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Abstract

Size-spectral approaches quantify the efficiency of energy transfer through food webs, but theory and field
studies disagree over how changes in temperature, nutrients, and extreme weather impact on this efficiency. We
address this at two scales: via 6 years of weekly sampling of the plankton size spectrum at the Plymouth L4 shelf
sea site, and via a new, global-scale, meta-analysis of aquatic size spectra. The time series showed that with sum-
mertime nutrient starvation, the energy transfer efficiency from picoplankton to macroplankton decreased
(i.e., steepening slopes of the size spectra). This reflected increasing dominance by small cells and their microbial
consumers. The extreme storms in winter 2013/2014 caused high metazoan mortality, steep size-spectral slopes,
and reduced plankton biomass. However, recovery was within months, demonstrating an inbuilt resilience of
the system. Both L4 and our meta-analysis showed steep slopes of normalized size spectra (median —1.11). This
reflects much lower values, either of trophic transfer efficiency (3.5%) or predator—prey mass ratio (569), com-
pared to commonly quoted values. Results from the meta-analysis further showed that to represent energy
transfer faithfully, size spectra are best constructed in units of carbon mass and not biovolume, and span a mass
range of > 10”. When this range is covered, both the meta-analysis and time series show a dome-shaped rela-
tionship between spectral slopes and plankton biomass, with steepening slopes under increasingly oligotrophic
and eutrophic conditions. This suggests that ocean warming could decrease the efficiency of energy transfer
through pelagic food webs via indirect effects of increasing stratification and nutrient starvation.

Climate change and the efficiency of energy transfer climatic events are predicted (Coumou and Rahmstorf 2012;
through the p[ankton Holt et al. 2016; IPCC 2019). Several studies have measured
how such factors affect the food web, for example, through
reductions in body size associated with warming (Daufresne
et al. 2009; Li et al. 2009). However, a challenge facing ecolo-
gists is that changing temperatures can have multiple direct
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transfer, and the number of these transfers within any given
size spectrum. To address such processes, size-spectrum
approaches have had a long history of development
(Elton 1927; Sheldon et al. 1972; Platt and Denman 1978;
Sprules and Barth 2016; see following section “Theoretical
overview”). One of their key advantages is that the slope of
the size spectrum (i.e., the rate of decrease in biomass with
increasing organism size) provides a measurable index of the
combined effects of the various inefficiencies, each of which is
very hard to measure across a whole assemblage (Jennings
et al. 2002).

Given the importance of body size as a central and simpli-
fying framework, a large amount of theoretical and modeling
work, as well as empirical studies, have been devoted to under-
standing the controls on size spectra (e.g.,, Zhou and
Huntley 1997; Andersen 2019). These have come to rather
conflicting conclusions on the behavior of size spectra, and
there is currently no consensus on the key factors driving the
slope of the spectra. For example, the interrelationships
among body size, temperature, and metabolic rate (Brown
et al. 2004) have led to projections that size-spectral slopes are
more steeply negative (less efficient energy flow) at higher
temperatures, but this is not clearly supported by empirical
studies (Garcia-Comas et al. 2014). Likewise, stable (mainly
oligotrophic) systems have been suggested to have steeper
slopes (Jennings and Mackinson 2003), and while this seems
to be supported in freshwater systems (Sprules and
Munawar 1986), it is not clearly supported in the ocean (San
Martin et al. 20064, b; Kenitz et al. 2018). Because most of the
empirical studies provide only a snapshot of a system, often
not in a steady state, there is a need to provide wider scale
insights, both from time series of size spectra spanning all
plankton (Sprules and Barth 2016), and from wider-scale liter-
ature syntheses that average out the underlying variability
(San Martin et al. 2006b).

Measuring size spectra across a sufficient range of body size
and at large spatial-temporal scales is nontrivial (Sprules and
Barth 2016). While many studies have measured size spectra,
few span both a large range of body size and large time or
space scales. The very wide range of slopes of planktonic size
spectra that have been reported, plus the lack of consensus
between studies, reflects methodological issues as well as envi-
ronmental variability (Quinones et al. 2003). For instance,
slopes are being increasingly derived from single instruments
that can sample only a portion of the full planktonic size spec-
trum, and in units of biovolume rather than carbon, and these
measurement units can yield different slopes to those based
on carbon units (Quinones et al. 2003). To determine whether
there is any systematic variation in energy transfer efficiency
through plankton using size-based approaches, we first need
to separate methodological issues from environmental
controls.

Given that body size is such a fundamental trait (Jennings
et al. 2002; Brown et al. 2004; Brose et al. 2019), we
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hypothesize that size-spectral approaches can indeed be used
to quantify how the efficiency of energy transfer responds to
climatic variability. We further hypothesize that stress from
summer nutrient shortage and extreme weather will depress
the efficiency of energy flow through the planktonic size spec-
trum. We approached these hypotheses at two scales. First, we
studied the behavior of a full planktonic size spectrum (from
bacteria to macrozooplankton) at a seasonally stratifying shelf
site at weekly resolution for 6 years. While seasonal change at
a single site is not an analogue of climate change, it does offer
a “natural experiment” on the effects of increasing tempera-
ture and nutrient shortage, as well as superimposed extreme
storm events. Frequent measurements of the ensuing changes
in size structure tell us how climatic variability affects the
overall efficiency of energy transfer across the whole size spec-
trum. Second, at the larger scale, we conducted a meta-
analysis of the global plankton literature to place our results
into wider context. This allowed us to test some of the key fac-
tors that lead to the wide scatter in size-spectral slopes
reported, an overview of how efficiently energy is transported
through the whole plankton size spectrum, and the key fac-
tors that dictate variability in this efficiency.

Theoretical background: The use of body size spectra

Body size is a “master trait,” dictating the pace of a suite of
biological and biogeochemical processes ranging from nutri-
ent acquisition to particle export (Peters 1983; Blanchard
et al. 2017). The importance of body size has been recognized
for nearly a century (e.g., Elton 1927; Sheldon et al. 1972;
Platt and Denman 1978), but the last few decades have seen
an upsurge in size-based approaches to understand impacts
ranging from eutrophication to fishing (Trebilco et al. 2013;
Sprules and Barth 2016; Blanchard et al. 2017). While a range
of size-based models have been developed, with parameteriza-
tions of varying complexity (Zhou and Huntley 1997;
Banas 2011; Rossberg 2012; Ward et al. 2012), they stem from
rather similar basic concepts (Mehner et al. 2018). Thus, the
inefficiency of energy transfer at each trophic step, the num-
ber of these steps and inefficiency of metabolism act in unison
to drive a decline in biomass up through the food web
(Kigrboe 2008).

The upsurge in appeal of size-based approaches reflects a
series of factors. First, improvements in technology to enumer-
ate particles have helped size-based processing (Dai et al. 2016).
Second, size-based models allow a degree of simplification of
multiple, often poorly known, processes for a plethora of com-
ponent individuals in an aquatic assemblage (Ward et al. 2012).
Third, size structure is easier to measure than other properties
of a whole assemblage, namely trophic transfer efficiency,
predator—prey mass ratios, or the mass exponent of produc-
tion (growth) scaling, yet it provides insights into their com-
bined effects on food web efficiency (Jennings et al. 2002).
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Based on the conceptual and mathematical advances made
by Reuman et al. (2008), the interconnections between allo-
metric scaling of production (growth rate), trophic transfer
efficiency, predator—prey mass ratio, and the slope of biomass
spectra are underpinned both theoretically and empirically
(Trebilco et al. 2013; Mehner et al. 2018). From the scaling of
production (growth rate) with body mass (b; Brown et al. 2004),
the predator: rey mass ratio (PPMR), and the trophic transfer
efficiency (TTE; Mehner et al. 2018), a measurable property of
the assemblage emerges, namely the rate of reduction of total
biomass with increasing organism size. If this rate of reduction
is expressed as the slope, S, of the normalized biomass size
spectrum (NBSS) then (Eq. 1 is from Mehner et al. 2018):

§= [Logyo (TTE)/Logq (PPMR)] ~b. (1)

Thus, low values for TTE and high values of b both lever
toward overall inefficiency of energy passage through the food
web, and together with low values for PPMR, all act to steepen
the rate of reduction in biomass with increasing body size. In
aquatic food webs each of these variables has been measured
or estimated based on compilations of large amounts of data
or, as in the case of b, also derived from metabolic theory
(Brown et al. 2004). Commonly quoted values are b = 0.75,
TTE = 0.1, and PPMR = 10* (Mehner et al. 2018). Substituting
these values into Eq. 1 yields a slope of the NBSS of —1. This
“benchmark” value is indeed in line with a long history of
empirical measurements. A convergence on NBSS values at
around -1 has been noted for decades, originating from Shel-
don et al.’s (1972) observation that there were roughly equal
biomasses in logarithmically equal intervals of body mass.

Methods

Overview of the L4 monitoring site

The coastal site L4 is in the northwest English Channel,
13 km SSW of Plymouth with water ~ 54 m deep. Weekly sam-
pling has been ongoing at L4 since 1988 (Harris 2010), ini-
tially focused on zooplankton (Eloire et al. 2010), but
expanded in recent years to cover more of the size spectrum
(Smyth et al. 2015). Six years of data are analyzed here, com-
prising 275 sampling time points spanning 2009-2014. This
period had a continuous, near weekly, collection of samples
that were analyzed in a consistent manner. More detailed
descriptions of sampling and analysis methods are provided in
Supporting Information Section S1, but methods included
flow cytometry (picoplankton and nanoplankton), microscope
analysis of Lugol’s-preserved water samples (nanoplankton
and microplankton) and microscope analysis of WP2 net sam-
ples (mesoplankton and macroplankton).

Weekly sampling of L4 begins with a CTD cast collecting
water samples at standard depths of 2, 10, 25, and 50 m. This
is followed by a pair of slow (~ 0.2 m s™") hauls with a 200-um
mesh, 57 cm diameter, WP2 net from 50 m to the surface. In
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recent years we have been using a 63-um net haul towed
slowly from 50 m to the surface, to provide improved sam-
pling of micrometazoa that are poorly enumerated, either in
the WP2 net catches or Lugol’s preserved water samples. These
samples were used to test the effect of including this missing
fraction from the NBSS (Supporting Information Section S2),
but not in the final analyses due to incomplete coverage of
time points.

Biomass spectrum: Overall approach

In common with most plankton time series, L4 analysis is
based on taxonomic categories rather than purely size-based
approaches. While purely size-based data have been rec-
ommended for the construction of NBSS (Quinones et al. 2003;
Trebilco et al. 2013), we follow the more taxonomically based
method of Mehner et al. (2018), Tarling et al. (2012). We
therefore enumerated many (393) individual categories based
dually on size and taxonomic identity. This approach has sev-
eral advantages. A key point is that inshore plankton assem-
blages in dynamic environments, such as at L4, can include
variable, and sometimes substantial, proportions of nonliving
material including carcasses (Maud et al. 2018); this propor-
tion is best distinguished, and excluded, based on expert
microscopic analysis. Second, our more taxonomic-based
approach helps to diagnose the “anatomy” of the size spec-
trum and the taxa contributing to its variability. We argue
that the fine granularity of our analysis, with 393 live cell cate-
gories enumerated consistently, across 275 time points, allows
a perspective on temporal resolution that is rarely possible in
purely size-based studies.

A key consideration for any size-spectral analysis is the spa-
tial extent of the assemblage under study. Given the fine tem-
poral resolution of our sampling of an assemblage dominated
by pico- and nano-sized cells, we selected the upper, more pro-
ductive, 10-m layer sampled by bottles both for flow cyto-
metry and microscope analysis of protists. The larger
mesozooplankton, however, are more mobile, so we used
whole (50 m) depth-integrated net samples. Because the verti-
cal extent of measured assemblages is an important consider-
ation (Quinones et al. 2003; Trebilco et al. 2013), we
compared our NBSS with that based on full-depth integration
of the water bottle flow cytometry samples (Supporting Infor-
mation Section S2). The underlying pattern of seasonality was
very similar, whether NBSS was based on 10 m depth only or
the whole water column, providing reassurance that our
results are robust for this issue.

Biomass spectrum: Calculations

For each taxon counted at each time point, we multiplied
numerical density (no. m~>) by their individual carbon mass
(ug C individual™) to derive biomass density (ug C m™>; see
Supporting Information Section S1). We then averaged the
weekly resolution samples into months to derive 72 monthly

NBSS (mean 3.82 samples per month, range 1-5). December
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2011 had only one mesozooplankton and no microplankton
samples, so this month’s NBSS was calculated from flow cyto-
metry and mesoplankton data only. June 2013 was character-
ized by a dense bloom of Phaeocystis spp., gelatinous colonies
of which clogged the plankton nets decreasing filtration effi-
ciency. We therefore excluded this month due to our inability
to sample the whole size-spectrum quantitatively.

To construct the NBSS, total carbon biomass (ug C) was cal-
culated within 0.5 log;o mass bins, by month and year, and
then divided by the width of the unlogged mass bin to nor-
malize the data. These values were then plotted in log space
and ordinary least squares regressions calculated to determine
NBSS slopes for each month (Sprules and Barth 2016). Other
approaches, including maximum likelihood estimation, have
since been recommended (Edwards et al. 2017), but we
decided to use the more commonly applied least squares
regression on binned data, to make our results directly compa-
rable to previous work summarized in our meta-analysis. To
examine seasonal behavior of the NBSS, we calculated the rela-
tionship between the NBSS slope and its elevation, which pro-
vides an index of biomass. For the latter we selected the
elevation (y-value) of the NBSS at the geometric mean mid-
point of the regression line (i.e., at an x-value of —2.75 ug C
ind™!). This elevation provides a center point index of plank-
ton biomass that is not sensitive to the slope itself (Sprules
and Barth 2016).

Meta-analysis

While some studies have tabulated a selection of NBSS
slopes from the literature (Dai et al. 2016) or from multiple
environments (e.g., Sprules and Munawar 1986), we are
not aware of any systematic, large-scale compilation and
meta-analysis of planktonic size spectra spanning marine and
freshwater habitats. Therefore, we surveyed the marine and
freshwater literature for published studies of NBSS slopes of
planktonic size spectra. The extracted data spans a large range
of marine and freshwater habitats from the tropics to the
poles and both hemispheres.

Studies were selected where data were presented (or extract-
able from the figures) on both NBSS slopes and on the mass or
biovolume range used for the size spectrum. Supporting Infor-
mation Table S2 presents the 40 studies accessed, which pro-
vided 282 separate slope values. Each of these slope values
pertains to the average value (often of multiple time points or
stations) of a specific environment, for example, a monthly
average NBSS slope for a time series, or for a specific subregion
of a spatial study. As well as basic sampling information such
as region, time of year of sampling and sampling depth, we
have coded each determination of slope and size range of
NBSS as either marine or freshwater, and based either on
biovolume or mass.

To test the effects of environmental data on the slopes of
the NBSS, we extracted temperature, nutrient, and surface
Chlorophyll a (Chl a) data, where possible, from each
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publication (Supporting Information Table S2). Unfortunately,
these data were too rarely provided to allow a meaningful
analysis for the whole data set, with the exception of those
studies that analyzed a wide range of body mass. This subset
was in any case considered to provide the most robust deter-
minations of NBSS slope (see “Results: meta-analysis”), so we
focused our environmental meta-analysis on this subset of
data. Supporting Information Table S2 provides a more detailed
description of how both the NBSS slopes, and the supporting
environmental data were extracted from each publication.

Results

The L4 environment

The L4 site is transitionally stratified, with a thermocline
forming typically from May to September, allowing a ~ 10°C
seasonal range in surface temperatures (Smyth et al. 2010,
2015; Fig. 1a). While receiving more mixing than more open
shelf sites in the Celtic Sea (Schmidt et al. 2020), L4 still expe-
riences macronutrient shortage, with nitrate near the limit of
detection typically from June to August. The L4 site often
experiences diatom blooms in early summer and dinoflagellate
blooms in late summer, albeit with considerable interannual
variability in both taxonomic contribution and timing of phy-
toplankton and zooplankton (Eloire et al. 2010; Widdicombe
et al. 2010; Atkinson et al. 2015; Tarran and Brunn 2015).

Figure 1 illustrates the extent of variation in the main
plankton functional groups during our 6-year study. Some
groups are clearly much more variable than others, with
picoplankton and nanoplankton, as well as copepods, dis-
playing relatively low amplitudes of seasonal and interannual
variation. Conversely, diatoms, dinoflagellates, gelatinous zoo-
plankton can vary over 10-fold between years within any
given month.

L4: Trends in slope and elevation of NBSS

Over the 6 study years, the annual-average NBSS slopes and
elevations were remarkably constant (Fig. 2a), with slopes
ranging from —1.101 (2010) to —1.117 (2011) and overlapping
95% confidence intervals. By contrast, significant seasonal dif-
ferences were found in both NBSS slope and elevation, with
non-overlapping 95% confidence intervals (Fig. 2b). Average
NBSS slopes ranged from —1.082 in March to their steepest
values of —1.148 in January. Despite seasonal-annual and
interannual variation in NBSS slopes, all 72 values were < -1,
with an overall median value of —1.113. All but one of the
6 years showed the same general trend, with a general steep-
ening of NBSS slopes during the summer (Fig. 2¢) and an
increase in elevation from January to about August (Fig. 2d).
The 2012 summer was anomalous, being particularly wet with
likely nutrient inputs from rain and river run-off contributing
to a particularly long-lasting diatom bloom (Atkinson
et al. 2015; Tait et al. 2015). This year was reflected in a rela-
tively stable NBSS slope rather than the more usual summer
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dip, and reflected replacement of picoplankton and
nanoplankton with microplankton during the summer strati-
fied period.
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L4: Impacts of the stormy 2013-2014 winter

The 2013-2014 winter had the highest frequency of
storms in the United Kingdom for 100 years (Wadey
et al. 2014), with a series of storm tracks causing particularly
severe damage to the southwest United Kingdom (Kendon
and McCarthy 2015). This winter was exceptional, both for
the duration of the stormy and wet weather, which lasted
from December 2013 to March 2014, and for the severity of
the storms themselves. The most energetic period was
8 weeks spanning mid-December 2013 to mid-February 2014,
when >10 m waves caused substantial seabed erosion,
wholesale removal of beaches in the Plymouth area and an
increase in turbidity (Wadey et al. 2014; Masselink
et al. 2016).

Plankton sampling at L4 was able to continue between
these storms and the period February 2013-March 2014 was
marked by unusually low biomass of metazoans (Fig. 1f,g) but
near typical values for the protists (Fig. 1b-e). This was
reflected in an initially steep NBSS slope and elevation; abnor-
mally low compared to most of the other winters (Fig. 3a).
Importantly, however, the biomass and NBSS slope returned
to near-normal levels by April 2014.

L4: Which taxa contribute to variability in the NBSS slope?

Figure 1 presents the component contributions of the
main taxa to the biomass spectrum. The key feature through-
out the main growth season of increasing water temperatures
(March-September) is a progressive steepening of the NBSS
slope. Figure 1 shows major increases in bacteria,
picoplankton, nanoplankton, and dinoflagellates through
this period, but either modest or no increases in metazoan
biomass.

To examine which taxa contributed most to the variation
in the NBSS slope over time, we used as predictor variables the
proportion of total biomass of each of the functional groups.
NBSS slope values correlated most strongly with dinoflagellate
biomass, accounting for 44% of the slope variation. Increasing
dinoflagellate proportions steepened the slope during summer
(* = 0.443, p = 0.018). When functional groups were
expressed as biomass rather than proportions of biomass, simi-
lar results were obtained.

Fig 1. Monthly mean values of (a) sea surface temperature and total bio-
mass concentration within the major plankton functional groups, based
on the 275-weekly time points spanning 2009-2014. Biomasses in all
panels are plotted on the same logarithmic scale to illustrate the higher
variability for some groups. For reference, the main stratification period is
shaded gray. (b) Bacteria and picoplankton derived from flow cytometry.
(c) Total nanoplankton derived by flow cytometry; that is, nanoflagellates,
cryptophytes plus coccolithophores. (d) Total dinoflagellates from lugols
counts. (e) Total diatoms, derived from Lugol’s cell counts. (f) Total cope-
pods. (g) Gelatinous zooplankton, that is, cnidarians and ctenophores.
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L4: Dome-shaped relationships between NBSS slope and
plankton biomass

Steepening (more negative) NBSS slopes have been
hypothesized to reflect warmer temperatures or reduced pro-
ductivity (Garcia-Comas et al. 2014) or alternatively
increased productivity (San Martin et al. 2006b). The best fit
to Chl a concentration was a dome shape, although this rela-
tionship was not significant. We find a much clearer dome-
shaped relationship in Fig. 3a, between NBSS slope and the
elevation of the NBSS (an internal proxy for biomass). Values
toward the edge of this relationship (red symbols in Fig. 3a)
reflect the storms spanning December 2013 to March 2014,
whereby both the NBSS slope and elevation were initially
depressed before quickly readjusting toward the apex of the
dome after March 2014. The overall dome shape reflects
repeating but partially mismatched seasonal cycles of slope
and elevation of the NBSS.

The declining phase of the dome-shaped relationship
between NBSS slope and elevation occurs during the main
growth season (March to September) when water temperatures
are rising and nutrients become depleted due to summer strat-
ification. At this time, NBSS slope relates positively to the
recent history of nutrient availability (Fig. 3b,c), showing the
increasing importance of small taxa under warm, nutrient-
stressed conditions. Despite the 10°C temperature range across
the L4 time series, there was no direct relationship between
NBSS slope and temperature (Fig. 3d). This suggests that
changes in NBSS slope were driven instead by indirect temper-
ature effects, for example, via stratification and nutrient sup-

ply (Fig. 3b,c).

Meta-analysis of the literature data: What methodological
factors govern NBSS slopes?

In addition to our high frequency time series at a single
station, we used a global-scale meta-analysis of the marine
and freshwater plankton data to provide a larger scale per-
spective of the factors that modulate slopes of NBSS.
Figure 4a places the range of monthly mean slopes of the
NBSS at L4 into this wider context (Supporting Information
Table S2). Overall, there is a funnel-shaped relationship, with
high variability when studies measure across only a small
ranges of body size. Fewer studies assess large ranges of mass
or biovolume, but despite this disparity in sample size, it is
clear that variability in NBSS slope decreases sharply when
7 orders of magnitude or more in organism mass are consid-
ered in the slope determination (vertical dashed line in
Fig. 4a).

A second key result emerges from our literature compilation
in Fig. 4a: the method used to derive the NBSS slope has a
major bearing on its value. NBSS slopes based on biovolume
(median —0.910) are significantly > —1, in contrast to those
derived from mass units (median —1.131) which are signifi-
cantly < —1 (Table 1).
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Meta-analysis of literature data: What environmental
factors govern NBSS slopes?

Most of the studies we compiled in Fig. 4a did not have
concurrent data recorded on temperature, nutrients, primary
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production, or phytoplankton concentrations. However, sur-
face Chl a data were recorded for most of the marine studies
where a large mass range was recorded, so we base the follow-
ing analyses on these. Given the absence of consistently
recorded temperature data, and the fact that the marine stud-
ies span the tropics to the poles in Atlantic and Pacific Oceans
only, we have used latitude north or south as a crude proxy
for thermal regime. Based on these marine data, NBSS shows
no clear relationship with latitude, whether the slopes are
based on mass or biovolume (Fig. 4b). Instead, Fig. 4b empha-
sizes the much steeper slope values of the mass-derived spectra
as compared to those derived from biovolume (Table 1).

By contrast, these marine data spanning a large mass range
showed a dome-shaped relationship with Chl a concentration
(Fig. 4¢). In common with the latitude data as a crude proxy
for temperature, surface Chl a values provide only a very
rough index of nutrient status and overall pelagic productiv-
ity. However, the Chl a values in Fig. 4c span 2 orders of mag-
nitude, from highly oligotrophic ocean gyres to dense blooms,
so they probably differentiate across the broad spectrum of
nutrient supply. The lines of best fit for the individual studies
in Fig. 4c show contrasting positive and negative relationships
between NBSS slope and Chl a concentration depending on
their position relative to the overall dome, highlighting the
need to assess NBSS slopes across very wide ranges of produc-
tivity to assess the nature of this relationship.

Discussion

How do seasonality and climatic extremes impact on
planktonic size structure?

The out-of-phase phenologies of NBSS slope and total
plankton biomass emphasize the need to assess seasonality
when interpreting size spectra. Single survey “snapshots” of
NBSS during the ascending or descending portions of a sea-
sonal dome-shaped relationship (Fig. 3a) could yield either
positive or negative relationships between NBSS slope and
elevation (i.e., biomass). This highlights the advantage of
time-resolving sampling for a full assessment of size spectra
(Garcia-Comas et al. 2014; Sprules and Barth 2016).

Based on seasonal coverage, our expectation was that the
spring bloom would introduce a pulse of mass to the base of
the food web, leading to the steepest (most negative) NBSS

Fig 3. Interrelationships among monthly mean NBSS slopes, elevations
and environmental variables at L4. Each point represents a monthly aver-
age value. (a) A significant dome-shaped relationship (p = 0.002,
n = 71 months) between NBSS slope and elevation. Red points mark the
months of the exceptionally stormy winter 2013/2014. (b) Significant
relationship (p = 0.011, n = 41 months during the March-September
growth season) between monthly NBSS slope and recent nutrient history,
that is, surface nitrate concentrations averaged for the month of the NBSS
slope determinations and the two preceding months. (c) The same plot
as panel (b), but for phosphate (p = 0.023). (d) No relationship between
NBSS slope and sea surface temperature.
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slopes, as found by Gaedke (1992) in Lake Constance. We
expected that biomass would then pass up into the higher tro-
phic levels in the summer, helping to flatten the slope (Zhou
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et al. 2009; Tarling et al. 2012). However, data collected at L4
are somewhat counter-intuitive, with shallow NBSS slopes just
before the spring bloom, steepening toward late summer, and
with steep slopes also during winter.

The counterintuitive NBSS behavior at L4 reflects several
intriguing characteristics of this stratifying shelf site. The
first feature is a surprising spring phenology, whereby
mesozooplankton grazers increase in biomass earlier in spring
than the diatom bloom (Atkinson et al. 2015; Fig. 1). This is a
recurring feature at this site, likely reflecting adequate winter
food, coupled to strong predation pressure later in the season
(Atkinson et al. 2018; Cornwell et al. 2018; Maud et al. 2018).
An influx of allochthonous carbon from meroplankton also
helps to make March the month with a relatively flat NBSS
slope.

Later in the summer, a second counterintuitive feature
helps to drive a progressive steepening of the NBSS slope from
March until early autumn. Although biomass of metazoan
grazers increases throughout this period, the build-up is mod-
est. By contrast there are substantial increases in pico- and
nano-sized cells as well as dinoflagellates (Figs. 1, 2), despite
the sustained low nutrient concentrations throughout sum-
mer (Smyth et al. 2010). This points to the importance of
nutrient renewal; low-level pulses of nutrients throughout
summer from riverine input, rainfall and wind mixing events,
with rapid uptake by small cells keeping pace with supply to
maintain low nutrient levels. These two processes, highlighted

Fig 4. Meta-analysis of available aquatic literature on planktonic NBSS
slopes. (a) Our monthly mean NBSS slope values, in the context of
282 values from 40 other marine and freshwater plankton studies com-
piled from the literature. Each data point is the average slope for a specific
environment, for example a monthly average NBSS slope for a time series,
or for a specific subregion of a spatial study (see Table 1 for summary sta-
tistics and Supporting Information Table S2 for more detailed description
and values for each study). The x-axis represents the number of orders of
magnitude of variability in range of mass or biovolume that is included in
each study. The reference NBSS slope line is marked at —1 (see Table 1 for
statistical comparisons of these data against this value). The vertical
dashed line marks an approximate cut-off size range of 7 orders of magni-
tude, after which slope values become substantially less variable. (b) lack
of any clear relationship between NBSS slopes for marine studies and lati-
tude north or south, selected here as a crude proxy of water temperature
at the global scale. Studies in legend are those where at least 7 orders of
magnitude of mass or biovolume range were included (see panel a
above). Smaller symbols are studies where 5-7 orders of magnitude were
included. Circles are based on mass units and squares are based on
biovolume. Nonsignificant lines of best fit (dashed for mass units and dot-
ted for biovolume) are nearly horizontal, suggesting little underlying
effects of latitude or temperature at global scales. (c) A significant
(p < 0.001) dome-shaped relationship between NBSS slope and ambient
Chl a concentration, based on comparable plankton studies measuring
body mass and spanning at least 7 orders of magnitude of body mass.
Dashed lines represent linear lines of best fit for each study. These 34 data
points comprise 407 individual sampling stations or sampling time points.
Removing the two outlying values with high Chl a values preserves the
dome shape relation (R® = 14%, n = 32, p = 0.05).
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Table 1. Summary statistics of our literature data compilation (Fig. 4, Supporting Information Table S2; see footnote for references
used) comparing median values for NBSS for freshwater, marine, and all studies combined. Analyses are based on all available data and
for those studies where at least 7 orders of magnitude of variation in carbon mass were measured, since this is considered as the most
suitable indicator of NBSS slopes. Statistics are based on a Wilcoxon nonparametric one-sample test against a fixed NBSS slope value of
—1.0. The data presented in volume units had a NBSS slope significantly > —1, while the remaining significant median values presented
were < —1. NS: Not significant (p > 0.05). Number of obs. Is the number of distinct reported observations of size spectra (e.g., subre-
gions or seasonal time points), although each of these frequently is an average of many more sampling time points or individual
stations.

Mass or volume range

Group of data included Median slope of NBSS Number of obs. Wilcoxon statistic p value
In mass units All data included -1.131 149 1392 < 0.001
In volume units All data included -0.910 133 5953 < 0.001
Marine All data included -1.040 244 11,889 0.017
Freshwater All data included -1.050 38 267 NS

In mass units Data with mass > 107 -1.113 64 31 < 0.001

Literature sources: Baird et al. (2008), Dai et al. (2016, 2017), Décima et al. (2016), Frangoulis et al. (2017), Gaedke (1992), Garcia et al. (1994), Garcia-
Comas et al. (2014), Garcia-Mufoz et al. (2014), Giering et al. (2019), Hikichi et al. (2018), Huntley et al. (1995), Kamenir (2017), Ke et al. (2018), Kim-
mel et al. (2006), Lebourges-Dhaussy et al. (2014), Marcolin et al. (2013), Matsumo et al. (2012), Mehner et al. (2018), Naito et al. (2019), Napp
et al. (1993), Noguiera et al. (2004), Quinones et al. (2003), Rodriguez and Mullin (1986), San Martin et al. (2006a, 2006b), Sato et al. (2015), Schultes
et al. (2012), Sheldon et al. (1972), Sourisseau and Carlotti (2006), Sprules and Barth (2016), Sprules and Goyke (1994), Sprules and Munawar (1986),

Sprules et al. (1983), Tarling et al. (2012), Wallis et al. (2016), Witek and Krajewska-Soltys (1989), Zhou (2006), and Zhou et al. (2009, 2015).

by size-based analysis, are not captured in conceptual or simu-
lation models of L4 seasonality (Atkinson et al. 2018). The
models tend to overemphasize the spring diatom bloom, a rel-
atively indistinct feature in the size spectra. Thus, the unex-
pected, out-of-phase seasonal cycles of the NBSS slope and
elevation provide valuable and alternative insights into plank-
ton dynamics.

The above discussion points to the key role of pico- and
nano-sized cells and their mixo-heterotrophic grazers at L4,
relative to the spring diatom bloom. The smaller cells domi-
nate total biomass, yet are relatively stable in their biomass
from year to year, helping to “anchor” the size structure of the
assemblage. Their small size and efficient uptake of nutrients
(Kigrboe 2008) trickles energy continually into a strongly size-
structured planktonic food web. While this anchoring effect
ensures that the NBSS slopes and elevations are remarkably
similar between the 6 years (from —1.101 to —1.117; Fig. 2a),
the biomasses of individual functional groups are highly vari-
able, frequently varying by orders of magnitude between years
in any given month (Fig. 1). For one of the most variable taxa,
namely dinoflagellates, there is some imprint of this variation,
as it has a significant levering effect on the slopes of the NBSS.
However, this is not sufficient to cause significant interannual
variation, from which we speculate that there is a degree of
functional replacement in this food web based on body size.
As suggested by Garcia-Comas et al. (2014) and Mehner
et al. (2018), low values of any single functional group can be
compensated by increased biomass of others of similar size,
preserving stability of the overall size structure.

These findings point to an underlying resilience in the size
structure of the L4 assemblage, albeit with important

seasonality. This resilience is exemplified by the response to
the series of storms that severely impacted the southwest
United Kingdom from December 2013 to March 2014. These
storms initially perturbed the size spectrum by severely reduc-
ing metazoan densities to the lowest values seen over the
whole six-year period (Fig. 1). Fortuitously, copepod mortality
was also monitored over this period, and the storms coincided
with a rapid increase in non-consumptive mortality of the key
copepod Calanus helgolandicus (Maud et al. 2018). Mortality
was linked statistically to high wind-speed, with the authors
invoking extreme turbulence and physical damage as the
likely cause. A key finding of our study, however, is the rapid
rebound of planktonic biomass and size structure after the
extreme weather. This provides additional evidence for an
inbuilt stability, and tight coupling, in this size-structured
system.

What do size spectra tell us about the efficiency of energy
flow through the food web?

Equation 1 links the slope of the NBSS to the TTE, PPMR,
and the coefficient that describes the body mass scaling of
production (growth rate), b. Together they all contribute to an
overall inefficiency in energy transfer across the planktonic
size spectrum, compared to the benchmark values of TTE = 0.1,
PPMR = 10% and b = 0.75 which would combine in Eq. 1 to
yield a NBSS slope of — 1. The value of the body mass scaling
coefficient of growth (b = 0.75; Brown et al. 2004) appears a
reasonable approximation in marine pelagic organisms
(Kigrboe and Hirst 2014). However, we do not know which
combination of TTE and PPMR deviates from the above values
to yield NBSS slopes < —1. Based on the above values, our
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NBSS slopes steepening from —1.084 (March) to —1.131 (July)
would translate to PPMR reducing from 986 (March) to
421 (July). Alternatively, it would translate to a seasonal
decrease in TTE from 4.6% to 3.0%. Our meta-analysis based
on mass-units shows slopes closer to the above-mentioned
July values for L4, suggesting that PPMR and TTE values may
indeed be much lower than their commonly quoted bench-
mark values. However, our seasonal L4 study shows that sys-
tematic shifts in slope may also occur as a result of
perturbations in a system (e.g., blooms and mortality events).
Such events break the assumptions of the biomass spectra
being in a steady state, as underlying the mathematical
models that describe the slope as a result of energy transfer
processes. While our study emphasizes the need for seasonal-
and large-scale integration, they also illustrate the benefit of
using NBSS slopes to quantify the overall inefficiency of
energy transfer across a wide size spectrum. It is a single, quan-
tifiable index for a combination of three separate loss pro-
cesses, each of which is extremely difficult to measure in
whole assemblages (Jennings et al. 2002).

However, measuring a NBSS slope presents its own chal-
lenges, one of which is the choice of units. Quinones
et al. (2003) found that their NBSS slope steepened by 0.15 if
expressed in carbon units rather than as biovolume, so they
warned against over-interpreting small variations in slopes of
biomass spectra between different studies. We found an even
larger difference (0.221) in our literature comparison (Fig. 4,
Table 1). Median NBSS slopes based on biomass (- 1.131,
n 149) were significantly steeper than those based on
biovolume (—0.910, n = 133, Mann-Whitney test, p < 0.001).
This is a substantial difference; once again keeping the
PPMR = 10* and b = 0.75, it would translate to a median
TTE = 23% if based on biovolume or 3.0% if based on carbon
mass. The latter is closer to directly determined values
(Mehner et al. 2018) and we suggest that carbon mass units
are more representative of metabolically active biomass than
body volume. The discrepancy in the slopes may have several
causes, one of which is the greater tissue dilution by water
(i.e., gelatinousness) of zooplankton taxa with increasingly
high carbon masses (McConville et al. 2017).

In addition to the choice of measurement units, there are
serious challenges in measuring the full size-spectrum at suffi-
cient spatial and temporal scales. Our meta-analysis shows
wide scatter when only a small portion of the size spectrum is
measured. As the authors of these studies acknowledge, the
slopes may not always be fully representative of the studied
systems. Instead, they may reflect “snapshots” of portions of
the NBSS, and more heavily influenced by seasonality and
internal dome-shaped structures (Rossberg 2012; Rossberg
et al. 2019). Based on Fig. 4, a range of at least 7 orders of mag-
nitude of body mass might be needed before this detail is aver-
aged out. Nevertheless, Table 1 shows that steep NBSS slopes
(i.e., significantly < —1), typify marine and freshwater habitats.
Given the finding that some of these studies are based on
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biovolume and not carbon, and that the latter yield steeper
slopes, our finding of steep (< —1) NBSS slopes at L4 is upheld
more generally.

The L4 study site, in providing a seasonal dimension to the
NBSS values, provides some clues into the cause of the pelagic
food web inefficiency. Bentho-pelagic coupling at L4 is strong,
with a rich benthic fauna supported by settled, often-fresh
phytoplankton (Tait et al. 2015; Zhang et al. 2015). Despite
inputs of meroplankton mainly in spring and seaweed detritus
in autumn (Quierdés et al. 2019), there is probably a net
organic carbon loss from the water column, from vertical flux
and the uptake of water column material by benthic organ-
isms, contributing to low overall values of pelagic TTE.

A key feature at L4 is the summer time steepening of the
NBSS slope related to progressive nutrient stress, and we spec-
ulate that low predator—prey size ratios play a part in this. A
series of data compilations from the aquatic literature all
point to a general increase of PPMR with predator size
(Hansen et al. 1994; Kierboe 2008; Barnes et al. 2010;
Atkinson et al. 2014; Brose et al. 2019). Converted here by
cubing from their original linear dimensions to approximate
mass ratios, Hansen et al. (1994) showed that PPMRs
increased from 1:1 for a dinoflagellate species, to 27:1 for
other flagellates, to 512:1 for ciliates to 5832:1 for rotifers and
copepods, up to 125,000:1 for cladocerans and meroplankton
larvae. The picoplankton also fit into the bottom of this PPMR
range. For instance, Micromonas pusilla, a dominant eukaryotic
picoplankter in the western English Channel (Not et al. 2004),
has PPMRs of ~ 15:1 (McKie-Krisberg and Sanders 2014).
Increasing PPMRs with body size have also been found across
copepods, krill and small fish (Atkinson et al. 2014) and
among larger fish (Barnes et al. 2010). Because linear regres-
sions provided good fits for our NBSS data, which were always
measured across the same size range, any systematic increase
in PPMR with body size would presumably need to be com-
pensated by a decrease in TTE to ensure that linearity is
maintained (Barnes et al. 2010). Notwithstanding this compli-
cation, the wide range in PPMRs that have been reported
across the planktonic size spectrum suggests that seasonal var-
iation in these values influences the NBSS slopes.

What can size spectra tell us about climate
change responses?

Clearly, size spectrum approaches have limitations. They
cannot resolve important species-specific detail, for example
on changing distribution patterns or replacement of nutritious
taxa with those of similar size, but which are non-nutritious
or harmful (Schmidt et al. 2020). Their key advantage is that,
when based on time averaging measurements, and across a
sufficiently large range of body mass, they provide insights
into some key properties of the system. The efficiency of trans-
fer from primary producers to valuable planktivores such as
fish may change in future climates, and size spectrum
approaches can diagnose these changes.
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Fig 5. Our hypothesized relationship between NBSS slope and trophic
status (indexed by approximate Chl a concentration on the x-axis). This
concept pertains to marine planktonic systems and is based on a series of
dome-shaped relationships emerging in Figs. 3 and 4. Importantly, the
overall NBSS slopes based on mass units are significantly < —1 (Table 1),
with steepest slopes (i.e., most inefficient energy transfer across the plank-
tonic size spectrum) suggested at extremes of oligotrophy or eutrophy.

Warming oceans may have both direct and indirect effects
on the size structure of plankton. Because temperature has
direct effects on metabolism, and these effects scale with body
size (Brown et al. 2004), NBSS slopes have been hypothesized
to steepen in warmer environments (Garcia-Comas et al. 2014).
Neither our time series (Fig. 3a) nor our meta-analysis (Fig. 4b)
provided support for this, and as found by Garcia-Comas
et al. (2014), any direct temperature effect seems to be out-
weighed by indirect effects, via changes in nutrient supply
influencing food web structure.

These indirect effects were manifested by a series of dome-
shaped relationships between NBSS and plankton biomass
based on time series (Fig. 3a) and the meta-analysis (Fig. 4c).
In Fig. 5, we speculate that separate but counteracting mecha-
nisms govern the left and right portions of this dome. For its
left-hand, oligotrophic, portion the L4 time series study pro-
vides a natural experiment in how progressive nutrient starva-
tion throughout summer depresses the efficiency of the food
web (Fig. 3b,c). This echoes findings in the Great Lakes by
Sprules and Munawar (1986), who suggested that NBSS slopes
can be used as an index of nutrient status. Building on these
observations and theory (e.g., Jennings and Mackinson 2003),
we suggest that in increasingly stable and oligotrophic sys-
tems, picoplankton dominate the primary production (Moran
et al. 2010) driving the microbial loop, low PPMRs and sub-
stantial energy loss through long, inefficient food chains.

Eutrophic systems, by contrast, may form the right-hand
side of the putative dome. These feature dense blooms of
large, often unpalatable, or harmful algae (e.g., large diatoms,
dinoflagellates or Phaeocystis spp.) which are decoupled from
grazing control (Irigoien et al. 2005). Their typically large cell
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or colony size also enhances the chances of mass-sinking of
ungrazed blooms (Turner 2002). In combination, these factors
would lead to relatively inefficient transfer to grazers (San
Martin et al. 2006b). Indeed, our suggestion of a dome-shaped
relationship helps to rationalize seemingly conflicting reports
of positive- (Sprules and Munawar 1986), negative (San Martin
et al. 20064, b) and no relationships (Kenitz et al. 2018)
between size structure and productivity indices. As shown in
Fig. 4c, the sign of the relationship for any regional- or time-
restricted study would depend on where the measurements
lay, relative to the dome.

Future perspectives

In summary, our time series and meta-analysis show that
three conditions must ideally be met for empirical studies to
quantify the efficiency of energy flow through the planktonic
size spectrum. First, size spectra are preferably based on mass
rather than on biovolume, since the former relates more
closely to energy and because zooplankton mass and volume
do not scale linearly (McConville et al. 2017). Second, they
should include a mass range ideally of at least ~ 7 orders of
magnitude, to include small phytoplankton as well as zoo-
plankton. Third, they need to include a degree of spatial
and/or temporal integration, as short-term snapshots can be
misleading. None of these suggestions are new (e.g., Quinones
et al. 2003; San Martin et al. 2006b; Andersen and Peder-
sen 2010; Sprules and Barth 2016), but we believe that Fig. 4c
may be the first attempt to combine the 407 individual mea-
surements that fulfill these criteria to address macroscale
patterns.

At these large scales of space and time, a key result of our
study was a relatively steep overall slope of the NBSS. This
value, —1.113, translates via Eq. 1 to a TTE of only 3.5% or a
PPMR of only 569 (or more likely some less severely depressed
combination of each of the two parameters). These are far
lower than commonly used “benchmark” values of respec-
tively 10% (Lindeman 1942) and 10,000 (Mehner et al. 2018).
Andersen (2019) summarized respective values of 14% and
~ 700, so these large discrepancies underline the need for a
better appreciation of food web transfer efficiency, key to a
variety of size-based models (e.g., Banas 2011; Ward et al. 2012;
Blanchard et al. 2017). The insights on overall food web effi-
ciency derived from syntheses of suitable size spectra are par-
ticularly valuable, given the great difficulty of directly
determining overall values for PPMR and TTE in real food
webs (Brose et al. 2019). As well as setting likely boundaries
for realistic combinations of TTE and PPMR for plankton, our
speculated dome-shaped relationship between NBSS and
plankton biomass may help to rationalize ongoing debates
over whether this relationship is positive, negative or absent.

With rising temperatures, an increase in stratification and
nutrient stress for mid-latitudes is widely projected (Holt
et al. 2016; IPCC 2019). In tandem, these conditions are com-
monly considered to favor small primary producers



Atkinson et al.

(Li et al. 2009; Moran et al. 2010). Such changes are already
being observed (Schmidt et al. 2020) and are concomitant
with changing human nutrient inputs to inshore eutrophic
waters (Capuzzo et al. 2018). Such shifts underline the need to
better understand how pelagic food web efficiency relates to
nutrient status. We hope that our initial synthesis of publi-
shed size spectra (Supporting Information Table S2) forms a
building block for those aiming toward a more advanced anal-
ysis of these key macroecological patterns, including an
improved comparison of marine and freshwater realms.

Because size spectra are measurable in ways that can be
made intercomparable between systems or across time, they
may provide a quantitative index of ecosystem health and
resilience; hallmarks of the “Good Environmental Status” tar-
gets for policy reporting (McQuatters-Gollop et al. 2019). This
resilience was illustrated by the recovery of NBSS slopes from
abnormally low values to normal values within a month of
the series of exceptional storms. Size-based approaches there-
fore provide an index of resilience of systems to the sorts of
climatic extremes that are widely projected for a warmer world
(IPCC 2019).
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