

For carbon contents (Table 3), the analysis including
T converted micronekton revealed two significant pat-
terns in relation to primary production, that is, negative
correlations with contrasts between total micronekton/
mesopelagic fishes and net zooplankton and positive cor-
relations with contrasts between phytoplankton and total
micronekton/mesopelagic fishes. For the former, this
means that the numerical gap broadened between zoo-
plankton and total micronekton/mesopelagic fishes with
increasing primary production. For the EQU region, the
contrasts 0.15 and 0.20, respectively, indicated a slight
numerical dominance in favor of micronekton compo-
nents (total micronekton and mesopelagic fishes), while
in the Benguela system this was opposite with values
<−2. While there was no significant relationship for
zooplankton contrasts with phytoplankton, a positive pri-
mary production relationship appeared for phytoplan-
kton contrasts in relation to total micronekton/
mesopelagic fishes. Contrasts were negative for the EQU
region (−0.24 to −0.29) and the Brazilian regions (−0.96
to −1.16), that is, micronekton components were rela-
tively more abundant than phytoplankton, while at
increased trophic state phytoplankton starts to relatively
increase and the contrasts level off above 550 mg C m−2
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day−1, reaching values of +1.03 in the SBUS and +1.25 in
the OMZ_sCCUS (Figure 6a). Including hydroacoustic
conversion (A conversion), the figure for mesopelagic
fishes shifts gradually, yielding a contrast of 0.53 for

SBUS and of 0.71 for OMZ_sCCUS (Figure 6c), reaching
an intersection with the zero line (equal spectral densities
on either side) at ca 550 mg C m−2 day−1. This indicates
that in particular, mesopelagic fishes at a higher trophic

F I GURE 5 Estimated mean marginal (marg.) spectral densities by ecosystem component and by different biomass units and respective

conversions for micronekton. Error bars indicate the 95% CI of the estimated marginal mean. Means sharing a letter are not significantly

different (Šid�ak-adjusted comparisons). Model slopes refer to Table 2. (a) Model 8, (b) model 16, (c) model 20, (d) model 28. A,

acoustic–trawl conversion; MicNek, total micronekton; mesopFish, mesopelagic fishes; PPL, phytoplankton; T, trawl type conversion;

uvpZPL, UVP-measured zooplankton; uvpZPLD, UVP-measured zooplankton and detritus; VG, volumetric–gravimetric conversion; ZPL, net

zooplankton. “Micronekton as is” refers to unconverted micronekton.
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TAB L E 3 Correlations of biomass ratios between ecosystem components, that is, contrasts, and primary production.

Contrasts/
variables

mesopFish–
MicNek

mesopFish–
uvpZPL

mesopFish–
ZPL

MicNek–
uvpZPL

MicNek–
ZPL

PPL–
mesopFish

PPL–
MicNek

PPL–
uvpZPL

PPL–
ZPL

ZPL–
uvpZPL

mesopFish–
uvpZPL

0.63

mesopFish–ZPL 0.91* 0.83*

MicNek–uvpZPL 0.3 0.93** 0.75

MicNek–ZPL 0.88* 0.83* 0.99*** 0.76

PPL–mesopFish −0.76* −0.81* −0.79 −0.64 −0.78

PPL–MicNek −0.62 −0.79* −0.73 −0.68 −0.72 0.98***

PPL–uvpZPL −0.57 −0.24 −0.3 −0.03 −0.28 0.76* 0.75

PPL–ZPL 0.35 0.16 0.45 0.1 0.45 0.2 0.29 0.53

ZPL–uvpZPL −0.72 −0.29 −0.77 −0.15 −0.76 0.44 0.37 0.38 −0.58

PPclim −0.51 −0.75 −0.91* −0.69 −0.89* 0.76* 0.77* 0.43 −0.19 0.66

Note: Applies to micronekton converted for different trawl sizes (T converted), carbon biomass. Significance levels: p < 0.05 (*), p < 0.01 (**), and p <
0.001 (***).
Abbreviations: MicNek, total micronekton; PPClim, primary production in milligrams of carbon per meter squared per day; PPL, phytoplankton; uvpZPL,
UVP-measured zooplankton; ZPL, zooplankton.

TAB L E 4 Correlations of biomass ratios between ecosystem components, that is, contrasts, and primary production.

Contrasts/
variables

mesopFish–
MicNek

mesopFish–
uvpZPL

mesopFish–
ZPL

MicNek–
uvpZPL

MicNek–
ZPL

PPL–
mesopFish

PPL–
MicNek

PPL–
uvpZPL

PPL–
ZPL

ZPL–
uvpZPL

mesopFish–
uvpZPL

0.94**

mesopFish–ZPL 0.57 0.55

MicNek–uvpZPL −0.84* −0.61 −0.46

MicNek–ZPL 0.03 0.05 0.84* 0

PPL–mesopFish −0.82* −0.88** −0.6 0.51 −0.17

PPL–MicNek −0.49 −0.63 −0.5 0.14 −0.25 0.90**

PPL–uvpZPL −0.69 −0.75 −0.58 0.42 −0.22 0.97*** 0.96***

PPL–ZPL −0.37 −0.45 0.37 0.14 0.7 0.52 0.52 0.51

ZPL–uvpZPL −0.25 −0.21 −0.93** 0.27 −0.96** 0.31 0.29 0.34 −0.63

PPclim −0.65 −0.6 −0.33 0.57 0.03 0.82* 0.76* 0.86* 0.61 0.13

Note: Applies to micronekton T and VG converted, biomass in terms of biovolume. Significance levels: p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).
Abbreviations: MicNek, total micronekton; PPL, phytoplankton; T, trawl type conversion; uvpZPL, UVP-measured zooplankton; VG, volumetric–gravimetric
conversion; ZPL, zooplankton.

TAB L E 5 Correlations of biomass ratios between ecosystems components, that is contrasts, for detritus and primary production.

Contrasts/variables mesopFish–uvpZPLD MicNek–uvpZPLD PPL–uvpZPLD uvpZPL–uvpZPLD ZPL–uvpZPLD

MicNek–uvpZPLD −0.12

PPL–uvpZPLD −0.78* 0.21

uvpZPL–uvpZPLD 0.52 0.59 −0.29

ZPL–uvpZPLD −0.13 0.26 0.27 0.06

PPclim −0.76* 0.09 0.79* −0.66 0

Note: Applies to micronekton T and VG converted, biomass in terms of biovolume. Significance levels: p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).
Abbreviations: MicNek, total micronekton; PPClim, primary production in milligrams of carbon per meter squared per day; PPL, phytoplankton; T, trawl type
conversion; uvpZPL, UVP-measured zooplankton; uvpZPLD, UVP-measured zooplankton and detritus; VG, volumetric–gravimetric conversion; ZPL,
zooplankton.
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state become numerically inferior as compared to zoo-
plankton and phytoplankton. Accordingly, the micNek/
mesopFish–ZPL contrasts are negatively correlated with
PPL–mesopFish/micNek contrasts (note: one data point
missing for OMZ_sCCUS due to missing ZPL in this
region; Table 3).

For biovolume (Table 4), the significant correlations
for PPL–mesopFish/micNek contrasts to primary produc-
tion persisted, while the micNek/mesopFish–ZPL con-
trasts were not significantly correlated with primary
production. The significant correlation for the
PPL–uvpZPL contrast with primary production was
further reflected in the significant PPL–uvpZPL/
PPL–mesopFish/micNek correlations. For the PPL–
uvpZPL contrast, the values increased from −3.5 for the
Brazilian oceanic islands to −1.6 for SBUS (Figure 6b).
Again, the contrasts leveled off at higher productivity
levels of about 1000 mg C m−2 day−1. This contrast corre-
lation is in agreement with Gasol et al.’s hypothesis that
heterotrophic biomass relatively increases at lower levels
of primary production.

For uvpZPLD, the PPL–uvpZPLD contrast was posi-
tively correlated with primary production, that is, values
range from −4.3 to −4.0 for the Brazilian regions to −2.7
for the SBUS, which reflected the primary production
correlation of the PPL–uvpZPL contrast discussed above
(Table 5).

Regional spectral densities and slopes in
relation to primary production

Marginal means from the respective ensemble mean
slopes’ models were calculated for carbon biomass with T
and T + A converted micronekton (Figure 7a,c) and for
biovolume with T + VG and T + VG + A converted
micronekton (Figure 7b,d). Generally, a positive relation-
ship to primary production was expected, which was evi-
dent in the models for carbon contents, that is, in the
version with “micronekton as is” with a significance level
of p = 0.02 (not shown) and in the version with T and T
+ A converted micronekton with corresponding signifi-
cance levels of p = 0.04 and p = 0.01, respectively. For
the biovolume models, no significant relationship
appeared. In particular, biovolume in the oceanic regions
EQU, OMZ, and nCCUS increased considerably in rela-
tion to NBUS as compared to respective carbon biomass
figures. Thus, the increase in biovolume relative to car-
bon, a supposed “jellification” effect, liquidated the
strong link to primary production. In terms of NBSS
slopes, a predicted negative relationship to primary pro-
duction only was significant for biovolume when consid-
ering NBUS as the outlier and removing the data from
the regression (p = 0.02; Appendix S6: Section S2).

Trophic transfer efficiency

Analyzing PPMRs according to Equation (6) furthermore
allows an interpretation of the effect of switching from car-
bon biomass to biovolume (Table 6). Since two
dome-shaped patterns are required, in cases with only one
dome-shaped pattern, no results are provided (no dome
present, n.d.p.; Table 6). Major differences appeared with
respect to ZPL and uvpZPL values, in relation to carbon
biomass and biovolume PPMR, as well as in relation to
habitat. For the latter, the median PPMR for oceanic habi-
tats was 5900:1 as compared to 437:1 for coastal and island
habitats. For the trophic link of ZPL to mesopFish, the
median carbon-based PPMR for matching pairs was 608:1,
while for carbon biomass, the respective value was 299:1
for biovolume. For uvpZPL in relation to mesopelagic
fishes, the carbon-based median was 306:1 as compared to
263:1 for biovolume. In relation to total micronekton,
median figures are 80:1 for carbon biomass and 2:1 for
biovolume. However, total micronekton included all gelat-
inous taxa so this probably was not a true PPMR. The
values indicate that median PPMR was <10,000:1 in the
habitats investigated, although the absolute range was
between >900,000:1 and <10:1. Based on the ensemble
mean slopes of models 27 and 28 (Table 2) and median
PPMRs, carbon-based TTE ranged from 28.9% for
open-ocean habitats to 41.9% for coastal/island habitats for
the two ecosystem components considered. The respective
biovolume TTE ranged from 36.8% to 49.7%.

DISCUSSION

Is there a common synthetic NBSS slope?

We calculated a common slope in terms of an ensemble
mean slope, dependent on all ecosystem components
and regions selected. Combining samples across eco-
system components and space was essential to derive
synthetic NBSS by region, and combining the regional
synthetic NBSS allowed for the calculation of an
ensemble mean slope (Figure 4; see also Mehner
et al., 2018). This approach allows direct comparison
with existing theory, which differentiates within-TL
from between-TL slopes, considering slopes built by
consecutively assembling NBSS with one, two, and
three ecosystem components (Brown et al., 2004;
Kerr & Dickie, 2001).

Within TL: Single ecosystem components

Overall, energy flow within an ecosystem component, E,
as the product of abundance scaling as M−0.75 (equivalent
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to normalized biomass B(M) without turnover term, see
Equation 2) and individual metabolic rate with M0.75

should scale as M0 (Allen et al., 2002). However, ensem-
ble mean slopes by ecosystem component differed from
−0.75 (Table 7), with much steeper slopes for phyto-
plankton and total micronekton than for zooplankton.
The phytoplankton metabolic rate of photosynthesis of
oceanic plankton does not follow the MTE scaling of
M0.75, but is higher (exponent 0.88; Padfield et al., 2018)
to almost isometric (Huete-Ortega et al., 2011; exponent
1, Marañ�on et al., 2007). With realized NBSS slopes of
approximately −1.25 for this ecosystem component
(Table 7), energy flow scales as E / M1 ×
M−1.25 ≈ M−0.25, indicative of a relatively reduced photo-
synthesis contribution by larger cells and a superior abil-
ity of small cells to cope with oligotrophic conditions
(Huete-Ortega et al., 2011; Marañ�on et al., 2007).
Phytoplankton abundance under nutrient limitation
should further scale as M−2/3 and under light
limitation as M−1/3 (Andersen et al., 2016), leading to
NBSS slopes <−1 in oligotrophic regions. Accordingly,
Atlantic phytoplankton NBSS slopes shift from a mini-
mum of −1.85 under oligotrophic conditions to values
>−1.0 under higher nutrient supply (Gonz�alez-García
et al., 2023). On the other hand, for micronekton and in
particular mesopelagic fishes with visual predation in oli-
gotrophic waters, visual detection should provide further
scaling as M−5/12 (Andersen et al., 2016), steepening the
NBSS slopes towards <−1. The interpretation is the same
as for phytoplankton, that is, in oligotrophic environ-
ments energy flow in mesopelagic fishes is negatively
scaled to body mass and smaller specimens should be
more energy efficient. Thus, under certain conditions,
multiplicative scaling from processes that otherwise
are not limiting may become necessary to explain

F I GURE 6 Biomass ratios between ecosystems components

on log10-scale, that is contrasts, between (a, c) phytoplankton and

mesopelagic fishes for carbon biomass with different conversions

and (b) phytoplankton and UVP-measured zooplankton for

biovolume in relation to primary production. A, acoustic–trawl
conversion; BRZ_oc_isl, NE Brazil oceanic islands; BRZ_shlf, NE

Brazil continental shelf, depth <800 m; climatol. PP, primary

production as climatological mean in milligrams of carbon per

meter squared per day; EQU, northern equatorial region; NBUS,

northern Benguela Upwelling System; nCCUS, northern Canary

Current Upwelling System; OMZ_sCCUS, southern Canary Current

Upwelling System oxygen minimum zone; SBUS, southern

Benguela Upwelling System; T, trawl type conversion; uvpZPL,

UVP-measured zooplankton; VG, volumetric–gravimetric

conversion.
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metabolism–size relationships in natural communities,
leading to the framework concept of allometric scaling
models to complement MTE as shown in Yvon-Durocher
et al. (2011).

Between TLs: Two ecosystem components

The ensemble mean slope depended on the selection of
ecosystem components included in the analysis as well as
the way sampling was carried out (Figure 4). Therefore,
differences in sampling regimes of different studies are
supposed to have an effect on observed slopes. For the

two ecosystem components considered, the PPL–ZPL
ensemble mean slope in this study was >−1, that is,
−0.91 for carbon biomass and −0.87 for biovolume
(Figure 4, Table 7). Likewise, Lombard et al. (2024)
showed that for the phytoplankton and zooplankton
components (bacterioplankton only included in their
daytime samples) in the tropical and subtropical Atlantic
as well as globally NBSS slopes by biovolume ranged
from −0.80 to –0.90 (larger than −0.9 means “top-heavy”
by their definition). In their study, micronekton and
mesopelagic fishes were not included, but sampling was
carried out down to 500-m depth, similar to this study.
Quinones et al. (2003) investigated the oligotrophic

F I GURE 7 Estimated mean marginal spectral densities by region in relation to primary production for different conversions of

micronekton, (a, c) for carbon biomass, (b, d) for biovolume. Error bars indicate the 95% CI of the estimated marginal mean. Climatol. PP,

primary production as climatological mean in milligrams of carbon per meter squared per day. For region abbreviations, see Figure 6.
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TAB L E 6 Predator–prey mass ratios (PPMRs) of mesopelagic fishes and micronekton in relation to either net zooplankton (ZPL) or

UVP-measured zooplankton (uvpZPL), based on either carbon biomass (C-based) or biovolume (Vol-based) of both ecosystem components.

Region
Predator

component

C-based PPMR for
prey component

ZPL

C-based PPMR for
prey component

uvpZPL

Vol-based PPMR
for prey component

ZPL

Vol-based PPMR
for prey component

uvpZPL

EQU mesopFish 6729 n.d.p. 31,622 4645

NBUS mesopFish 641 306 205 263

SBUS mesopFish 481 173 109 39

OMZ_sCCUS mesopFish NA 1387 n.d.p. 2951

nCCUS mesopFish 12,036 927,897 7 n.d.p.

BRZ Oc Isl mesopFish 376 n.d.p. 394 n.d.p.

BRZ shlf mesopFish 576 n.d.p. 498 n.d.p.

NBUS MicNek 66 45

SBUS MicNek 815 2

OMZ_sCCUS MicNek 80 ~0

Note: Calculated from the entire spectrum, not the selected size ranges of the synthetic normalized biomass size spectra (NBSS). PPMRs calculated as difference
between M0_predator and M0_prey which are calculated according to Equation (6), individual statistics for dome-shaped patterns not presented.

Abbreviations: mesopFish, mesopelagic fishes; MicNek, micronekton; n.d.p, no dome present; uvpZPL, UVP-measured zooplankton; ZPL, zooplankton.

TAB L E 7 Comparison of ensemble mean normalized biomass size spectra (NBSS) slopes for single ecosystem components or the

phytoplankton–zooplankton aggregate from different studies, and methodological characteristics of each study.

Type and reference
Ecosystem
components

Day (D)–Night
(N) sampling maxDepth (m)

NBSS slope mean/
range and

biomass units Comment

Single ecosystem
components

This study PPL … 2–200 C: −1.37

Gonz�alez-García
et al. (2023)

PPL … 2–200 C: ~−0.8 to −1.1
(~−0.2 to −1.8)

Their Figure 7c (and
total range)

This study ZPL N 200–1000 C: −0.92

Couret et al. (2023) ZPL N 200 C: −074 to −0.84 3 regions incl. coastal
upwelling

de Figueiredo
et al. (2025)

ZPL D/N mean 200 Vol: −0.82 to −0.95 Detailed study on the
Brazilian shelf and
oceanic islands

This study Total micronekton N 0–800 C: −1.28

Two or three plankton ecosystem components

This study PPL–ZPL N 200–1000 C: −0.91
Vol: −0.87

See Table 2 models
31 and 32

Quinones et al. (2003) BPL–PPL–ZPL N 400 C: −1.14
Vol: −0.99

Only oligotrophic
regions

Martin et al. (2006) PPL–ZPL N 50 C: −1.07 to −1.10

Stukel et al. (2024) PPL–ZPL D/N mean 100–200 C: −1.16 to −1.61

Lombard et al. (2024) PPL–ZPL N 500 C: NA
Vol: −0.8 to −0.9

Few samples only,
their figs. S3 and S5

Abbreviations: BPL, bacterioplankton; C/Vol, biomass estimates based on carbon or biovolume; maxDepth, deepest depth of plankton sampling; PPL,

phytoplankton; ZPL, zooplankton.
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regions of the Sargasso Sea and subtropical seamounts
and included bacterioplankton in their analysis. The
extreme oligotrophic environment affected their slopes to
become steeper, that is, phytoplankton as well as
phytoplankton–zooplankton slopes steepen with decreas-
ing primary production (Gonz�alez-García et al., 2023;
Stukel et al., 2024). The inclusion of bacterioplankton
resulted in a further offset of about five log2 units in rela-
tion to phytoplankton (Quinones et al., 2003), which
would also steepen slopes. Focusing on the ocean surface
layer (Martin et al., 2006) or including day samples
(Stukel et al., 2024) leads to down-weighting of a consid-
erable portion of migrating and larger zooplankton bio-
mass, thus leading to steeper slopes of <−1. For the
nCCUS region in this study, Couret et al. (2023) showed
that daytime slopes were significantly steeper and day-
time zooplankton assemblages had a less diverse compo-
sition as compared to night tows.

Between TLs: Three ecosystem components

Spatially, averaging was applied to obtain geographic pat-
terns (Couret et al., 2023; Fock & Czudaj, 2019; Lira
et al., 2024; Sheldon et al., 1972; Zhou & Huntley, 1997).
Gaedke (1992) assigned differences between seasonally
and annually averaged plankton spectra of Lake
Constance to differences in intrinsic reactions of the eco-
system components to seasonal perturbations; thus, aver-
aging was supposed to eliminate irregularities on a
smaller scale caused by these perturbations. In the same
way, the averaging of samples was supposed to eliminate
the seasonal effect observed in the Benguela micronekton
assemblage (Fock et al., 2025) or in marine plankton of
Georges Bank, Northwest Atlantic (Boudreau &
Dickie, 1992). Hatton et al. (2021) extended this concept
aiming at obtaining a global size spectrum built on statis-
tical models of the ecosystem components in relation to
environmental drivers, except for mesopelagic fish that
were modeled by FISHMIP. In the present study, Table 1
and Figure 2 show that components were neither sam-
pled in the same place nor at the same time; hence, refer-
ring to the perturbation argument, the calculation of an
ensemble mean slope to indicate the mean state of all
seven regions combined appears justified. For phyto-
plankton, likely some of the seasonality is captured, for
instance in the Benguela (SBUS month 2, NBUS month
10), or oceanic regions OMZ_sCCUS, EQU, and nCCUS,
during months 1, 5, and 12. In contrast, no seasonal
duplicates were taken for mesopelagic fishes and total
micronekton except for the BUSs. Seasonality in the
regions ranges from weak (EQU, nCCUS) to strong
(NBUS, SBUS) (Longhurst, 2007; Pérez et al., 2005).

Considering three ecosystem components, the present
study shows that calculating slopes from PPL–
ZPL–micNek including conversions for the latter deemed
reasonable to account for sampling biases resulted in
values from −0.866 to −0.894 (Table 2, models 27 and 28),
fairly close to PPL–ZPL slopes of −0.869 and –0.907
(Table 2, models 31 and 32). This would suffice the MTE
proposition of a common slope across TLs. Furthermore,
these slopes were significantly larger than the suggested
“typical” slope of approximately −1.05 (Barnes et al., 2010;
Hatton et al., 2021; Hunt et al., 2015; Trebilco et al., 2013),
or observed marine slopes of −1.04 to −1.07 (Boudreau &
Dickie, 1992) and for lakes, ranging from −1.02 to −1.11
(Yurista et al., 2014) or −1.13 to −1.21 (Mehner
et al., 2018). A look at the original publication of Sheldon
et al. (1972) may help resolve the discrepancies at least for
the marine systems. Sketching their hypothesis for the
EQU Pacific, Sheldon et al. (1972) developed a model with
standing stocks of phyto- and zooplankton, micronekton,
and tuna with a normalized slope of approximately −1.01.
Plankton was collected either by bucket sampling from
the surface or by water pumping from 4 m. Gelatinous
zooplankton and nauplii are sensitive to pump sampling,
leading to some sampling bias (Sameoto et al., 2000).
Micronekton and tuna values were based on net sampling.
Their micronekton value may be considered equivalent to
“micronekton as is” in this study, and the tuna value was
considered underestimated already in the original publica-
tion. Tentatively applying the conversions to micronekton
as done in this study to overcome some of the sampling
bias increases their slope to >−1 for three ecosystem com-
ponents: phytoplankton, zooplankton, and micronekton.
This effect of applying conversions is clearly depicted in
Table 2, and the effect of various sampling methodologies
on the difference of slopes between UVP-sampled and
net-sampled zooplankton. Hence, the differences to
Boudreau and Dickie (1992) and to Sheldon et al. (1972)
can likely be attributed to improved sampling methodolo-
gies for zooplankton and micronekton.

Ensemble mean slopes by biovolume were larger than
those calculated for carbon contents (Quinones
et al., 2003). Lombard et al. (2024) showed that consider-
ing bacterio-, phyto-, and zooplankton, the percentage of
shallow slopes by biovolume strongly increased as com-
pared to carbon biomass slopes. In this study, best models
in terms of AIC (Table 2, models 27 and 28) indicated
that the biovolume ensemble mean slope was not signifi-
cantly larger than the carbon biomass slope (Table 2, z),
but both were larger than the MTE-predicted theoretical
slope of −1. The biovolume slope of −0.866 indicates that
biomass B (rather than B(M)) scales with M0.134, that is,
biomass increases with body mass and the biomass pyra-
mid is inverted (Trebilco et al., 2013).
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The microbial loop and pelagic community
structure

The analysis of contrasts in relation to primary produc-
tion revealed that the microbial loop is supposed to
deliver important contributions to the pelagic food web,
particularly at low levels of primary production.
Generally, two pathways of autotrophic carbon entering
the heterotrophic food web can be considered, that is,
either through direct grazing on phytoplankton or
through exudation of DOM and subsequent consumption
by bacteria (Gaedke, 1993). For lake systems, bacteria
contributed less to carbon turnover than would be
expected from their spectral densities, given that bacte-
rial metabolic rate did not follow metazoan allometric
metabolic rules under food limitation (Gaedke, 1993).
The resulting spectrum was without positive offset for
zooplankton, as shown in this study. Likewise, in food
web studies of three of the Great Lakes, no zooplankton
offset in terms of an “inverted” size distribution was
indicated, analyzing NBSS for the components
phytoplankton–zooplankton–fish (Sprules & Goyke,
1994; Yurista et al., 2014). For two other German lakes,
Mehner et al. (2018) analyzed NBSS from bacteria to
macrozoobenthos (fishes not included in their lme
model) and found a negative offset for zooplankton
(−1.81 as residuals on a log2-scale as compared to 0.05 for
phytoplankton and 0.24 for macrozoobenthos, though not
exactly the same as a population marginal mean). In line
with this observation, for three Canadian lakes not
included in the Great Lakes studies, negative zooplankton
offsets were indicated (Giacomini et al., 2023, fig. E1).
Contrary to these findings, our synthetic NBSS indicated a
significant positive offset for zooplankton, both for ZPL
and for uvpZPL (Figure 5a–d), pointing to a fundamental
difference between lake and ocean systems. Particle densi-
ties in terms of uvpZPLD were even higher, as indicated in
the analysis of biovolume NBSS marginal means
(Figure 5c). Contrasts for PPL–uvpZPL and PPL–uvpZPLD
were correlated to primary production in the same way,
indicating that the zooplankton ecosystem component was
linked to the concentration of zooplankton and detritus
(Figure 6b, Tables 4 and 5). With one data point missing
(OMZ_sCCUS), the PPL–ZPL contrasts showed a similar
pattern and were always negative, although for EQU close
to parity (Figure 8 a, contrast = −0.09). It is noteworthy
that the EQU ZPL and nCCUS ZPL were sampled with
200-μm WP-2 nets and that more samples were available
for uvpZPL than for ZPL.

The major difference between freshwater and marine
NBSS regarding the zooplankton offset is not likely attrib-
uted to the presence of particulate organic matter (POM)
as such, since lake POM occurs in similar concentrations

as marine POM (Grossart & Simon, 1993, 1998) and bac-
terial abundance can even be higher in freshwater sys-
tems than in marine systems (Simon et al., 1992). In both
lake and ocean systems, pelagic bacterial production
(BP) is linearly related to net primary production (NPP)
with BP-NPP slopes ~1 in both systems (Cole
et al., 1988). However, both systems differ in terms of car-
bon origin and utilization. δ13C analysis of micro- and
macrozooplankton revealed differences in 13C enrich-
ment between freshwater and marine systems with a sig-
nificant correlation to POM δ13C (Del Giorgio &
France, 1996). Marine POM and zooplankton δ13C
ranged from −17‰ to −25‰ in line with recent mea-
surements (Hansman & Sessions, 2016), while for lake
zooplankton, values ranged from −25‰ to – 40‰. One
possible explanation was that 13C-enriched surface water
layers indicative of algal carbon input to the zooplankton
assemblage were only very shallow in the order of meters
in lake systems (epilimnion) as compared to 102–103 m in
marine systems so that the access for vertically migrating
zooplankton to algal carbon and algal-derived POM of
the microbial food web in both systems is quite different
(Del Giorgio & France, 1996). For limnetic systems, the
separation of epi- and hypolimnetic carbon pathways is
supported by Zimmer et al. (2020), and up to 80% of car-
bon respired by epilimnetic bacteria has a non-algal ori-
gin (McCallister et al., 2008). In slight support of this
rationale in the marine realm, Gloeckler et al. (2018)
showed that at the station ALOHA off Hawaii, the δ15N
signature of surface waters extended to >200-m depth.
Accordingly, Del Giorgio and France (1996) showed that
for eutrophic lakes with a higher share of algal carbon,
the zooplankton δ13C signature became similar to that of
marine zooplankton, underpinning that lake zooplank-
ton preferred algal 13C over non-algal 13C. In open-ocean
systems without terrigenous carbon input, degradation of
POM can follow manifold pathways depending on the
colonization of POM with various microbial components
and associated subsequent feeding and respiration
(Iversen, 2023). While respiration delivers δ13C-depleted
carbon dioxide, POM is enriched in δ13C. For example,
δ13C of marine POM increased from −23‰ in the surface
layer to −20‰ in the depth range 800–1000 m at a
Pacific site (Yang et al., 2017).

Hence, we conclude that the better access to algal car-
bon could explain that open-ocean systems support more
heterotrophic biomass than lake systems do for a given
algal biomass and that the imbalance in favor of zoo-
plankton biomass (“top-heaviness”) increases with
decreasing autotrophic biomass and thus increased POM
production in the open ocean (Gasol et al., 1997). The
vertical dimension for marine mesopelagic systems is
103 m as compared to 101–102 m for lake systems, thus
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providing more space and time for interactions, and the
flux into the benthic system that could be responsible for
negative offsets of lake zooplankton declines with depth
in the ocean water column (Engel et al., 2017). In turn,
dependence on particle and/or nitrogen flux was shown
for the epi- and mesopelagic vertical distribution of an
abundant group of marine unicellular zooplankton, that
is, Rhizaria (Barth et al., 2024). DOM production and
export as a precursor to POM globally is the highest in
oligotrophic regions (Roshan & DeVries, 2017). This is
mirrored through correlations between primary
production and contrasts for PPL–ZPL (Figure 8a),
PPL–uvpZPL, and PPL–uvpZPLD, of which correlations
related either to uvpZPL or to uvpZPLD were significant
(Figure 6b, Table 5). POM in turn is a highly dynamic
substrate. Its availability is strongly modified through
phytoplankton community structure and vertical hydrog-
raphy. Large phytoplankton cells enhance POM export
(Boyd & Trull, 2007) as does reduced midwater oxygen
content. Particle flux is in particular high in OMZ regions
where low oxygen concentrations hamper microbial turn-
over in the midwater OMZ, thus providing significant
carbon input to deeper waters (Devol & Hartnett, 2001;
Engel et al., 2017; Moigne et al., 2017; Soviadan
et al., 2022). POM stability is modified through microbial
composition and zooplankton interactions. Aggregates
can attract microorganisms, reducing the stickiness with
hydrolases or increasing it by mucus production
(Azam & Malfatti, 2007). Zooplankton may interact with
POM and modify POM flux through grazing, aggregation
of smaller particles into larger fecal pellets, fragmentation
of larger particles, active vertical transport, and flux feed-
ing while intercepting the sinking particles with external
filtering nets (Iversen, 2023). The averaging approach
over depth and space applied in this study likely levels
out these contrasting processes so that the correlation
results appear consistent to indicate top-heaviness, that
is, in particular negative contrasts to PPL in Figure 6 for
uvpZPL, mesopelagic fishes, and micronekton. In turn,
the aspect of feeding interactions highlights that those
differences in zooplankton community composition
between lake and ocean systems could be important as
well. The ecological niche of microphagous gelatinous-
like plankton in lake systems is mainly occupied by
microzooplankton, that is, rotifers (Dumont, 2007;
Lüskow et al., 2024), while marine microphages also
belong to macro- and megaplankton and are accounted
for here as part of the zooplankton and micronekton
because of their size. Thus, with delimited interactions
for lake macrozooplankton towards POM, a preference
for algal carbon prevails and Mehner et al. (2022) con-
cluded that only little carbon enters the lake food web via
the microbial loop.

For mesopelagic fishes, compound-specific δ15N anal-
ysis allows for the determination of the contribution of
the microbial community to feeding, which is estimated
at about 20% both for DVM migrators and for
non-migrators (Bode et al., 2021). Gloeckler et al. (2018)
further indicated that the attribution from the microbial
food web is dynamic, that is, a shift in the selection of
carbon from larger to smaller sized POM is correlated
with depth. In line with the former, estimated mean mar-
ginal spectral densities for mesopelagic fishes are not dif-
ferent from phytoplankton marginal means, which is
thus supposed to contribute the bulk of carbon input into
this ecosystem component (Figure 4a–c). In line with the
latter, the correlation of the PPL–mesopFish contrasts
with primary production (Figure 6a,c) shows that the
selection of food source may be dynamic. Under oligotro-
phic conditions, the spectral densities of mesopelagic
fishes are higher than would be expected from phyto-
plankton alone, likely indicating input from the micro-
bial loop, while under eutrophic conditions, this
relationship is reversed. Davison et al. (2015) modeled
that mesopelagic fishes consumed about 90% of the NPP
in oligotrophic waters, which was considered unrealistic,
decreasing to <20% when primary production reaches
1000 mg C m−2 day−1. They discussed further input from
the microbial loop to be required in oligotrophic environ-
ments. As such, Pomeroy et al. (2007) stated that in oligo-
trophic marine systems the versatility of the microbial
loop is essential to sustain fish production. Under eutro-
phic conditions, typically altricial and short-lived meso-
pelagic fishes with a low fecundity (Knorrn et al., 2024;
Merrett, 1994) are probably outcompeted by fast-growing
gelatinous micronekton and by migrating shelf fishes
with high fecundity. In turn, this shift in ecosystem struc-
ture is further evident from contrasts mesopFish–ZPL
(Figure 8b) and mesopFish–uvpZPL (Figure 8d), which
are relatively small under oligotrophic conditions but
increase with primary production in favor of zooplankton,
that is, contrasts mesopFish–ZPL were on average −0.35
for the oligotrophic habitats BRZ_oc_isl, BRZ_shlf, and
EQU. This indicates that mesopelagic fishes constituted
about half of the normalized biomass that would be
expected from zooplankton spectral densities after apply-
ing micronekton conversions for trawl type and
volumetric–gravimetric differences in biovolume calcula-
tions. Because of the missing conversion for hydroacoustic
biomass, Figure 8b is considered less likely (see Figure 8c)
as compared to the relationship in Figure 8d.

Both figures for mesopelagic fishes and total
micronekton in relation to uvpZPL for all seven regions
(Figure 8d,e) and for ZPL where negative contrasts are
obtained in relation to ZPL (Figure 8c) indicate a surplus
of zooplankton over micronekton and thus a break in the
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F I GURE 8 Biomass ratios between ecosystems components on log10-scale, that is contrasts, (a) phytoplankton and net zooplankton for

carbon biomass, (b, c) mesopelagic fishes and net zooplankton for biovolume in relation to primary production with two different

conversions, (d) mesopelagic fishes and UVP-measured zooplankton (uvpZPL) for biovolume, and (e) micronekton and uvpZPL for

biovolume. Negative values indicate higher zooplankton spectral density as compared to phytoplankton or mesopelagic fishes. No ZPL data

for southern Canary Current Upwelling System oxygen minimum zone (OMZ_sCCUS). Micronekton conversions indicated. Climatol. PP,

primary production as climatological mean in milligrams of carbon per meter squared per day. For region abbreviations, see Figure 6.
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structure of the synthetic NBSS. In a reversal of the
interpretation of inverted biomass pyramids, namely
that always two types of food sources feed into a
top-heavy ecosystem component (Trebilco et al., 2013),
the steep decline from zooplankton to mesopelagic
fishes could indicate that zooplankton may have two
groups of predators, of which only one is captured in
this analysis. Further missing components in the NBSS
analysis are both demersal fish and genuine epipelagic
constituents. The argument of missing demersal fishes
would apply to the Brazilian shelf habitat. For oceanic
regions, biomass estimates of epipelagic fishes range
from about 10% of the mesopelagic fish biomass
(Lehodey et al., 2010; Maury, 2010) equivalent to a con-
trast of about −0.05 to about 200% (Calhoun-Grosch
et al., 2024) equivalent to a contrast of 0.35, the latter
percentage as a ratio of complete living biomasses in
both subsystems. In turn, our contrasts of <−1 for the
highly productive regions, indicating a >10-fold differ-
ence (Figure 8b,d,e, similarly for total micronekton and
uvpZPL), cannot be directly explained by missing eco-
system components. This underpins that the under-
standing of mesopelagic carbon dynamics remains
incomplete with expected local and regional differences
in sources (Bode et al., 2021; Gloeckler et al., 2018).
Accordingly, responses in terms of differential contrasts
in relation to primary production are shown here. This
could be essential to improving predictions of future
pelagic biomass yields from size spectra properties, for
example, Atkinson et al. (2024).

Interpretation of the functional advantage
of biovolume over carbon biomass and
implications for TTE

In this study, the choice of biomass unit—either
biovolume or carbon content—affected PPMRs and had a
significant effect on NBSS slopes, the latter indicating
that biovolume spectra were more top-heavy than spectra
based on carbon content. This to some degree is related
to gelatinous zooplankton (Lombard et al., 2024) and
gelatinous micronekton, for which carbon conversion
factors needed to be applied to account for the higher
water contents of their tissues (see Materials and
methods). Gelatinous plankton is a heterogeneous group
spanning from herbivores (Pyrosoma spp.) to top preda-
tors (Ctenophora) and is characterized by accordingly
varying PPMRs and high growth rates corresponding to
large body sizes and short lifespans (Chi et al., 2021;
Jaspers et al., 2023; Pitt et al., 2013). Recently, Rhizaria,
also gelatinous when considering their mucus, have been
shown to flatten the NBSS in surface and mesopelagic

layers mostly of the inter-tropical ocean, contributing
also to the differences between NBSS expressed in vol-
ume and carbon (Soviadan et al., 2024).

MTE makes the proposition of a common NBSS slope
across all ecosystem components considered. The similar-
ity of slopes of two components, PPL–ZPL on one side
and of three components PPL–ZPL–micNek with fully
converted micronekton on the other side, is in support of
this proposition (Table 2). Thus, the MTE term for the
NBSS slope: γ+0:75¼ log10 TTEð Þ= log10 PPMRð Þ, can be
applied to interpret differences between spectra in terms
of trophic efficiency TTE for either biomass unit applied,
keeping in mind that the biovolume slope is the “true”
slope, while the carbon slope is converted from
biovolume or from weight. TTE may not exceed the gross
growth efficiency (GGE) of the populations involved
(Davison et al., 2013). GGE is defined as the amount of
consumer carbon produced relative to the amount of prey
ingested in a given time interval. The range of observed
GGE for zooplankton is 20%–30% (Straile, 1997) and for
mesopelagic fishes 24%–52% (Childress et al., 1980).
Gelatinous zooplankton with a much higher carbon-
specific growth rate as compared to fish may have even
higher values, bearing the advantage of “low construction
costs” (Pitt et al., 2013).

The MTE approach is sensitive to the calculation of
PPMR (Eddy et al., 2021), which we did according to the
BDKT model. The zooplankton–mesopelagic fishes’
PPMR as taken from Table 4 ranged from a median of
5900:1 for oceanic habitats to 437:1 for coastal and island
habitats. Furthermore, PPMRs may also change between
adjacent TLs (Barnes et al., 2010). Applying the MTE
approach, Barnes et al. (2010) calculated a TTE of 13.4%
for a PPMR of 800:1 and a “typical” slope of −1.05.
Similar to our study, Hunt et al. (2015) calculated
micronekton/mesopelagic fishes’ PPMRs ranging from
204:1 to 3863:1, while for mesozooplankton, the range
was 389:1 to 10,099:1, resulting in lower TTE between
phyto- and zooplankton, altogether with TTEs < 10%.
Otto et al. (2007) showed that in five empirical food webs,
pairwise PPMRs ranged between 108:1 and <1. With a
constant TTE, both very high and PPMR < 1 could lead
to an increase in the NBSS slope to values >−1. Table 4
shows that carbon-based PPMR were larger than PPMR
based on biovolume. Hence, biovolume PPMR could
influence the PPMR distribution in both directions, that
is, towards very high values if the link to smaller crusta-
cean prey is considered, and to values <1 if low-carbon
volume-rich gelatinous predators become capable of feed-
ing on smaller carbon-rich mesopelagic fishes or larvae.

PPMR was calculated between the ecosystem compo-
nents ZPL and mesopelagic fishes. Carbon-based TTEs
ranged from 28.9% for open-ocean habitats to 41.9% for
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coastal/island habitats for the two ecosystem components
considered, while the respective biovolume TTEs ranged
from 36.8% to 49.7%. Given that the slopes of models
27 and 28 (Table 2) were not significantly different, the
TTE values can be understood as ranges for the open
ocean (28.9%–36.8%) and coastal/island habitats
(41.9%–49.7%). Based on the shallower slopes for the
BRZ_oc_isl system as compared to the BRZ_shlf habitat
(Appendix S6: Tables S1 and S2), de Figueiredo et al.
(2025) suggested a further differentiation within the
coastal/island habitats with increasing TTE from shelf to
oceanic islands.

The biovolume system tends to have a higher TTE
and that TTE is notably higher than 10%, that is, close to
the maximum set by known GGEs. Davison et al. (2013)
discussed that a TTE of 10% was not sufficient to sustain
mesopelagic biomass in the oceans and suggested TTEs
of 30%, including transfer through the microbial loop.
With regard to the biovolume argument, increased tro-
phic efficiency was evidenced for the gelatinous zoo-
plankton (Havens et al., 2000; Jaspers et al., 2023; Kwong
et al., 2022). These are capable of retaining small POC in
mucus nets, and larvaceans may release up to 1000 mg C
m−2 day−1 in terms of fecal pellets during phytoplankton

blooms in the Benguela system (Ekau et al., 2018).
Increased trophic efficiency and high growth rate of
gelatinous plankton allow a reinterpretation of
Figure 7b,d: The functional advantage of biovolume-
based systems enables resource constraints imposed by
limited productivity to be overcome by increasing local
transfer efficiency so that the regional marginal means
are no more related to primary production. Accordingly,
the relationship between NBSS slope and productivity
was not significant when considering biovolume
(Figure 7c compared to Figure 7d). The same was shown
for phytoplankton rendering phytoplankton biovolume
independent of nutrient resources (Moreno-Ostos
et al., 2015). The MTE provides a simple interpretation of
this volume-based increase in transfer efficiency, based
on the definition of TTE, that is, TTE¼
N1=N0 × W 0=W 1ð Þ− 0:75 (Brown et al., 2004, 1785), where
subscripts 0 and 1 denote prey and predator, respectively.
Considering that the ratio of abundances of predator and
prey, N1/N0, is constant for a specific predator–prey con-
stellation regardless of whether carbon biomass or
biovolume is considered, the carbon-based transfer effi-
ciency becomes TTEc ¼ const × cW 0=

cW 1
� �− 0:75

. In terms
of biovolume, doubling of predator size volW 1 relative to

F I GURE 9 Comparison of (a) the extrapolated schematic plankton model of heterotrophic dominance in relation to phytoplankton

biomass in aquatic ecosystems redrawn from Gasol et al. (1997: Figure 6 and Table 3) and (b) observed contrasts in relation to

phytoplankton spectral densities across the primary production gradient (based on model 28, Table 2). Both figures are based on carbon

biomass. Gasol et al. (1997) scaled the x-axis as phytoplankton biomass, but phytoplankton biomass is not the best parameter to estimate

production/biomass ratios (P/B) and primary production. However, for the purpose of aligning (a) and (b) we take a phytoplankton P/B

proxy for oligotrophic waters of 0.21 day−1 from Marañ�on et al. (2021) to convert the original phyoplankton biomass into primary

production in (a). The intersection of the ocean regression line in (a) with the line H/A = 1, and of the micronekton and mesopelagic fishes’
contrasts in (b) appear similar, that is, at 2.67 and 2.81, respectively, equivalent to 470 and 651 mg C m−2 day−1 (also see Figure 6c). Primary

production as climatological mean in milligrams of carbon per meter squared per day. A, acoustic–trawl conversion; PPL, phytoplankton; T,
trawl type conversion; uvp zoopl, UVP-measured zooplankton.
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volW 0 and normalizing by TTEc would improve the
TTEvol by a factor of 1.7; a fourfold increase in biovolume
over carbon content would lead to an improvement by a
factor of 2.8. This is likely not apparent, since many other
parameters such as prey encounter rate for the gelatinous
predator would also be influenced by size. This is exem-
plified by the definition of TTE of Sheldon et al. (1977) as
the product of growth efficiency of the predator, GGEpred,
and the portion of the prey production it can consume,
Cprey. With an increased encounter rate, more prey can
be captured. If all prey production can be consumed
(Cprey= 1), TTE equals GGE.

Food web modeling shows that with community bio-
mass in terms of biovolume scaling at M>0, as shown in
this study, TTE > 0.2 can be achieved in such inverted
communities at PPMRs of 2000 and higher (Trebilco
et al., 2013) (their Arabian Sea food web example), while
the overall global mean TTE in their compilation was
0.101 referring to the Pauly and Christensen (1995)
ensemble of ecosystem studies. This interpretation of the
relative increase of efficiency in biovolume systems as
compared to carbon biomass—or allometric advantage
sensu Pitt et al. (2013)—provides an alternative approach
to explaining the preponderance of gelatinous zooplank-
ton in ocean systems, while the classical jellification, that
is mass developments of gelatinous organisms often in
coastal regions for instance in the Benguela system, was
attributed to overfishing (Roux et al., 2013), supposing
that fish and jellyfish were strong competitors (Flynn
et al., 2012).

CONCLUSIONS

Synthetic pelagic size spectra were applied to analyze
changes in community structure and functioning in
seven regions of the tropical and subtropical Atlantic.
The first hypothesis (different slopes for biovolume- and
carbon-based NBSS) could be supported only when using
unconverted micronekton data and by ANOVA with
interactions among biomass unit, region, and ecosystem
component as factors. The second hypothesis (higher
spectral densities for zooplankton relative to phytoplank-
ton and log ratios of mean spectral densities, that is, con-
trasts, related to primary production) was also
supported. Marginal mean spectral densities of both
total micronekton and uvpZPL were significantly
higher than for phytoplankton (Figure 5d), underpin-
ning the importance of the energy flow through the
microbial loop. Hence, the inclusion of microzoo-
plankton and bacterial data, which were not available
in this study, appears indispensable in the future to
achieve a full living NBSS. A comparison with other

studies of phytoplankton–zooplankton size spectra
revealed similar results in support of the postulated
role of the microbial loop (Table 5). Furthermore, both
zooplankton (better for uvpZPL than for ZPL) and
mesopelagic fishes and total micronekton showed a
similar dominance pattern relative to phytoplankton at
lower levels of primary production (Figures 6, 8, and
9b). This dominance of the heterotrophic pathway is
evident in both the work of Gasol et al. (1997), where
the heterotrophic pathway dominates below an esti-
mated primary production threshold of approximately
470 mg C m−2 day−1 (Figure 9a), and in this study with
a threshold of approximately 650 mg C m−2 day−1

(Figure 9b), the latter shown for uvpZPL, mesopelagic
fishes, and micronekton contrasts in relation to phyto-
plankton. While in Figure 9a the regression lines of
Gasol et al. (1997) were extrapolated beyond the origi-
nal value range, this appears not well supported by the
curves for uvpZPL, total micronekton, and mesopelagic
fishes that all appear to reverse trends at primary pro-
duction values larger than 650 mg C m−2 day−1

(Figure 9b). The third hypothesis (regional differences
of size spectrum properties related to primary produc-
tion) delivered significant results for slopes only if
NBUS was removed. In turn, a significant correlation
of regional marginal means with primary production
was only revealed in the analysis of carbon biomass
spectra, whereas for biovolume spectra, no relationship
was found. This can be interpreted as a functional
advantage of the biovolume system to increase TTE
independent of its carbon biomass. Ensemble mean
NBSS slopes were significantly larger than −1, indicat-
ing that with improved modern sampling techniques,
Sheldon and Parsons (1967) and Sheldon, Prakash, and
Sutcliffe’s (1972) statement of “roughly equal concen-
tration of material … at all particle sizes” requires revi-
sion. Looking at climate change, with projected ocean
phytoplankton biomass declining under all climate
change scenarios (Lotze et al., 2019), this allows one to
predict future oceanic pelagic community organization,
that is, a shift towards higher contrasts in relation to
phytoplankton (Figure 9b).
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