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Abstract. The density of organisms declines with size, because larger organisms need more energy
than smaller ones and energetic losses occur when larger organisms feed on smaller ones. A potential
expression of density-size distributions are Normalized Biomass Size Spectra (NBSS), which plot the
logarithm of biomass independent of taxonomy within bins of logarithmic organismal size, divided by
the bin width. Theoretically, the NBSS slope of multi-trophic communities is exactly �1.0 if the
trophic transfer efficiency (TTE, ratio of production rates between adjacent trophic levels) is 10% and
the predator-prey mass ratio (PPMR) is fixed at 104. Here we provide evidence from four multi-trophic
lake food webs that empirically estimated TTEs correspond to empirically estimated slopes of the
respective community NBSS. Each of the NBSS considered pelagic and benthic organisms spanning
size ranges from bacteria to fish, all sampled over three seasons in 1 yr. The four NBSS slopes were sig-
nificantly steeper than �1.0 (range �1.14 to �1.19, with 95% CIs excluding �1). The corresponding
average TTEs were substantially lower than 10% in each of the four food webs (range 1.0% to 3.6%,
mean 1.85%). The overall slope merging all biomass-size data pairs from the four systems (�1.17) was
almost identical to the slope predicted from the arithmetic mean TTE of the four food webs (�1.18)
assuming a constant PPMRof 104. Accordingly, our empirical data confirm the theoretically predicted
quantitative relationship between TTE and the slope of the biomass-size distribution. Furthermore,
we show that benthic and pelagic organisms can be merged into a community NBSS, but future stud-
ies have yet to explore potential differences in habitat-specific TTEs and PPMRs. We suggest that
community NBSS may provide valuable information on the structure of food webs and their energetic
pathways, and can result in improved accuracy of TTE-estimates.

Key words: energetic equivalence rule; metabolic theory of ecology; multi-trophic communities; normalized
biomass size spectra; pelagic and benthic lake habitats; size of organisms.

INTRODUCTION

The relationship between body size, density, and energy
use of organisms is a central research topic in ecology
(White et al. 2007). The often observed exponential decline
of densities (D) of populations sharing a common resource
with average body size (M) at D ~ M�0.75 (Damuth 1981,
Nee et al. 1991) is caused by energy availability, which
directly modifies the density of organisms, mediated by the
size-dependent metabolic rates of the individuals (Metabolic
Theory of Ecology, MTE, Brown et al. 2004). However, the
exponent of empirical density-size distributions of all organ-
isms independent of taxonomy at a certain location is often
substantially smaller than �0.75 (Gaedke 1992, Cyr 1997,
Marquet 2000). In these communities forming multi-trophic
food webs in which larger organisms feed on smaller ones,
energy is lost by trophic transfer between trophic levels.
Accordingly, the total energy available to larger organisms is
lower than that for smaller organisms, resulting in more neg-
ative exponents of density-size distributions than predicted

(as above) for populations where all individuals use the same
resource.
The energy transfer within multi-trophic food webs is

quantified by the trophic transfer efficiency (TTE), which is
the proportion of resource (prey) production converted into
consumer (predator) production. It has traditionally been
assumed that the TTE between adjacent trophic levels is
roughly 10% (Lindeman 1942). The size relationships
between predator and prey are quantified by the predator-
prey mass ratio (PPMR), which is assumed to be around 104

in aquatic open-water habitats (Trebilco et al. 2013). There-
fore, the exponent of the density-size distribution is theoreti-
cally predicted to decline from �0.75, when all organisms
feed on the same resource, to exactly �1.0 in multi-trophic
food webs with TTE = 10% and PPMR = 104 (see Theoreti-
cal background below). This TTE-correction of the density-
size distributions combines two independently developed
relationships, the decline of density with size (summarized
by Brown et al. 2004), and the concept of trophic levels con-
nected by predator-prey interactions, in which only a part of
the total energy is transferred from one level to the next
(summarized by Trebilco et al. 2013). Both concepts are
based on independent empirical observations, yet they share
the common physiological basis that the density of
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organisms is dictated by the size-dependent balance between
available resources and metabolic efficiency.
The trophic level concept of predators being less abundant

and larger than their prey is supported by studies of the
open-water areas of aquatic ecosystems. Accordingly, expo-
nents <�0.75 of density-size distributions were often found
in multi-trophic food webs in these habitats (Brown and Gil-
looly 2003, Reuman et al. 2008). Furthermore, an earlier
study in Lake Constance (Germany/Switzerland/Austria)
has shown corresponding changes in PPMR, TTE, and
exponents of density-size distributions across several sam-
plings within a single year (Gaedke et al. 1996). However,
here we intended to expand the empirical confirmation of
the TTE-correction by demonstrating the quantitative corre-
spondence between the exponents of density-size distribu-
tions for multi-trophic food webs and their transfer
efficiencies across multiple ecosystems. Hence, we adopted a
community energy perspective and focused on the interplay
between TTE and the NBSS slope by assuming a fixed
PPMR, although mechanistic explanations may also be pro-
vided by process-based models which considered individual
predator-prey interactions resulting in similar energetic con-
straints (Kerr and Dickie 2001, Andersen and Beyer 2006,
Law et al. 2009, Hartvig et al. 2011, Rossberg 2012).
Community size distributions composed of several trophic

levels are often expressed as abundance or biomass size spec-
tra, especially in aquatic systems (Sprules and Barth 2016).
Size spectra are linear regressions between the logarithm of
either abundance or biomass vs. the logarithm of body mass,
as obtained by logarithmic binning. The slopes of these lin-
ear log-log regressions are related to the exponent of the
density-size distributions. If the size spectra are normalized
by the width of the respective size class, the slope of the nor-
malized biomass size spectrum (NBSS) can be used to
directly estimate the exponent of the biomass-size distribu-
tion (White et al. 2008). Most of the aquatic community size
spectra published so far for lakes only included phytoplank-
ton, zooplankton, and occasionally fish (Sprules 2008, Yur-
ista et al. 2014). In rare cases, protozoa and bacteria have
also been included (Gaedke 1992, Gaedke et al. 1996). Sur-
prisingly few studies have incorporated the benthic habitats
of lakes, although size spectra are available for marine ben-
thic communities (Blanchard et al. 2009, Rogers et al.
2014). Benthic and pelagic (water column) food chains may
be closely linked (Vadeboncoeur et al. 2002, Brothers et al.
2016), but the integration of benthic and pelagic size spectra
into a single community biomass spectrum has never been
conducted in freshwater ecosystems.
In this study, we aimed to demonstrate that the TTE and

the slope of a community NBSS are quantitatively related,
thus empirically confirming the hypothesized TTE-correc-
tion of the biomass-size distributions. We measured the bio-
mass and size of benthic and pelagic organisms ranging
from bacteria to fish in four separate lake food webs, and
calculated biomass spectrum slopes. Furthermore, we mea-
sured the TTE in each of the four food webs by comparing
primary and bacterial production with consumer secondary
production, and predicted the respective slopes of biomass
spectra according to the TTE-correction. Finally, by inte-
grating benthic and pelagic food webs into the same NBSS,
we explored differences in biomasses of producer and

consumer groups between these habitats through examining
the systematic residual variations of these groups from the
slopes of the community size distributions.

METHODS

Theoretical background

Following Reuman et al. (2008), the size distribution of
individuals sharing a common resource is a power law of
individual size (M, mass) in the form of

f ðMÞ / M�1:75 (1)

In communities where organisms from the lowest trophic
level are the only ones to exploit the basal resource, and lar-
ger organisms from higher trophic levels consume smaller
organisms from lower trophic levels, a decrease of abun-
dance with increasing size is also influenced by the energy
transfer efficiency between trophic levels and the size rela-
tionships between predator and prey. Accordingly, the com-
munity abundance distribution can be estimated as

f ðMÞ / M
logðTTEÞ
logðPPMRÞ�1:75

(2)

With TTE = trophic transfer efficiency between trophic
levels and PPMR = average predator-prey body mass ratio,
assuming neither TTE nor PPMR vary systematically with
M. This assumption is appropriate for the predator-prey
pairs typically dominating open-water habitats of aquatic
ecosystems. Because biomass (B) is the product of numbers
(N) andM, the community biomass distribution is

f ðBÞ / M
logðTTEÞ
logðPPMRÞ�0:75 ¼ Ma (3)

with a being the exponent of the power law of B with M. By
considering a PPMR of 104 (10,000) and a TTE of 10%
(10�1; Pauly and Christensen 1995, Trebilco et al. 2013),

a ¼ logð0:1Þ
logð10; 000Þ � 0:75 ¼ �1 (4)

The slope b of the linear regression between log biomass
and log body size in logarithmic bins (biomass size spec-
trum, BSS) is zero. Therefore, the exponent a can be indi-
rectly estimated as

a ¼ b� 1 (5)

However, normalizing the BSS by the width of the respec-
tive size class (normalized biomass size spectrum, NBSS)
reduces the slope by 1, and hence the NBSS slope can be used
to directly estimate a (White et al. 2008). For communities
with TTE = 10% and PPMR = 104, a = �1. For communi-
ties with TTE <10% and PPMR = 104, the TTE-correction
predicts a < �1 and b < 0. These predictions are equivalent
to a TTE-corrected Energetic Equivalence Rule (ERR), as
proposed earlier (Damuth 1981, Nee et al. 1991). The EER
emerges from the size-dependency of metabolic rates of
organisms (exponent = 0.75) combined with an exponential
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decline of population densities sharing a common resource
with average body size (exponent = �0.75), resulting in a
power law stating that energy use scales with organismal size
with an exponent of zero. The EER likewise predicts that the
energy-use scaling in multi-trophic food webs would decline
from zero to �0.25 through TTE and PPMR corrections
(Reuman et al. 2008, Trebilco et al. 2013).

Empirical background

Data were obtained from whole-lake experiments con-
ducted in two lakes, Schulzensee and Kleiner Gollinsee (here-
after referred to as Gollinsee), both located in northeastern
Germany. Both lakes were eutrophic (32–40 lg total phos-
phorus/L), shallow (mean depth about 2 m) and small
(3–4 ha surface area), but only Schulzensee contained sub-
merged macrophytes (Brothers et al. 2013). We conducted
whole-lake experiments as part of an unrelated project start-
ing in October 2010 (Scharnweber et al. 2014, Mehner et al.
2016), for which both lakes were divided in an east-west direc-
tion by a plastic curtain, producing fully isolated, equally
sized halves. These long-term lake divisions created lake
halves with some differences in the dominant organism
groups. Consequently, we consider the north and south halves
of both lakes as independent replicates for subsequent calcu-
lations (see Results for confirmation of this assumption).

Sampling

Sampling was conducted in spring (April), summer
(June), and autumn (October) 2011. Organism biomasses
were converted to g carbon (C) per m2 and individual mass
was converted to g C (see Appendix S1 for details of conver-
sions between units). Bacteria, phytoplankton, and zoo-
plankton measurements from pelagic and littoral locations
were arithmetically averaged as we assumed the lake waters
to be horizontally well mixed, as indicated by similar plank-
tonic community compositions and biomasses at both loca-
tions. We refer to these samples as pelagic, in contrast to
samples from the benthic habitats (sediment bacteria and
benthic macroinvertebrates). Sampling details have been
described elsewhere (Brothers et al. 2013, Mehner et al.
2016), and the procedures are summarized in Appendix S1.
Biomasses and sizes were measured for pelagic and benthic
bacteria, 65 phytoplankton morphotypes, 39 ciliate morpho-
types, 37 rotifer morphotypes, 47 crustacean morphotypes,
15 macrozoobenthos morphotypes, and individual sizes of 5
fish species (Appendix S1: Table S1).

Biomass size spectra

To calculate size spectra, we allocated the biomass of all
organisms (from bacteria to fish) into logarithmically-binned
body size classes (biomass size spectrum, BSS, expressed in C
units). Therefore, the average C mass per organismal morpho-
type (bacteria, phytoplankton, ciliates, rotifers, crustaceans,
macrozoobenthos) or individual mass (fish) was assigned
to one of 53 log2 size classes (1st class >2�45.5 ~ 20 fg C/ind
to ≤2�44.5 ~ 40 fg C/ind; . . . 53rd class >26.5 ~ 90 g C/ind to
27.5 ~ 180 g C/ind; Appendix S1: Table S1, Fig. S1), and the
respective biomasses of morphotypes were summed per size

class. Morphotypes partly overlapped in size such that occa-
sionally different groups of organisms were pooled within a
single log2 size class. To account for size variability within bac-
terial groups resulting, for instance, from cell division, the
measured bacterial biomass was distributed over three log2
size classes by assigning only 50% of the biomass to the aver-
age size class of the respective bacterial group and allocating
25% each to the neighboring lower and higher size classes.
This biomass distribution roughly corresponded to the size
distribution obtained from single- cell measurements during
some of the sampling days (B. Lischke, unpublished results).
The biomass per log2 size class was divided by the width

of the respective size class to normalize the size spectrum
(normalized biomass size spectrum, NBSS, White et al.
2008). The normalized biomass is numerically close to the
abundance per size class. The slope of the NBSS was
obtained from linear least-squares regressions between the
logarithm of the normalized summed biomass per log2 size
class and the midpoint of each log2 size class. The NBSS
slope is identical to the exponent of the TTE-corrected bio-
mass-size distribution (a; White et al. 2008), and hence at
TTE = 10% and PPMR = 104, the theoretical NBSS slope
would be �1. We calculated three size spectra per lake half
(one from each sampling season), resulting in 12 spectra in
total, incorporating all organisms from bacteria to macro-
zoobenthos. Fish data were available only in autumn, and
hence we created one additional size spectrum per lake half,
which included fish.
Applying linear regression models to size data binned in

linear or logarithmic size classes results in a loss of the bio-
mass variability over the size gradient within a binned size
class, which may lead to inaccurate estimates of the NBSS
slope. This can be circumvented using continuous size distri-
butions (White et al. 2008). However, exact sizing of all indi-
vidual organisms from bacteria to fish was impossible
because of the numerous morphotypes included in each
trophic group. We instead had to rely on the average size
and biomasses of morphotypes in many groups of organ-
isms, and there was thus no alternative except to calculate
the NBSS slope by linear regression.

Trophic transfer efficiency

In a recent study, we assessed the biomass and production
of autotrophs, bacteria, and consumers in the pelagic and
benthic habitats of the northern halves of Gollinsee and
Schulzensee and aggregated these data to seasonally aver-
aged quantitative food webs (Lischke et al. 2017). Subse-
quently, trophic transfer efficiencies (TTEs) were calculated
as the ratio of consumer production to resource production,
hence indicating the efficiency of resource utilization by the
consumers. To obtain similar estimates for the southern
halves of both lakes, quantitative food webs and TTE calcu-
lations were repeated following the same approach. In short,
we calculated the gross and net primary production (GPP,
NPP) of submerged macrophytes from summer biomass
measurements (Best 1982). The GPP of phytoplankton was
calculated every two to 4 weeks from the measured quantum
yield of photosystem II, specific absorption cross section, the
efficiency of carbon assimilation, and the intensity of photo-
synthetically active radiation at 10 cm depth intervals
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(Brothers et al. 2013). For periphyton (epiphyton and epipe-
lon), submerged plastic strips were exposed in the pelagic
zone at 1.2 m below the surface to measure monthly periphy-
ton biomass accumulation and production rates, which were
then converted to epiphyton and epipelon production based
on measurements of underwater plant surface area and sedi-
ment surface area estimates, respectively (Brothers et al.
2013). Algal NPP rates were estimated from measured GPP
rates (details provided in Lischke et al. 2017). Bacterial pro-
duction rates were measured via the incorporation of L-14C
leucine into the protein fraction (following Simon and Azam
1989 for water, and Buesing and Gessner 2003 for sedi-
ments). Rotifer production rates were estimated using a lin-
ear regression model accounting for total biomass and
temperature (Shuter and Ing 1997). Production estimates for
crustaceans were based on the individual size and biomass of
each species using two sets of specific parameters for water
temperatures above and below 10°C (Stockwell and Johann-
son 1997). The annual macrozoobenthos production was
estimated using the allometry-based approach of Plante and
Downing (1989), which includes macrozoobenthos biomass,
individual mass, and ambient temperature. For each of the
four lake halves, we calculated the TTE as the ratio between
the sum of macrozoobenthos, rotifer, and crustacean produc-
tion, divided by the sum of bacterial (sediment and pelagic)
and autotrophic (phytoplankton, periphyton, epipelon, and
macrophyte) production. These four groups of primary pro-
ducers contributed to the diet of the consumers in both lakes
(Syv€aranta et al. 2016).

Analyses

To evaluate whether the empirically determined NBSS
slope deviated from �1, we checked whether the 95% confi-
dence intervals (CIs) of the slopes excluded �1. For a more
detailed analysis, we calculated a linear mixed effect model
(LMM). The model included lake, sampling season, lake
division (north vs. south), the interaction of lake with size
class, and the interaction of lake division with size class all
as fixed effects, and further accounted for the serial autocor-
relation within lake halves by including a random effect as:

log2ðnormalized biomassÞ� log2 size classþ lake

þ seasonþ lake divisionþ lake : log2 size class

þ lake division : log2 size classþ ð1jlake halfÞ:
(6)

This LMM was defined to test for differences in the slopes
of the NBSS between the four lake halves, excluding fish.
Hence, we considered only the full model and did not per-
form model selection. A non-significant lake-division effect
would justify our approach to consider both lake halves as
replicates. A significant lake-by-size-class interaction would
indicate different NBSS slopes between the lakes and a sig-
nificant lake-division-by-size-class interaction would indi-
cate different NBSS slopes between northern and southern
lake halves.
To evaluate whether the biomasses of certain producer or

consumer groups deviated systematically from the slope of
the NBSS, we merged all available biomass-size data pairs
(n = 1,122) from all lake halves and calculated an average

slope for all measurements by linear least-squares regres-
sion. We then calculated the arithmetic average residuals
from the regression for each organismal group to assess
group-specific deviations from the community-wide bio-
mass-size relationship. In cases where more than one organ-
ismal group contributed to the biomass of a single size class
(13 out of 38 size classes excluding fish), the biomass of the
size class was assigned to whichever organismal group domi-
nated by biomass.
The empirically estimated NBSS slopes in the four lake

halves were correlated with the theoretical NBSS slopes as
predicted from the lake-half specific TTE (Eq. 3, assuming
a constant PPMR = 104) by Spearman’s rank correlation
coefficient. The arithmetic average of empirical TTEs from
the four lake halves was compared with the slope of the
aggregated NBSS of the four lake halves.
Statistical analyses were performed in R version 3.2.4

(R Core Team 2016) using the packages lme4, lmerTest
and lsmeans for the linear mixed effect model analyses.

RESULTS

The community-wide NBSS from bacteria to fish covered
53 log2 size classes. The NBSS slopes from bacteria to
macrozoobenthos of each lake half per season ranged from
�1.21 to �1.13 (Fig. 1). The 95% confidence intervals of all
slopes overlapped, and did not include �1 (Fig. 1). When
fish size-biomass data were included, the slopes became
slightly less steep than those covering only bacteria to
macrozoobenthos, ranging from �1.15 to �1.08, with their
CIs likewise excluding �1 (Appendix S1: Fig. S2). However,
the CIs overlapped with those of the NBSS without fish.
Merging all biomass-size measurements from bacteria to

macrozoobenthos across the three sampled seasons, but sep-
arately for all four lake halves, provided an average slope of
�1.14 [95% CI : �1.2, �1.09] for Gollinsee (north), �1.19
[�1.24, �1.13] for Gollinsee (south), �1.17 [�1.22, �1.12]
for Schulzensee (north) and likewise �1.17 [�1.22, �1.11]
for Schulzensee (south). These slopes did not differ between
the four lake halves (Table 1, linear mixed model; non-sig-
nificant interactions lake-by-size class and lake division-by-
size class, Appendix S1: Table S2).
The overall slope of the NBSS, merging all data from bac-

teria to macrozoobenthos from both northern and southern
halves of both lakes in each season, was �1.17 [�1.19,
�1.14] (Fig. 2). The average group-wise residuals from this
regression line were positive for sediment bacteria, ciliates,
and macrozoobenthos, whereas pelagic bacteria, rotifers,
and crustaceans had negative residuals (Table 2).
Whole-lake TTEs, comparing the sum of rotifer, crus-

tacean, and macrozoobenthos production (primary con-
sumers) against the sum of pelagic and benthic autotrophic
and bacterial production, were 3.5% and 1.5% in north-
ern and southern halves of Schulzensee, respectively, and
1.4% and 1.0% in northern and southern halves of Gollin-
see, respectively (Appendix S1: Fig. S3). By assuming a
PPMR of 104, these TTEs result in NBSS slopes ranging
between �1.25 (Gollinsee, south), �1.21 (Gollinsee, north
and Schulzensee, south), and �1.11 (Schulzensee, north).
There was no correlation between the empirically deter-

mined slopes in the four lake halves and the slopes predicted
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from the empirically estimated TTEs (Spearman’s rho = 0.22,
P = 0.68, Fig. 3). However, the overall slope merging all bio-
mass-size data pairs from the four lake halves (�1.17) was
almost identical to the slope (�1.18) predicted from the arith-
metic mean TTE (1.85%) from the four lake halves (Fig. 3).

DISCUSSION

Our analyses indicated that the slopes of the community
NBSS from bacteria to macrozoobenthos in both lakes and in
their northern and southern halves were always significantly
more negative than �1, suggesting that the TTE in these four
food webs was substantially lower than 10%. Empirical esti-
mates in the lakes confirmed that the TTE between producers
and primary consumers ranged from 1% to 3.5%. The differ-
ences in TTE between the four lake halves did not correlate
with the NBSS slopes in the respective food webs. However, if
the average TTE from all four food webs was used to predict
the slope of the combined NBSS from all four lake halves, pre-
dicted and empirically estimated average slopes matched very
closely. Accordingly, our empirical results from aquatic
ecosystems confirm the theoretically predicted relationship

FIG. 2. Normalized biomass size spectrum including biomass-
size data from bacteria to macrozoobenthos merged from northern
(open symbols) and southern (filled symbols) halves of Gollinsee
(circles) and Schulzensee (triangles) in spring, summer, and autumn
2011 (season not coded). Group-wise residuals were calculated
against the overall linear regression (red line). The slope and inter-
cept as calculated by least-squares linear regression, with the respec-
tive 95% confidence intervals, and R2 of the linear regression (red
line) are shown. The color coding depicts the organismal group con-
tributing the largest biomass to the respective log2 size class (pel.
bacteria, pelagic bacteria; sed. bacteria, sediment bacteria).

TABLE 2. Arithmetic mean group-wise residuals (log2 normalized
biomass) from the linear regression including all data pairs of
log2 normalized biomass and log2 size class from bacteria to
macrozoobenthos for all four lake halves and three seasons
combined.

Organismal group Mean residuals Number of data points

Pelagic bacteria �1.65 24
Sediment bacteria 2.57 36
Phytoplankton 0.05 121
Ciliates 0.78 58
Rotifers �0.67 25
Crustaceans �1.81 60
Macrozoobenthos 0.24 90

FIG. 3. Comparison of slopes of normalized biomass size spec-
tra (NBSS) as predicted from the empirically estimated trophic
transfer efficiency (TTE), and the empirically determined NBSS
slopes (�95% CI) in the northern and southern halves of Lakes
Gollinsee and Schulzensee. The open symbol reflects the mean slope
(�95% CI) as predicted from the arithmetic mean TTE from all four
lake halves, and the slope and 95% CI from the NBSS merged from
all available biomass-size data pairs from all four lake halves. The
line of unity (1:1) is given for comparison. A constant preda-
tor : prey mass ratio (PPMR) of 104 is applied in all cases.

TABLE 1. Results of a linear mixed effect model to test for differences in biomasses of organisms in the four lake halves.

Factor df F-value P-value Tendency

Size class 1 7,081 <0.001
Lake 1 0.4 0.51 GS < SS
Season 2 1.3 0.28 Spring < autumn < summer
Lake division 1 0.4 0.55 Southern < northern
Lake : size class 1 0.007 0.93
Lake division : size class 1 0.5 0.50

Notes: All data pairs of log2 normalized biomass and log2 size classes from bacteria to macrozoobenthos of northern and southern halves
in both lakes (GS, Gollinsee; SS, Schulzensee) and three seasons (spring, summer, autumn) were included. The degrees of freedom (df), the
F-value and the P-value of the ANOVA are shown. For non-significant effects, the tendency is shown. Model: log2(normalized
biomass) ~ log2 size class + lake + season + lake division + lake : log2 size class + lake division : log2 size class + (1|lake half) (see Meth-
ods for model description).
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between TTE, PPMR and NBSS slope (Brown and Gillooly
2003, Reuman et al. 2008, Trebilco et al. 2013).

Variables affecting the biomass-size distributions

All 12 NBSS slopes covering bacteria to macrozooben-
thos and the four slopes additionally including fish were sig-
nificantly steeper than �1. The significant deviations from
�1 support the proposed relationship between the efficiency
of energy transfer in food webs and the biomass-size distri-
bution of the respective organisms (Brown et al. 2004,
Trebilco et al. 2013). By considering the estimated TTE
between 1% and 3.5% in the four lake halves, a size-related
allometric metabolism exponent of 0.75 and a uniform
PPMR of 104, the expected NBSS slopes ranged between
�1.25 and �1.11 (Appendix S1: Table S3). This range coin-
cided with the range of the NBSS slopes measured in both
lakes (�1.14 to �1.19). However, the rank of measured TTE
in the four lake halves did not correspond with the rank of
the slopes in the four lake halves, and the CIs of the slopes
overlapped between all four lake halves. This mismatch in
rank order between NBSS slopes and empirically deter-
mined TTE suggests that, among other things, the precision
of biomass, size, and production measurements was not high
enough to generate statistically detectable differences
between lake halves. However, a significant deviation from
the expected NBSS slope of �1 has been documented in our
empirical data, which confirms that the efficiency of energy
transfer within food webs is reflected by the slopes of
community-wide NBSS.
The second variable in the biomass-size distribution

model is the PPMR, which has been fixed at 104 for our cal-
culations, following earlier suggestions (Brown and Gillooly
2003, Trebilco et al. 2013). However, less is known about the
true PPMR in aquatic food webs. Estimating the average
PPMR in the four lake halves would have required detailed
stomach and gut content or stable isotope analyses for all
individual consumers (Jennings et al. 2002), an effort we
could not accomplish because of the large number of differ-
ing morphotypes and species characterized in the food webs
of both lakes (Appendix S1: Table S1). However, the range
of potential PPMRs as based on the size ranges of all
broadly defined invertebrate predator-prey pairs such as cili-
ates-pelagic bacteria, ciliates-phytoplankton, rotifers-phyto-
plankton and crustaceans-phytoplankton includes 104

(Appendix S1: Table S1).
Generally, the variation in the NBSS slope caused by vari-

ation in PPMR is relatively small. A hypothetical reduction
or increase of the PPMR to 103 or 105 causes an NBSS slope
of �1.08 and �0.95, respectively, assuming a fixed TTE at
10%. Therefore, with a TTE of 10%, the global NBSS slope
calculated across all four lake halves (�1.17) would predict
a PPMR as low as 240 (Appendix S1: Table S3), almost two
orders of magnitude lower than the commonly assumed
PPMR of 104. Empirical estimates support that ciliates have
a PPMR of about 103, rotifers, nauplii, and copepodites
have a PPMRof 104, and PPMRs even greater than 104 were
found for cladocerans and meroplankton (Hansen et al.
1994). A PPMR of 106 has been empirically determined for
invertebrate and fish communities in the central North Sea
(Jennings and Mackinson 2003). Consequently, an average

PPMRof 104 across all feeding levels in our lakes seems rea-
sonable and indicates that the low NBSS slopes have been
caused primarily by the low TTE. Overall, a TTE in the
range of 1–3%, as observed in our lakes, would always result
in NBSS slopes <�1.1 for every PPMR in the range of 100

to 104 (Trebilco et al. 2013).
The metabolic theory of ecology predicts that the meta-

bolic rate (MR) of organisms scales with body mass (M) as
MR ~ M0.75 (Brown et al. 2004). The true values of the allo-
metric exponent and potential variations between organis-
mal groups are under debate. For example, Lake Constance
phyto- and zooplankton exhibited an allometric exponent of
0.85 (De Castro and Gaedke 2008), which would produce a
slope of �1.1 at a TTE of 10%, and a PPMR of 104

(Appendix S1: Table S3). In turn, the empirically measured
average NBSS slope of �1.17 across all four lake halves,
combined with an allometric exponent of 0.85 and PPMRof
104 would result in an average TTE of 5.2%, which is outside
the range of the estimated TTEs in Gollinsee and Schulzen-
see. Therefore, a metabolic exponent for all involved organ-
isms substantially larger than 0.75 would have produced
NBSS slopes substantially more negative than �1, even
without low TTEs. However, there are no systematic studies
on the metabolic exponents of entire aquatic communities,
and hence it is reasonable to apply 0.75 as the average meta-
bolic coefficient (Brown et al. 2004).

Community-wide size spectra

We generated community-wide size spectra, which
included organisms from bacteria to fish ranging over 53
log2 size classes. This range is equivalent to 17 log10 size
classes, and hence among the widest size ranges for aquatic
size spectra reported in the scientific literature (Sheldon
et al. 1972, Gaedke 1992, Sprules 2008, Yurista et al. 2014).
Furthermore, we derived community size spectra by com-
bining pelagic and benthic organisms, which are often con-
sidered to form spatially separate food webs (Vadeboncoeur
et al. 2002). However, the benthic habitat was represented
only by bacteria and macrozoobenthos in our study. The
integration of benthic organisms into community size spec-
tra is still in its infancy (Blanchard et al. 2009, 2017, Rogers
et al. 2014). If benthic autotrophs such as epiphytes and epi-
pelon have roughly the same size distribution as pelagic
autotrophs, their biomasses would add to the biomasses per
size group now covered by phytoplankton alone, and this
may have an effect on the NBSS slope. However, a strong
leverage effect from biomass variability of size groups in the
middle of the distribution (such as phytoplankton or epiphy-
ton) is highly unlikely, and hence the omission of benthic
autotrophs from the NBSS should have only a marginal
effect on the overall slope. Furthermore, we were unable to
sample meiobenthic organisms properly. The few studies on
freshwater meiobenthos size structure (Morin and Nadon
1991) suggest that most of the meiobenthos biomass is in
the size classes larger than 2 mm (about 5 lg C per individ-
ual), which corresponds to a conspicuous trough in our size-
frequency distributions (Appendix S1: Fig. S1). Accordingly,
it is likely that biomass-size data pairs of meiobenthos would
fit into this trough without modifying the NBSS slope sub-
stantially. By including only macrozoobenthos and sediment
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bacteria, we could not calculate a separate NBSS for benthic
habitats. However, future empirical comparisons of slopes
and intercepts between pelagic and benthic size spectra for
the same locality may reveal insights into potentially system-
atically differing TTE and PPMR between habitats (Blan-
chard et al. 2017).
Previous detailed analyses of the feeding interactions in

the pelagic habitat of both lakes have shown that crustacean
biomasses were reduced and ciliate biomasses increased as a
consequence of a partial winter fish kill (Hilt et al. 2015,
Lischke et al. 2016). The resulting strong predation pressure
by ciliates likely reduced the biomass of small phytoplank-
ton and pelagic bacteria and benefitted large phytoplankton
species (Lischke et al. 2016). Furthermore, quantitative
analyses of C fluxes within Gollinsee and Schulzensee have
indicated that the production of sediment bacteria was only
partly converted into consumer production, resulting in high
biomasses of benthic bacteria (Lischke et al. 2017). The
average residuals for each organismal group from the global
NBSS slope calculated in this study reflected these devia-
tions, as we found strongly negative residuals for pelagic
bacteria and crustaceans, and strongly positive residuals for
sediment bacteria, ciliates, and the larger phytoplankton
morphotypes. Surprisingly, the global NBSS slope, which
reflects the TTE of the entire food web, is relatively insensi-
tive to these substantial deviations of organismal biomass
from the biomass predicted according to the TTE-corrected
biomass-size distributions (Sprules 2008). Overall, such an
invariance of community NBSS slopes, despite biomass vari-
ations of single organismal groups in the dimension of one
or two magnitudes, suggests that a strong depletion of bio-
mass in single prey groups by predators may be balanced by
compensatory increases in the biomass of less-utilized prey
groups. From that perspective, the community NBSS slope
poorly reflects the biomass pools in food webs, which result
from the varying intensity of several trophic interactions.
However, the NBSS slope is sensitive enough to reflect the

global energy flow and overall efficiency of trophic transfer
within the community. NBSS slopes substantially steeper
than �1 may then suggest that the community TTE is low,
which may indicate that single predator-prey interactions or
trophic levels in sub-webs may have remained undetected
(Lischke et al. 2017). Alternatively, a low TTE may indicate
the depletion of certain trophic levels by natural or anthro-
pogenic effects, which would cause an interruption in the
continuous energy flow from smaller to larger organisms. In
turn, NBSS slopes shallower than �1 would indicate TTEs
larger than 10%, suggesting that some trophic levels may be
subsidized by energy produced outside of the system, for
example by terrestrial organic carbon entering aquatic
ecosystems, or by highly mobile predators, whose activity
ranges are larger than the spatial scale at which the commu-
nity NBSS has been accumulated (Trebilco et al. 2013).
Accordingly, the NBSS slopes can provide information on
food web structure and energetic pathways, and can improve
the accuracy of TTE estimates.
Our approach is based on the combination of empirically

derived correlations between the density and size of organ-
isms with the concept of trophic levels in communities which
are linked by predation (Trebilco et al. 2013). Therefore, it is
an expansion of the energy equivalence rule (Damuth 1981,

Nee et al. 1991) and the metabolic-scaling theory (Brown
et al. 2004). There are, admittedly, alternative concepts to
model community size distributions which do not explicitly
consider TTE, but which predict similar NBSS slopes to
those calculated in this study. For example, Law et al. (2009)
used a stochastic individual-based model for the dynamics
of size spectra, based on birth, growth, and death of individ-
uals, resulting in a linear size spectrum with a slope of
approximately �1. In another model considering marine
zooplankton, the biomass flux from smaller to larger sizes
resulted in similar slopes to those calculated here, and
emerged from a balance among individual birth, growth,
natural death, and predation (Zhou and Huntley 1997). In
even more complex community models, many species or
groups of animals with similar life histories were linked
through feeding interactions, and expended energy on meta-
bolism, growth and reproduction (Andersen and Beyer
2006, Hartvig et al. 2011). In a comprehensive analysis of
these kinds of models, trophic interaction strengths were
found to depend only on predator and prey sizes, reaching
maximum values at certain PPMR ratios (Rossberg 2012).
However, when a high productivity enables all consumers to
feed ad libitum, the slope of the resulting NBSS again
depends on the energy transfer efficiency from smaller to
larger species (Rossberg 2012). Therefore, the different
approaches to model community size distributions converge
in surprisingly similar patterns (Rossberg 2012, Sprules and
Barth 2016), because the transfer efficiency between aggre-
gated trophic levels is equivalent to the average individual
metabolic net efficiency of the organisms at these trophic
levels. Accordingly, the size-related predator-prey interac-
tions and the efficiency of individuals to convert food into
biomass are the primary determinants of the empirically
documented declines of abundance with increasing organism
size in multi-trophic food webs.
In conclusion, community-level indicators such as the

NBSS, which are simple to estimate and have a mechanistic
ecological basis, may provide insights into the structural and
functional properties of ecosystems, which are often difficult
to assess directly (Jennings et al. 2008). For example, declin-
ing ecosystem stability can be predicted from disrupted
slopes of size spectra caused by overfishing or warming,
because of the inefficient transfer of energy through the food
web and a shift towards faster growth rates and stronger
abundance fluctuations of the overall community (Yvon-
Durocher et al. 2011, Blanchard et al. 2012). Therefore, the
comparison between theoretically predicted and empirically
derived community size structures may inform us of the con-
sequences of global warming, species invasions, habitat
alterations, and human exploitation on ecosystems processes
and services, feeding interactions, and biogeochemical cycles
(Blanchard et al. 2017, Brose et al. 2017).
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