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ABSTRACT
Seasonal differences in marine size spectra of micronekton at the shelf-ocean interface of the northern (NBUS) and southern 
Benguela upwelling system (SBUS) in Feb–Mar 2019 and Sep–Oct 2021 were analysed for mesopelagic fishes and total micronek-
ton, the latter also including invertebrates. A resource dependent population model based on the metabolic theory of ecology 
(MTE) containing resource and temperature terms and a term representing a transfer function was applied to test three different 
types of size spectra slope estimates. The model fitted best with linear slopes calculated of log-binned averaged community bio-
mass (LBNbiom method), while maximum likelihood and quantile regression estimates proved less effective. The best model for 
total micronekton contained significant effects both for resource term and transfer function, but not for temperature, and was 
3.6 times more effective explaining the data than a non-MTE model. Normalized biomass size spectra (NBSS) slopes of the total 
micronekton were in the theoretical range between −0.80 and −1.37, where the near-equilibrium slope of −0.80 was obtained for 
the SBUS under oligotrophic conditions in 2021. Seasonally, NBSS slopes were steeper in the NBUS than in the SBUS. The slopes 
for the fishes' subcomponents ranged from −0.23 to −0.92, where values > −0.75 fall outside the theoretical range, suggesting 
that selecting taxonomic subsets for size spectrum analysis is problematic. The importance of the productivity regime shaping 
the biomass spectrum directly through the resource level and indirectly through the transfer function is highlighted. For meso-
pelagic fishes, generation time and fecundity are applied to explain slopes > −0.75.
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1   |   Introduction

Abundance-biomass allometry relationships viz. size spectra are 
among the most widely used macro-ecological patterns to describe 
changes in the functioning of ecological communities (Gaston and 
Blackburn 2000; Kerr and Dickie 2001; Cohen et al. 2003), rooted 
in the observations that “roughly equal concentrations of material 
occur at all particle sizes … from bacteria to whales” in the ocean 
(Sheldon and Parsons 1967; Sheldon et al. 1972). The background 
for these models lies in the scaling of metabolism in relation to 
body size. The energy equivalence relationship (Allen et al. 2002) 
states that when all species within a certain trophic level (TL) 
share a common resource and have the same metabolic require-
ments, energy allocation should be the same across the body mass 
range considered, that is, independent of body mass M. Hence, in 
accordance to the metabolic theory of ecology (MTE), basic met-
abolic rate scales as M0.75 and abundance as M−0.75(Brown and 
Gillooly 2003; Brown et al. 2004; Arim et al. 2011), so that within 
a trophic level energy use is scaled as M0.75·M−0.75 = M0 (energy 
equivalence rule) and subsequently the biomass spectrum B(M) as 
M0.25, that is, the product of average body mass M times abundance 
(Jennings and Mackinson 2003). A common resource means all 
zooplankton feed on the same contingent of phytoplankton, all 
planktivorous fishes feed on the same pool of zooplankton etc. 
MTE does not consider the scaling of energy use to be temperature 
dependent. Across trophic levels, energy is lost according to tro-
phic transfer efficiency (TTE) between predator and prey trophic 
levels separated by the predator–prey-mass-ratio (PPMR) leading 
to an additional correction of M−0.25, with TTE equal to 0.1 and 
PPMR equal to 10,000. Hence, in accordance to Sheldon's obser-
vation the community biomass spectrum B(M) is scaled as M0 and 
community abundance spectrum N(M) as M−1 (Equation  1, see 
Fock and Czudaj 2019), and B(M) denotes the spectral density of 
B in size class M:

Further dividing by M leads to normalized spectra, where the 
normalized biomass spectrum Bnorm(M) scales as M−1 (normal-
ized biomass size spectra, NBSS) and the normalized abundance 
spectrum Nnorm(M) as M−2 with a as normalization constant 
(equation 13 in Brown et al. 2004).

Implicit to this model is that size is the only determinant of 
function and that energy is transferred at the same transfer ef-
ficiency and the same size relationship between predator and 
prey (PPMR) for all trophic levels (TL) so that on a log–log scale, 
the abundance-body mass relationship in Equation (1) is linear. 
However, functional traits as specific adaptations may override 
size as the only determinant. The M ~ TL relationship may be 
reversed in that in the marine realm large filter-feeding micro-
phages (tunicates) or planktivorous organisms (baleen whales, 
whale sharks) exist, so that the increase in TL is not necessarily 
correlated with body mass M. Omnivory may further weaken 
strong M ~ TL and PPMR relationships, considering the prev-
alence of omnivory in marine pelagic ecosystems (Thompson 
et  al.  2007). Hence, the size dependence is a simplification 
(Rossberg  2012). In turn, Cohen et  al.  (2003) showed that in-
cluding food web properties in size-dependent modeling, that is, 
the body mass rank of a species which helps to model its trophic 

vulnerability, allows linking all trophic variables to body size 
and abundance.

The slope of the size spectrum changes with resource levels 
(Rodriguez and Mullin  1986; Gaedke  1992; González-García 
et  al.  2023), mass-dependent changes, and reversion in PPMR 
(Trebilco et al. 2016; Tsai et al. 2016), and changes in metabolic 
rates due to life history or ontogenetic stages (Rossberg 2012). 
Thus, different scaling regimes with different slopes may appear 
in different size range domains (Arim et  al.  2011), so that ex-
trapolations from the linear log–log plot might not be justified. 
Further differences may appear due to taxonomic selection since 
many meta-ecological studies are based on taxonomic subsets 
only (Gaston and Blackburn 2000). With regard to the provision 
of ecosystem resources, ecosystem type may play a role in that 
in marine systems complex hydrography can lead to mixing of 
water masses of different productivities and thus resource levels 
(e.g., frontal systems, transport through eddies, water mass fila-
ments in upwelling regions).

We apply size spectrum analysis in the context of MTE to an-
alyze seasonal differences in size spectra for the taxonomic 
subset of mesopelagic fishes and the entire community of mi-
cronekton in the offshore Benguela upwelling system (BUS) 
(water depth > 500 m) and investigate the effects of changes 
in temperature and resource supply. Within a population, 
equilibrium abundance at the level of carrying capacity scales 
as M−0.75 (Brown et al. 2004). Brown et al. (2004) and Savage 
et al. (2004) used this approach to describe the effects of tem-
perature T and resource availability R on equilibrium abun-
dance N:

where k is the Boltzmann constant and E is the activation 
energy. MTE suggests that NBSS are continuous and linear 
(Brown et al. 2004). In contrast, with variability in resource 
availability, abundance-body mass relationships may become 
dome shaped (Arim et al. 2011) with consecutive peaks indic-
ative of feeding interactions between prey abundant in a cer-
tain size class and its predators (Thiebaux and Dickie  1992, 
1993; Kerr and Dickie  2001), also described as cascading ef-
fects (Rossberg et al. 2019).

2   |   Material and Methods

2.1   |   Study Area

The BUS along the west coast of South Africa, Namibia, and 
Angola is one of the world's four productive eastern bound-
ary upwelling systems. The BUS is separated into a northern 
(NBUS) and southern part (SBUS) by the Lüderitz permanent 
upwelling 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 BUS current system is composed of wind-driven 
northerly surface currents and poleward undercurrents, 
where NBUS and SBUS each maintain separate undercur-
rent cells (Duncombe Rae  2005). They are influenced by 
two different source water masses, namely the high-salinity, 

(1)B(M) ∝ aM
log 10(TTE)

log 10(PPMR)
+0.25

(2)N(M) ∝ f (R)M−0.75 e
E

kT
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oxygen-poor, and nutrient-rich South Atlantic Central Water 
(SACW) in the north and the low-salinity, oxygen-rich, and 
nutrient-poor Eastern South Atlantic Central Water (ESACW) 
in the south (Hutchings et  al.  2009; Jarre et  al.  2015), with 
subsequent differences in primary production in the offshore 
environment (Table  1). Depending on productivity, turbidity 
was much higher in the NBUS; subsequently, the amplitude 
of daily vertical migration of the acoustic backscattering layer 
2019 was from the surface to ca 400 m in the NBUS and from 
the surface to ca 500 m in the SBUS (no data 2021), with a 
less dense deep scattering layer remaining at depth during the 
night. Additional leakage from the Agulhas current leads to 
entrainment of Indian Ocean water, especially into the SBUS, 
while tropical water penetrates through the Angola-Benguela 
front into the NBUS. At the shelf-ocean interface, the oceanic 
mesopelagic community mixes with shelf components, while 
some mesopelagic species, that is, the pseudoceanic species, 
have adopted a specific life history to build up significant 
shelf populations as well (Lampanyctodes hectoris, Maurolicus 
walvisensis). A detailed study of the Benguela mesopelagic off-
shore ecosystem component (Duncan et al. 2022) reveals two 
main assemblages with typical myctophid species Diaphus 
hudsoni, Lampanyctus australis, and Diaphus dumerilii in the 
NBUS, and Diaphus meadi in the SBUS. Important mesope-
lagic predators are stomiids Chauliodus sloani in the SBUS 
and Stomias boa in the NBUS. In 2019, the austral summer 
was sampled, while in 2021, the austral spring was sampled, 
the latter coinciding with a strong so-called Benguela Niño, 
where +1°C SST anomalies were observed in the region from 
July to October 2021 (Illig and Bachèlery 2023). On the shelf 
(water depth < 500 m), the pelagic ecosystem is characterized 
by a “wasp-waist” community, dominated by a few species 
of “small pelagics” (sardines, anchovies, round herring) that 
control both the lower trophic levels (zooplankton) and the 
higher trophic levels, such as birds, predatory fish, and ma-
rine mammals (Cury et al. 2000).

2.2   |   Sampling and Sample Collection Strategy

Samples were collected during two seasons, austral summer 
during the R/V Meteor cruise 153 from 19 February to 12 March 
2019 (M153, Ekau  2019), and austral spring during the R/V 
Sonne cruise 285 from 13 September to 9 October 2021 (SO285, 
Rixen et al. 2021). A rectangular midwater trawl (RMT) 8 m2-net 
was deployed (Baker et al. 1973) with a non-grading mesh size 
of 4.5 mm, and a net bucket cod-end with a mesh size of 1.0 mm. 
The effective tow duration of each haul was about 30 min with 
a ship speed of 2.5–3.0 knots. The RMT was deployed to a sam-
pling depth of ca 500 m as a double oblique tow covering both the 
migrating as well as non-migrating parts of the deep scattering 
layer (Duncan et al. 2022). Only stations with more than 500 m 
bottom depth were considered in this analysis (= offshore habi-
tat). The micronekton was split into two broader categories, that 
is, mesopelagic fish including larvae and invertebrate micronek-
ton, the latter also including macrozooplankton and jellyfishes. 
Size spectra were calculated both for the mesopelagic fish and 
for the total of mesopelagic fish and invertebrate micronekton 
and zooplankton (= total micronekton). Taxonomic analysis for 
fishes and processing was followed by earlier established pro-
tocols (Fock and Czudaj 2019; Duncan et al. 2022). Individual T
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weights were obtained as wet weights, either measured di-
rectly or calculated from specific length-weight relationships 
(see Czudaj et  al.  2022). Invertebrate micronekton wet weight 
was weighed directly. For gelatinous macro- and megazoo-
plankton (Scyphomedusae, Hydromedusae, Siphonophora, 
Salpidae, Tunicata, Chaetognatha), a weight conversion factor 
from Palomares and Pauly (2009) was applied to account for the 
higher water content of gelatinous tissues as compared to fish 
and crustacean tissues.

Sea surface temperature was derived from in situ measurements 
(CTD-casts) at 10 m depth (T10) and below, because satellite-
derived data were not capturing the seasonal gradient properly. 
Primary production data were averaged over the first sampling 
month plus the preceding 2 months in accordance with water 
residence times of ca 100 days (Liu et al. 2019). Production data 
were acquired from the chlorophyll-based Vertically Generalized 
Production Model (VGPM) (Behrenfeld and Falkowski  1997) 
from http://​www.​scien​ce.​orego​nstate.​edu/​ocean.​produ​ctivity.

2.3   |   Size Spectrum Analysis

Edwards et al. (2017) identified five different methods to analyze 
size spectra that were fairly accurate; these can be assigned to 
two model classes, that is, linear models based on log-binning 
with normalization using biomass and the analysis of power law 
models with maximum likelihood parameter estimation. Model 
outputs from both model classes are applied to investigate the 
MTE population dynamic model (Equation 2).

2.3.1   |   Linear Regression on a Log–Log Scale

Log–log models were about the first applications to visual-
ize size dependencies of ecological communities (Platt and 
Denman 1977). Data were binned at octave scale, where body 
mass M doubles between subsequent size classes. As NBSS rep-
resent a class of models of type Y/X versus X, spurious correla-
tions must be tested for (Blanco et al. 1994; Brett 2004; Williams 
et al. 2022). A randomization test was applied with n = 999. A 
correction for the intercept, as suggested by Blanco et al. (1994) 
was not applied, since the focus was on the analysis of slopes.

Two specifications were applied. Firstly, log-binning with 
normalization using biomass is applied to samples pooled per 
region and season with linear averaging per size class and func-
tional subset (fishes, invertebrate micronekton), analogous to 
the LBNbiom method (Edwards et al. 2017) already applied to 
mesopelagic fishes (Fock and Czudaj 2019). Binning is carried 
out in log2-bins, that is, octave scale (Platt and Denman 1977) 
with bin midpoints 0.5, 1, 2, 4 g etc.

Pooling samples and averaging allows including station spec-
tra that contain size bins with zero biomass, so that minimum 
abundance values smaller than the lower detection range may 
be encountered. Pooling samples over an annual cycle, over a 
specific range of the water column or spatially is common prac-
tice (Sheldon et al. 1972; Rossberg 2012; Fock and Czudaj 2019). 
LBNbiom was calculated from the maximum value of the spec-
trum to the last consecutive non-zero value in the data ensemble, 

so that zero size classes are not treated as missing values. For the 
slopes of the subset of mesopelagic fishes, in addition to the rule 
of the maximum value, a lower limit size class of 1 g was applied.

The second specification was a quantile regression on an 
ensemble of individual station data, that is, without pooling 
samples, on the reasoning that the upper limit of the station-
wise data distribution may represent a stronger predictive re-
lationship than the mean (Cade and Noon  2008). The upper 
body mass limit was set to 64 g for this regression to avoid zero 
values.

For pelagic gear, the lower limiting detection range of abun-
dance of specimens is 10−6 to 10−7 ppm (Witek and Krajewska-
Soltys  1989). Thus, a 1 g specimen (≈1 cm3) should be present 
at least 1 time in 107 m3 of volume. As sampling volumes for 
a single sample ranged between 40,000 and 80,000 m3, that is 
two orders of magnitude smaller, the limiting density for 1 g 
specimens therefore is about 10−5 m−3. This is included as a ref-
erence line to indicate how the size spectra performed at low 
densities, and the respective limit for 10 g specimens would be 
10−4 specimens m−3. This limit consideration is important since 
LBNbiom estimates become biased toward lower density values 
if relatively too large (= rare) specimens are included, whereas 
this method performs well in an optimal body mass size range 
(Edwards et al. 2017).

2.3.2   |   Power Law Distributions and Pareto 
Distributions

With dome-shaped patterns in the spectrum as pointed out 
above, binning into size classes may under- or overweigh cer-
tain body mass ranges. The second model class, power law 
distributions rooted in Pareto distribution models (Vidondo 
et  al.  1997; Newman  2005; Edwards  2008; White et  al.  2008; 
Arim et  al.  2011) may overcome this shortcoming. They basi-
cally describe an abundance spectrum N(m) for which the den-
sity function in relation to individual body mass m is (note: not 
size class M):

For each chosen minimum limit mmin for all specimens i with mi 
> mmin in an assemblage, the Maximum Likelihood Estimate of 
power μ is (Edwards et al. 2007; Arim et al. 2011)

which can be resolved to

Plotting of estimates μ as a function of mmin and the cumula-
tive density function of m ≥ mmin (CDF) allows to break up the 
entire scaling pattern into scaling regions, indicative of regime 
shifts between size classes (Arim et al. 2011). The MLE slopes in 
Table 2 were rescaled as μ = μMLE + 1 (Luiz and Edwards 2011) 

(3)N(m) ∝ Cm−�

(4)�̂ = 1 + n

[

∑

n=1 to i

log

(

mi

mmin

)

]−1

(5)�̂ = 1 −
1

log
�

mmin

�

−

∑

n log(mi)
n
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to make them comparable to LBNbiom and quantile regression 
slopes.

2.4   |   The Population Density Model

We tested for seasonally resolved slopes from the three speci-
fications of slope modeling in combination with seasonally re-
solved primary production and temperature data. We applied 
the MTE equation for equilibrium population density under 
the assumption (Equation  2) that if all populations were in 
equilibrium, the slopes should scale as −0.75 for populations 
without predation or where predation is independent of body 
size (see Arim et al. 2011). Extending with M0.75 removes the 
equilibrium scaling from the right-side terms in Equation (2) 
so that a transfer function (transfer through predation and 
losses due to other interactions) with exponent Δμ = μ + 0.75 
is retained. Here, μ is the observed slope of the NBSS consid-
ering the formal equivalence of abundance spectrum slope 
and NBSS slope. The model function is obtained after taking 
natural logs, with l being the respective size class and k the 
community (season by region):

In MTE, the transfer function Δμ is equivalent to the term 
log TTE

log(PPMR)
. Additionally, a region effect is included as factor 

(NBUS or SBUS). The left-side term of Equation  (6) can be 
interpreted as equilibrium weighted abundance. We apply 
three different formulations for the resource level f(R), which 
is supposed to be a linear term (Brown et  al.  2004; Savage 
et al. 2004). Firstly, an intercept and an exponent in the log-
model are included equivalent to a power function f(R) = aRb, 
secondly without an intercept in the log-model equivalent to 
a power term f(R) = Rb, and finally, treating it as linear term 
f(R) = aR with exponent 1, that is, division by R and retaining 

an intercept in the log-model. Models are selected upon the 
Akaike information criterion (AIC), where lower values indi-
cate a better model. Burnham et  al.  (2011) pointed out, that 
not only the best model should be considered but that mod-
els with minor AIC differences can be likewise plausible and 
thus should be evaluated by means of their evidence ratio V 
of Akaike weights w(AIC), that is, V = w1(AIC)∕w2(AIC) exem-
plified for two models 1 and 2 (Al Halwachi et al. 2004). The 
differences in slopes for the selected models were tested ac-
cording to Paternoster et al. (1998).

3   |   Results

3.1   |   Data

Sea surface temperatures in March 2019 were considerably 
higher than in September 2021, but did not differ much between 
NBUS and SBUS. In 2019, NBUS and SBUS SST were 20.16°C 
and 20.3°C, as compared to 16.49°C and 15.79°C in 2021, re-
spectively. Offshore primary production was always higher in 
the NBUS as compared to the SBUS (Table 1).

Less samples were analyzed for the invertebrate component 
than for mesopelagic fishes (Table  1), and only those samples 
with both invertebrate micronekton and mesopelagic fishes had 
been analyzed for the quantile regression and power law dis-
tribution approach. In 2021, average abundance per sample of 
micronekton/zooplankton was considerably lower than in 2019 
(Table 1).

3.2   |   Normalized Biomass Size Spectra

LBNbiom size spectra showed strong differences between 
seasons, region, and micronekton components considered. 
Although fishes mainly shape the spectrum above a body 
mass of 1 g (vertical line in Figure  1 panels), below 1 g body 

(6)

0.75 ln
(

Ml,k

)

+ lnNl,k = ln
(

f
(

Rk
))

+ E
1

kTk
+ lnM

Δ�k
l.k

+ factor (Region)

TABLE 2    |    Normalized biomass size spectrum slopes of the different models and data subsets. Fish—mesopelagic fishes.

Data compartment Region and season LBNbiom μ
Quant reg 95% μ 
0.25 g threshold

MLE μMLE + 1, 
0.25 g threshold

Total micronekton NBUS_2019 −1.37 −1.79 −0.8

Total micronekton SBUS_2019 −1.04 −1.10 −0.84

Total micronekton NBUS_2021 −1.07 −1.42 −0.9

Total micronekton SBUS_2021 −0.80 −0.99 −1.12

Fishes NBUS_2019 −0.92

Fishes SBUS_2019 −0.79

Fishes NBUS_2021 −0.23

Fishes SBUS_2021 −0.57

Fishes NBUS_2019 – 1 g lower limit −0.99

Fishes SBUS_2019 – 1 g lower limit −0.77

Fishes NBUS_2021 – 1 g lower limit −0.96

Fishes SBUS_2021 – 1 g lower limit −0.91
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6 of 14 Marine Ecology, 2025

mass invertebrates dominate by several orders of magnitude 
of normalized biomass. Only in 2019 in the SBUS, relatively 
high normalized biomass of fish larvae < 1 g was found, 
mainly due to high abundances of especially anchovy larvae 
(Engraulis encrasicolus); however, still one order of magnitude 
lower than the invertebrate normalized biomass. Normalized 
biomass was always higher in the NBUS as compared to the 
SBUS. It is evident that the LBNbiom slope of the total mi-
cronekton community only approximates the variability of 
the normalized biomass of the different size classes. In 2019, 
high values were found in the NBUS at size classes of 1 and 
0.03125 g, the former generated by Decapoda (amongst oth-
ers Gennadas spp., Sergestidae, Syllaspidae) and the latter 
by Euphausiacea, amongst others Euphausia hanseni. For 
mesopelagic fish and fish larvae on their own, only the size 
spectrum of SBUS 2019 appears to resemble a linear pattern, 
whereas the fish size spectra of NBUS 2019 and of both re-
gions in 2021 appear like truncated cones, composed of a flat 
top of inner section and steeper flanks. The vertebrate size 
classes not well represented in the flat top in turn are filled 
in by respective invertebrate size classes, resulting in overall 
fairly linear models.

After inspecting Figure 1, the LBNbiom slopes appear neverthe-
less as a reasonable proxy for the differences in total micronek-
ton size spectra (Table 2). All slopes were significantly different 
from random so that there is no Y/X versus X confounding 
problem (Figure S2). The slopes are steeper in the NBUS than 
in the SBUS in both seasons, and for both subsystems, steeper 
in 2019 than in 2021. The same applies to the slopes obtained 
from quantile regression; however, the slopes are steeper than 
LBNbiom slopes (Figure 2, Table 2). The sample size for MLE 
estimation of slopes is presented in Table  1. The evolution of 
μMLE while changing the minimum size over which the sample 
is aggregated (xmin in Figure 3, also Figures S3–S5) shows that 
slopes, except for the SBUS 2021 (Figure  S5) do not stabilize 
around a log10 body mass of 0. In particular, the numerical in-
crease in mostly invertebrate abundance below 0.25 g body mass 
is associated with a steepening of slopes (Figure 3). To account 
for this instability, a cut-off value for xmin of 0.25 g was chosen. 

The order of MLE slopes was opposite to the order of both slopes 
of LBNbiom and quantile regression, that is, the highest value 
for μMLE corresponded to the lowest LBNbiom and quantile 
regression slopes, and vice versa. However, the MLE plots re-
flected the variability shown in the LBNbiom plots by means of 
multiple scaling regions in the CDF plots.

The slopes for the fishes' subcomponents were less steep, rang-
ing from −0.23 to −0.92 (Table  2), where values > −0.75 fall 
outside the theoretical range. The relationship to biomass 
is equivocal for total micronekton and mesopelagic fishes. 
Although total micronekton biomass was negatively related to 
LBNbiom slopes, this did not apply to mesopelagic fishes and 
fish larvae (Figure 4). However, the p-values suggest that the 
relationship for mesopelagic fishes and fish larvae was not 
significant.

FIGURE 1    |    NBSS for total micronekton community and mesopelagic fishes separately, slopes refer to total micronekton assemblage. LBNbiom 
method applied. Hatched horizontal line represents the 10−7 ppm detection threshold.

FIGURE 2    |    The quantile regression interpretation of normalized 
biomass size spectrum slope of unpooled data for 5 stations, northern 
Benguela upwelling system offshore component, 2019.
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7 of 14

3.3   |   Resource and Temperature Dependence 
of Size Spectra Slopes

The differently calculated slopes are evaluated in terms 
of their performance in the population density model. For 

total micronekton, LBNbiom slope estimates performed best 
(Table 3, models 3, 5, and 6) as compared to models 7–18 (for 
full suite of models see Figure S1). LBNbiom slopes for NBUS 
and SBUS were significantly different in 2019 (p = 0.028) and 
2021 (p = 0.016, Table 2). The lowest AIC of 149.7 was indicated 

FIGURE 3    |    Evolution of μMLE and corresponding cumulative density distribution in relation to minimum size xmin of total micronekton for NBUS 
2019.

FIGURE 4    |    LBNbiom slopes and biomass relationships for total micronekton community and mesopelagic fishes separately. Biomass calculated 
as sum of wet weight from size classes 0.0156–128 g for respective ecosystem components (see Table 1).
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8 of 14 Marine Ecology, 2025

for model 6, which is the representation of Equation (2) with a 
resource term of f(R) = aR. The effect of factor Region (NBUS 
or SBUS) was not contained in model 6. The Akaike weights 
indicate that this model was 0.515/0.190 = 2.7 times better 
than model 3 and 3.6 times better than model 5. In model 5, 
the formulation of the resource term appears unreasonable, 
despite high values for r2 and significance level. Models 3 
and 6 are similar, in that firstly the exponent for the resource 
component in model 3 was close to 1 (0.92), and secondly 
the parameter estimates for temperature were very similar 
(rounded 0.60 in both cases) although this term was not sig-
nificant. Model 3 had a significant parameter estimate for b 
for f(R) = aRb, whereas model 6 had a marginally significant 
parameter for a for f(R) = aR. That indicates that the resource 
function in both models has a significant impact, together 
with the remaining scaling Δμ, while temperature is not sig-
nificant. Nevertheless., the suggested temperature scaling of 
0.60 in models 3 and 6 lied in the range of reported values of 
0.43 (fishes) to 0.83 (invertebrates) (Brown et al. 2004). This 
positive relationship also appeared in bivariate plots for the 
fishes' subcomponent, but not for the total micronekton where 
it was negative (see Figures  S6 and S7). This negative rela-
tionship also appeared in model 5, but the direction of the ef-
fect was not as expected, since MTE predicts that the carrying 
capacity should decline with increasing T meaning a positive 
slope for 1/kT. In models 3, 5 and 6 for the total micronekton 
assemblage, the transfer function was significant, indicating 
that the term M̂ log TTE

log(PPMR)
 was important to understand changes 

in NBSS slopes.

Only LBNbiom models were analyzed for mesopelagic fishes 
and larvae given the results for total micronekton. For models 
19–24, the maximum to last consecutive non-zero value selec-
tion was applied, representing the bulk of fish abundance across 

the truncated flat sections, while for models 25–30, the cut-off 
was set to 1 g to analyze whether the steeper flanks corresponded 
better to the population density model. The former models fitted 
better to the population density model; and again, model 24, rep-
resenting Equation (2), is performing 1.3 times better than the 
next best model 20. The interesting difference between models 
20 and 24 is that model 20 had almost no temperature scaling 
(parameter estimate = 0.06), a significant region term but no re-
maining scaling. This is similar to the community analysis of 
Duncan et al. (2022) identifying water mass properties and thus 
regions NBUS/SBUS as a significant term to distinguish com-
munities in the BUS. In turn, model 24 had significant terms 
for temperature scaling, for a of f(R) = aR, as well as for remain-
ing scaling. The parameter estimate for temperature scaling 
was relatively high (1.37) and had a strong positive effect also 
in bivariate analysis, which also applied to primary production 
(Figure S7).

4   |   Discussion

Samples were taken from two seasons in two different years in 
the BUS, representative of the pelagic assemblages at the inter-
face between shelf and open ocean. As such, they contain a mix-
ture of genuine shelf components (e.g., krill) and—except for 
pseudoceanic species—genuine open ocean components (e.g., 
mesopelagic fishes). The shelf-ocean interface is an important 
spawning and nursery habitat, with small-scale frontal systems 
providing retention cells or good feeding conditions for fish lar-
vae (Tiedemann et al. 2017). Eventually, the SBUS assemblage 
in 2019 was numerically dominated by anchovy larvae. These 
larvae are transported to their SBUS nursery grounds from 
their spawning grounds off the southern tip of South Africa 
(Ragoasha et al. 2019). The Benguela jet current along the shelf 

TABLE 3    |    Parameter estimates and model diagnostics of selected best NBSS models calculated. Best performing models were calculated with the 
LBNbiom method. For full suite of models see Table S1. Fish – mesopelagic fishes.

Model type
Slopes' 
model AIC w(AIC)

Model 
p r2

Parameter estimates

a ln(NPP) 1/kT
ln 

(MΔb) Region

Model 3—
aR^b + transfer 
function—Region

LBNbiom 151.7 0.190 0.002 0.22 −37.8 +0.98* +0.60 +0.09*

Model 5—
R^b + transfer 
function—Region

LBNbiom 152.2 0.142 < 0.001 0.98 +0.68● - 0.30*** +0.08*

Model 6—
aR + transfer 
function—Region

LBNbiom 149.7 0.515 0.014 0.13 −38.4● +0.60 +0.09*

Fish Model 20—
aR^b—transfer 
function + Region

LBNbiom 83.4 0.287 0.05 0.15 −2.25 −1.06 +0.06 −1.28*

Fish Model 24—
aR + transfer 
function—Region

LBNbiom 82.9 0.365 0.01 0.20 −70.3** +1.37** +0.53*

Note: Significance levels: p < 0.1 (●), p < 0.05 (*), p < 0.01(**) and p < 0.001 (***).
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edge in SBUS carries them some 400 km in a northerly direction. 
Spawning takes place from October to March, with peak spawn-
ing in December (Mullon et al. 2003). This makes the SBUS dis-
tinctive from its northern Benguela counterpart and the other 
major eastern boundary upwelling systems for which spawning 
and nursery grounds of small pelagics overlap.

Several methods have been proposed to analyze biomass size 
spectra, amongst others Reduced-Maximum-Axis techniques 
(Griffiths 1999) and other ways to bin data and conduct regres-
sions (Edwards et al. 2017). Based on ecological reasoning, we 
chose three methods, that is, two regression techniques either 
looking at pooled samples representative of the mean state or 
at maximum values indicated by quantile regression. The MLE 
method was applied to overcome caveats suggested for binning 
methods (Edwards 2008; Edwards et al. 2020). The number of 
individuals, especially for the vertebrate component, was not 
very high (102–103 per region and season, Table  1). Fock and 
Czudaj  (2019) worked with samples obtained with larger nets 
and analyzed more than 20,000 fishes for mesopelagic size spec-
tra. Size range selected and sample size, however, influence the 
performance of NBSS methods. Blanco et al. (1994) showed that 
LBNbiom slopes become flat when calculated from too small 
sample sizes, and Edwards et al. (2017) indicated that with the 
inclusion of numerically overrepresented larger specimens, 
slopes also become more flat. To overcome the latter, we consid-
ered the detection limit of 10−6 to 10−7 ppm suggested by Witek 
and Krajewska-Soltys (1989) to evaluate the NBSS plots, while 
the problem of small sample sizes for vertebrates, to some de-
gree, was solved by pooling samples. But even with the total as-
semblage considered, the MLE slope plots did not perform well. 
Hence, with larger sample sizes, MLE slope estimates would 
have probably been improved.

The slopes derived from different size spectra methods were ap-
plied to run the population density model outlined by Savage 
et  al.  (2004) to test temperature and resource availability ef-
fects. Different resource functions were tested, and the best 
performing models in terms of AIC both for total micronekton 
and separately for mesopelagic fishes and fish larvae were in ac-
cordance with the population density model (Brown et al. 2004; 
Savage et al. 2004) with a resource term f(R) = aR and a positive 
effect for 1/kT (Table 3, models 6 and 24, full suite of models 
in Table  S1). Looking at NBSS shapes and the relationship to 
biomass, LBNbiom estimates performed better than quantile re-
gression and MLE estimates, and secondly, total micronekton 
performed better than the models for the subset of mesopelagic 
fishes and fish larvae. With regard to biomass, there was a fairly 
strong relationship between LBNbiom slopes observed for the 
entire community and biomass (Figure 4), while no relationship 
appeared for the fishes' subset. The parameter estimates for the 
resource function for the entire community were fairly signifi-
cant in all cases, and the positive relationship also appeared in 
the bivariate plots. Although scaled in the appropriate range of 
magnitude, that is, +0.60, the activation energy E of the tem-
perature effect was not significant. The temperature effect E is 
considered to lie between +0.43 and +0.83 and to be positive 
(Brown et al. 2004; Savage et al. 2004), that is, with increasing 
temperature due to increased metabolic stress the carrying ca-
pacity will decline. The energy effect for the mesopelagic fishes 
and fish larvae subcomponent was higher, that is, +1.37, which 

was probably not calculated correctly due to sample size con-
straints. Of course, for animals that for some degree undertake 
daily vertical migrations, SST might also not be the right tem-
perature proxy. Recalculating model 6 with the average tem-
perature from surface to 100 m depth instead of SST resulted in a 
slightly inferior model, that is, model p-value was 0.015 as com-
pared to 0.014, and the AIC weight decreased to 0.471 as com-
pared to formerly 0.515 while model r2 was the same, so settings 
in favor of SST were retained. The importance of temperature to 
govern mesopelagic assemblage structure regionally is probably 
not high, given that—also depth stratified—temperature was 
not significant both for the Benguela and the Mauritanian up-
welling system to explain this (Duncan et al. 2022, 2024).

The LBNbiom slopes of the total micronekton agree with the en-
ergy equivalence rule of the MTE ranging from −0.80 to −1.37. 
The value of −0.75 is considered the limit when predation is size 
independent (Arim et al. 2011) and populations are at equilib-
rium (Brown et al. 2004; Savage et al. 2004). The value of −0.80 
coincided in the SBUS in 2021 with very low rates of primary 
production averaged over a 3-month period. With increasing 
primary production rates, the slopes steepened. This steepening 
of slopes with suggested increased productivity was also shown 
for mesopelagic fishes in the eastern tropical Atlantic (Fock and 
Czudaj  2019). This is opposite to marine plankton, where for 
Atlantic phytoplankton a steepening has been observed with 
decreasing trophic status (González-García et al. 2023). For zoo-
plankton, NBSS slopes in the late winter bloom of the Canary 
Current offshore system were less steep than for the less pro-
ductive stratified season (Couret et  al.  2023). This could indi-
cate that ecosystem components each have a specific reaction 
pattern.

The LBNbiom models did not perfectly fit the NBSS, and the 
MLE plots indicated multiple scaling regimes for each of the as-
semblages. The CDF plots showed steeper increases of F(x) for 
xmin < 0.25 g except for SBUS 2021. Only in the latter case, the 
MLE slope reached a fairly stable value. Figure 4 indicates that 
the invertebrate and the fish assemblages responded differently 
to the different productivity regimes, and that the invertebrate 
faction may respond more rapidly to changes in nutrient supply, 
that is, the spectra indicated relatively more biomass in smaller 
size classes in NBUS 2019 and 2021 and SBUS 2019, but not in 
SBUS 2021. As compared to fishes, this invertebrate response, 
for example, for euphausiids (Werner et  al.  2015), depends on 
shorter generations times tB, which according to MTE are scaled 
to M as tB ~ M0.25 (Brown et  al.  2004). Considering that in the 
analysis of size spectra time scales of biomass change relevant to 
the observation (seasonal, annual) interfere with time scales rel-
evant for growth, the latter ranging from days to 10s of days for 
zooplankton (Zhou 2006), allows to reconcile our observations 
with the equilibrium model. In this context, the term log TTE

log(PPMR)
 on 

the one side quantifies the transfer function Δμ, on the other side 
it is indicative of the system departure from equilibrium. With 
a trophic transfer efficiency (TTE) of 0.1 and PPMR at 10,000, 
this term becomes −0.25 yielding a predicted NBSS slope of −1. 
With more efficient energy transfer and no change in PPMR, 
slopes should become larger than −1. In turn, with reduced 
TTE, slopes should become steeper, that is, with a TTE of 0.05 
and a PPMR of 1000 NBSS slope μ should be at—1.20. For the 
SBUS 2021 assemblage, the slope was larger than −1 indicating 
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10 of 14 Marine Ecology, 2025

increased efficiency near equilibrium (LBNbiom slope = −0.8), 
the CDF plot did not show excess invertebrate biomass below 
a body mass limit of xmin < 0.25 g (Figure S5), associated with 
lowest primary production and lowest invertebrate biomass of 
all 4 cases measured (Table 1). On the other side, for NBUS 2019 
the slope was smallest indicating reduced efficiency (LBNbiom 
slope = −1.37), the CDF plot showed a steep increase of biomass 
at xmin < 0.25 g (Figure 3), and invertebrate biomass was highest 
in the range selected (Table 1). Fish biomass in both systems was 
seasonally associated with larger community slopes, and was 
higher in the NBUS as compared to the SBUS (Figure 4). Thus, 
reconciling model and observations into a dynamic interpreta-
tion of size spectra changes, the increase in lower trophic level 
biomass (shorter generation times) could be explained by a fast 
initial response to seasonally increased nutrients (Figure  5.1). 
Starting from a near-equilibrium state with a stage 1 NBSS rep-
resentative of SBUS 2021 with a flat CDF plot (Figure 5.1), a nu-
trient pulse would trigger the increase of abundance of smaller 
species, and the corresponding LBNbiom figure would indicate 
two domes at positions A1 and B1 in Figure 5.1 with an inter-
mittent NBSS with steeper slope, where position A1 indicates 
the biomass increase and B1 is a regression artifact because the 
increase of fish biomass would not happen simultaneously. This 
could explain the structure observed in the LBNbiom figures 
with biomass peaks around 0.05, 1 and 10 g in the NBUS and 
less pronounced, for the SBUS (Figure 1). At continuous supply 
level, increased invertebrate biomass propagated through the 
food web would lead to higher biomass for higher trophic lev-
els, and with a stable increased nutrient level, a potential stage 
2 equilibrium would be reached (Figure 5.2). However, due to 
both seasonal variability and dynamic mixing processes at the 
Benguela shelf-ocean interface with residence times of coastal 
waters < 100 days (Liu et al. 2019), a stable stage 2 NBSS is un-
likely in particular for ecosystem components with a generation 
time tB > 100 days. The extent of the seasonal effect is reflected in 
the differences in community biomasses 2019 to 2021 (Figure 4), 
which is large for the NBUS but small for the oligotrophic off-
shore SBUS. The transfer to higher trophic levels is reflected in 
the average fish biomass, where generally higher fish biomass 
occurred in the NBUS as compared to the SBUS (Figure  4). 
Within-system comparisons reveal, that the increase in fish bio-
mass is delayed relative to the increase of invertebrate biomass, 
since in both systems higher fish biomass was associated with 
lower invertebrate biomass indicating that generation time tB to 
build up abundance is a critical factor (Figure 4). Thus, consid-
ering a single nutrient pulse means that after the end of the pulse 
the invertebrate abundance would return to previous levels A2 
while abundance of organisms with higher tB would bump up to 
a value B3 with a new intermittent NBSS slope (Figure 5.3). As 
mesopelagic fishes are an unfished resource offshore, there is no 
further extraction except natural mortality. This could explain 
the observed slopes for the fishes' subcomponents in the range 
> −0.75 that would fall outside the theoretical range predicted by 
MTE. Therefore, selecting taxonomic subsets for size spectrum 
analysis is problematic. In order to evaluate step 5.3, further 
NBSS data of mesopelagic fishes from Fock and Czudaj (2019) 
are plotted together with the BUS data (Figure  6). Slope val-
ues > −0.75 for the subset of mesopelagic fishes are no artifact, 
since in both data sets, slope values > −0.75 appeared at the low 
NPP range investigated, and for BUS only, also at high NPP, in-
dicative of the bump-up pattern at B3. Fock and Czudaj (2019) 

attributed slope differences to productivity changes in general, 
but did not provide an explicit explanation for values > −0.75. 
The B3 bump-up further indicates, that the mesopelagic fishes 
do not produce a sufficient number of offspring under oligo- and 
eutrophic conditions. The only case where fish larvae fit fairly 
into the size spectrum was the SBUS 2019, however, these were 
from small pelagics, that is, anchovy, and not from mesopelagic 
species. In fact, mesopelagic fish typically possess low fecundity 
and spawn in batches (Knorrn et al. 2023; Andresen et al. 2024), 
and therefore are less capable of reacting timely to short term 
pulses of food supply.

FIGURE 5    |    Schematic diagram of changes of NBSS structure af-
ter nutrient pulses for different ecosystem components depending on 
generation time, (1) Initial increase after nutrient pulse of invertebrates 
with short generation time, (2) approaching a potential new equilibri-
um with continuously high nutrient input, and (3) progression of the 
initial increase of invertebrate biomass to organisms with higher body 
mass and longer generation times, after the nutrient pulse has ceased. 
Intermittent NBSS hatched, equilibrium NBSS with solid lines.
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The interpretation of the transfer function in terms of transfer 
efficiency depends both on trophic transfer efficiency (TTE) and 
predator–prey-mass-ratio (PPMR). PPMR is a statistical concept, 
pointing at the average ratio of predator to prey mass (Brown 
et al. 2004). In upwelling areas, it can be expected that TTE is 
low due to significant sedimentation of organic material out 
of the pelagic system. This is evidenced by means of very high 
levels of sedimentary organic carbon in the NBUS (e.g., Emeis 
et al. 2018). Thus, the parameter estimate of the transfer func-
tion Δμ can be interpreted as a reduction in transfer rate of bio-
mass differing from steady state by size of MΔμ*parameter estimate 
to yield the abundance measured. Compared to M−0.25 and a 
fish body mass of M = 10 g as baseline, the SBUS 2021 is +45.8% 
more efficient as compared to a reduced efficiency of—58.6% in 
the NBUS 2019. This could also be understood as a change in 
recycling efficiency or recycling loops of organic matter within 
a community. As such, Zhou  (2006) showed that the number 
of recycling loops n in a community is related to NBSS slope μ 
as n =

1+ �

�∗�
, where η is assimilation efficiency of ingested food 

which varies from 0.6 (Andersen and Beyer  2015) to 0.8–0.85 
(Kerr and Dickie 2001) for fishes. The number of recycling loops 
can be further understood as an increase in food chain length 
and in marine zooplankton is associated with oligotrophic eco-
system conditions (Armengol et al. 2019), which defines a link 
between surface trophic state and NBSS equilibrium conditions. 
The importance of surface production for diversity of deep-sea 

fishes was shown (Fock 2009), indicating that surface produc-
tion is propagated vertically throughout the water column.

The parameter estimates for Δμ ranged between 0.08 and 0.09 
and thus did not account for the full value of Δμ. Alternatively, 
this could indicate a temperature effect on the mass-dependent 
scaling of energy use. Lindmark et  al.  (2019) showed how a 
temperature-dependent component can be added to the scal-
ing μ of metabolism, that is, μ0 + c(T − T0). Based on the energy 
equivalence rule with energy use scaled as M0, abundance must 
scale accordingly as −(μ0 + c(T − T0)) (Savage et al. 2004). Thus, 
a positive c (the parameter estimate for Δμ was positive and < 1 
in models 3, 5, 6 and also 24) would indicate that metabolism 
demands increase faster with temperature for large relative to 
small specimens, with an opposite effect on abundance. This 
alternative interpretation, however, could only explain the in-
crease in biomass for small M seen in NBUS 2019 and 2021 and 
SBUS 2019 by a reduced predation effect by larger micronekton, 
meaning that in 2019, with increased temperatures and rela-
tively lower biomasses of mesopelagic fishes, predation pressure 
was reduced in both subsystems, leading to higher invertebrate 
abundance. This would imply a negative parameter estimate 
for 1/kT, that is, equilibrium weighted abundance in particu-
lar for lower M would increase with temperature, a case that 
was shown for model 5. However, the non-MTE model 5 was 3.6 
times less effective in explaining the data than model 6.

FIGURE 6    |    Relationship between NBSS slopes and net primary production for the subset of mesopelagic fishes and fish larvae for the Benguela 
upwelling system (BUS) sampled with an RMT net and for published data of the historical tropical, subtropical and temperate, as well as tropical and 
subtropical North Atlantic from 2015 (Fock and Czudaj 2019). Seasonal NPP calculated for oceanic stations in the same way as described in the text. 
For the historical assemblages, NPP from 2006 were retrieved to account for changes in recent decades. Fitted line is a loess smoother. The horizontal 
hatched line indicates the equilibrium slope value of −0.75.
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The low SBUS primary production rate in 2021 followed the sea-
sonal cycle, but was also influenced by the 2021 Benguela Nino 
(Illig and Bachèlery 2023) which in the SBUS led to a decline in 
productivity opposite to the NBUS, with an increase of upwell-
ing activity (Rouault and Tomety 2022). In the NBUS, increased 
inflow from the Angola basin must also be considered (Rouault 
et al. 2007), probably adding allochthonous assemblage compo-
nents to the NBUS assemblage. This is often observed in terms 
of tropical species occurring in the subtropical NBUS (Duncan 
et al. 2022, own observations for 2021).

Whereas the transfer function for the total micronekton was 
always negative, that is, the LBNbiom slope was smaller than 
−0.75, for the subset of the mesopelagic fish this term was pos-
itive for the 2021 assemblages in models 19–24 where no lower 
size limit was applied. Opposite to the bump-up hypothesis, in 
terms of logTTE

log(PPMR)
 positive values only are possible if PPMR be-

comes smaller than 1. This unlikely case (possible exceptions for 
instance like Chiasmodontidae (Herring 2002) were not present 
in our samples) indicates that the transfer function in models 
19–24 has little ecological meaning. Interestingly, the second-
best model 20 was without transfer function. The only signif-
icant term in this model was a region effect, in line with the 
observation by Duncan et al. (2022), that water mass affiliation 
was a significant factor in structuring NBUS and SBUS mesope-
lagic assemblages.

MTE as a theory has been challenged with the argument that 
its allometric scaling represents empirical relationships rather 
than universal laws (del Rio 2008; Price et al. 2012). Thus, MTE 
may be tested in several ways, amongst which are to evaluate 
its simplifications or to test its predictions (Price et al. 2012). In 
fact, when confronting the data with different models for the 
resource function, model specifications in line with the MTE 
proved to perform better than alternative models. Our results 
highlight the importance of the productivity regime in shaping 
the biomass spectrum through the resource function and by 
affecting the transfer function of the mass-dependent scaling. 
Near-equilibrium conditions of the MTE population model were 
found in the 2021 season of the SBUS under oligotrophic condi-
tions. The MLE and the corresponding CDF plots allowed us to 
understand departures from near-equilibrium as a response to 
nutrient pulses in terms of relatively faster population growth of 
species with shorter generation times (Figure 5). Simplifications 
of the MTE, as pointed out for the deviations from the M ~ TL re-
lationship, likely do not confound the present analysis, given the 
similarities in assemblage structure between NBUS and SBUS 
in the two periods considered.
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