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Normalized biomass size spectra (NBSS) are frequently used to describe pelagic communities. However, the underlying
structure of NBSS may lead to varying intercepts and slopes when only a portion of the biomass range is sampled.
This may be further perpetuated by the sampling efficiency of different gears/mesh sizes. Spatial and seasonal
effects of mesh size on zooplankton NBSS and production were evaluated. Zooplankton were collected during
winter, spring and summer (2017–2019) between Vancouver Island and Station Papa (50◦N, 145◦W) using a 64-
μm Working Party 2 (WP-2) net and a 236-μm bongo net and analyzed using a bench-top laser optic particle
counter. WP-2 and bongo NBSS overlapped in 11 size classes, for which the WP-2 more effectively sampled smaller
size classes and converged with the bongo in larger size classes. Differences in NBSS slopes from the two nets
were detected, yet no differences in total production. However, the contribution of individual size classes to total
production varied spatially and seasonally. Total production in the coastal region exhibited strong seasonal variability.
Notably, summer estimates of production in the coastal region were at least 2-fold higher than transitional and
open ocean regions. This study suggests that using one mesh size may underestimate zooplankton NBSS and thus
production.
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INTRODUCTION

Pelagic communities exhibit remarkable predictability
when it comes to the distribution of biomass by body
size. This feature was first observed with phytoplankton
in the marine environment by Sheldon et al. (1972). The
authors found that the distribution of biomass by body
size could be described by a straight line of low negative
slope, hypothesizing that this would hold true across all
organism sizes within a marine ecosystem. The theory
was later formalized as the Biomass Spectra Theory (BST;
Kerr and Dickie 2001), and while it is largely accepted to
date there are few studies that calculate whole ecosystem
size spectra (Blanchard et al., 2017). Nevertheless, the
BST provides a simple ataxonomic approach by which
complex systems can be described and has been applied
to assess biomass/energy transfer, productive capacity,
environmental change and ecosystem health (Sprules and
Goyke, 1994; Trudnowska et al., 2020; Heneghan et al.,
2019; Basedow et al., 2014; Blanchard et al., 2009).

BST is often expressed as normalized biomass size
spectra (NBSS), whereby the biomass in each logarithmi-
cally equal size bin is divided by the width of the size bin
(Kerr & Dickie 2001). The NBSS is then expressed as the
least-squares linear regression between log-transformed
normalized biomass and body size, with the coefficients
(i.e. slope and intercept) providing insight into ecosys-
tem condition. NBSS slope has long been used as an
indicator of trophic transfer efficiency (TTE), though
the key factors dictating NBSS slope have long been
debated in the literature (Zhou, 2006; Atkinson et al.,
2020). Detailed knowledge of predator:prey mass ratios
(PPMR), trophic level at body size and TTE are required
to determine what is dictating NBSS slope (Jennings et al.,
2002; Atkinson et al., 2020). For example, a system with
a shallow NBSS slope may indicate high transfer effi-
ciency or large PPMR, which may arise due to the phys-
ical accumulation of larger zooplankton (Mehner et al.,
2018). In contrast, a steep NBSS slope may indicate
low transfer efficiency and fewer trophic levels (Zhou,
2006; Wu et al., 2014). The NBSS intercept indicates
the availability of energy at the base of the food chain
(Zhou, 2006; Platt and Denman, 1978; Gaedke, 1993;
Blanchard et al., 2009). Both NBSS slope and intercept
rely heavily on the size range of organisms included
(Sprules et al., 2016) due to the underlying “lumpy” NBSS
structure (i.e. biomass domes and troughs; Fig. 1). Biomass
domes are well documented in the literature where they
have been shown to represent different trophic or taxo-
nomic groups (e.g. phytoplankton, zooplankton, nekton;
Boudreau et al., 1991; Rossberg et al., 2019; Quiroga et al.,
2014) and are thought to vary based on predator–prey

interactions, leading to oscillations and variable horizon-
tal spacing (Thiebaux and Dickie, 1992; Rossberg et al.,
2019). Small perturbations in size spectra may also arise
due to changes in seasonal production and/or fisheries,
leading to oscillations/changes through time or space
(Benoît and Rochet, 2004), or due to differences in sam-
pling (Mack et al., 2012; Nichols and Thompson, 1991;
Trudnowska et al., 2020). Further, when the assumptions
of fixed prey–predator ratios are relaxed, the biomass
domes are manifestations of top-down trophic cascades
(Rossberg et al., 2019).

Although NBSS for an entire community usually
exhibits a slope close to −1 (Kerr and Dickie, 2001),
this may not hold true for a subset of the population due
to sampling efficiency, the presence of biomass domes
and oscillations (e.g. Fig. 1; Gaedke, 1992). For example, a
study assessing the NBSS of organisms within the “a” size
range would produce a vastly different NBSS intercept
and slope than a study of the same community assessing
the NBSS of organisms within the “b” or “c” size ranges
(Fig. 1). Therefore, it is crucial that studies cover a wide
enough size range, particularly when the study objective
is to interpolate into smaller and/or larger size classes,
as the variability in NBSS slope and intercept may be
reduced as the number of size classes increases (Atkinson
et al., 2020).

Globally, various mesh sizes are used depending on the
study objective, with comparison studies recommending
a mesh size of 150–156 μm for optimal filtration and
capture efficiency of zooplankton (Skjoldal et al., 2013;
Evans and Sell, 1985; Mack et al., 2012). However, a
64-μm mesh net should be used for studies interested
in capturing small-bodied zooplankton (i.e. cladocerans,
copepod nauplii/larvae and rotifers; Mack et al., 2012),
which make seasonally important contributions to the
pelagic community and thus total zooplankton produc-
tion (Hopcroft et al., 2005).

To date, few estimates of zooplankton production
exist in the northeast (NE) subarctic Pacific. Those that
do, have been generated using the chitobiase (Sastri
and Dower, 2006, 2009; Suchy et al., 2016) or the
artificial cohort method (Liu and Hopcroft, 2006,
2007) and therefore focus on individual groups and/or
species of zooplankton. Studies have begun using size
spectra models to quantify zooplankton production
in various systems (Basedow et al., 2014; Trudnowska
et al., 2014; Kwong et al., 2020), thus providing size-
based estimates independent of taxonomic composition.
In the NE Pacific, a direct comparison of produc-
tion estimates using chitobiase and optically derived
NBSS [i.e. lab-laser optic particle counter (lab-LOPC)]
applied to various empirical growth rate models
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Fig. 1. Conceptual diagram illustrating an ecosystem’s NBSS underlying biomass domes. The overview panel displays three NBSS slopes (a, b,
c) that may arise when sampling different size ranges of organisms within the zooplankton NBSS. Where the solid gray line represents the systems
true NBSS slope.

(Kwong et al., 2020) was recently undertaken. The
study reported relatively close agreement between
chitobiase and the Hirst–Bunker growth rate model
(Hirst and Bunker, 2003) estimates of total production
and transfer efficiency. The Hirst–Bunker growth rate
model incorporates temperature and chlorophyll-a as an
indicator of food quality to quantify marine copepod
growth rates. The model assumes that growth is food
limited, though the effects of food limitation appear
greater on larger copepods. Copepods represent 70–
90% of zooplankton abundance globally (Turner, 2004),
and the growth rate of pelagic organisms has been
shown to scale with body size regardless of taxonomy
(Kiørboe and Hirst, 2014). Although, underlying devi-
ations may occur due to species-specific ontogenetic
changes. Regardless, the majority of production within
the system can likely be captured using this approach
as long as system-specific model validation has been
performed.

This study quantifies the NBSS of microzooplankton
and mesozooplankton spanning a size range of 100–
10 000 μm (Table S1) (Calbet, 2008; Makabe et al., 2012)
using a bench-top lab-LOPC. We evaluate the differences
in zooplankton abundance, biomass, NBSS and produc-
tion (estimated using the Hirst–Bunker model) from the
two nets and produce combined NBSS. We then assess
the seasonal variability in NBSS along a coastal-offshore
gradient.

METHODS

Study area

This analysis evaluated zooplankton samples (N = 82)
from the Line P long-term time series in the subarctic
NE Pacific Ocean at the seven major stations: P02, P04,
P08, P12, P16, P20 and P26 (Fig. 2) between February
2017 and 2019. These stations were selected as they are
subject to the most rigorous oceanographic sampling (i.e.
physical, chemical and biological sampling).

Line P is a coastal–oceanic transect extending from
the southwest coast of Vancouver Island to Station Papa
(P26) at 50◦N, 145◦W. The transect is generally sam-
pled 2–6 times per year and remains one of the old-
est deep-ocean time series, providing spatial and tem-
poral (i.e. interannual and seasonal) coverage of chem-
ical, physical and biological properties in the subarctic
NE Pacific.

Oceanographic data

At each station, a Seabird SBE911-plus conductivity–
temperature–depth (CTD) rosette equipped with 24
Niskin bottles was deployed to measure salinity, temper-
ature, chlorophyll-a and nutrients (i.e. nitrate + nitrite,
phosphate, silicate). CTD data were processed by
Fisheries and Oceans Canada (DFO) at the Institute of
Ocean Sciences (IOS) and aggregated into 1 m depth
bins for analysis.
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Fig. 2. Map of the major sampling stations (circles) along the Line P transect in the NE Pacific Ocean, separated into region (coastal: P02, P04;
transitional: P08, P12; open: P16, P20, P26).

Mixed layer depth (MLD) was estimated by first calcu-
lating the potential density for each sampling event using
temperature and salinity (Kelley and Richards, 2020).
Using the threshold method MLD was calculated accord-
ing to de Boyer Montégut et al. (2004), which identifies
the depth at which the potential density deviates from the
ocean surface density by ∼ 0.03 kg m−3.

Chlorophyll-a and nutrients (i.e. nitrate + nitrite,
phosphate, silicate) were analyzed by the IOS and
are publicly available through the DFO Water Prop-
erties Portal (www.waterproperties.ca). Chlorophyll-a
concentration was determined by filtering a known
volume of seawater (500 mL) through a Whatman glass
fiber filter and then extracted using 90% acetone for
fluorometric determination (Strickland and Parsons,
1972). Depth-integrated concentrations (i.e. chlorophyll-
a, nitrate + nitrite, phosphate) within the MLD were
calculated using trapezoidal integration (Kelley and
Richards, 2020).

Zooplankton

Samples were collected during the winter (February),
spring (June) and summer (August/September) from 2017

to 2019 at each station. On some occasions weather
constraints made it impossible to deploy one or both nets,
leading to some gaps in the data set.

We used bongo (0.56-m mouth and 236-μm mesh) and
UNESCO Working Party 2 (WP-2; 0.56-m mouth and
64-μm mesh) nets equipped with TSK flow meters, which
were calibrated annually. The WP-2 and bongo nets were
vertically towed through the water column from 250 to
0 m depth at speeds of 0.5 and 1 m s−1, respectively.
Immediately following collection, samples were fixed in
10% borate-buffered formalin. Bongo net samples were
processed by IOS and identified to the lowest taxonomic
resolution possible (i.e. species and developmental stage;
Mackas, 1992; Mackas et al., 2001). Abundance (ind. m−3)
was then calculated using raw counts, proportion of the
sample processed and volume filtered.

Fixed WP-2 and bongo net samples were rinsed using
60 and 200-μm mesh sieves to remove formalin, and
where necessary, chains of diatoms of nonzooplankton
matter (i.e. paint chips, fibers, debris) were removed
by hand using a microscope. Samples were then run
through a bench-top LOPC (LOPC-660-2 Rolls-Royce
Naval Marine) in the lab (hereafter referred to as a
lab-LOPC) to obtain estimates of abundance, biomass
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and NBSS intercept and slope. The instrument is
capable of detecting particles ranging in size from 100
to 35 000 μm (Herman et al., 2004). The lab-LOPC
groups particle counts into equal logarithmic size bins
based on equivalent spherical diameter (ESD) (Table S1).
The instrument was regularly calibrated using three
sizes of beads provided by the manufacturer to ensure
proper accuracy and precision. The geometric mean
ESD for each size bin was calculated and converted to wet
weight (mg WW) by assuming ellipsoidal shape (Suthers
et al., 2004; Moore and Suthers, 2006). The biomass
(mg WW m−3) in each size bin was then converted to
normalized biomass (m−3) by dividing the total biomass
in each size bin by the width of the bin (Kerr and Dickie,
2001). The first four size classes were excluded from
each nets NBSS, as this has been shown to improve the
agreement between zooplankton NBSS and taxonomic
composition when using nets with varying mesh sizes
(Trudnowska et al., 2020). Wet weight/biovolume NBSS
were obtained by fitting the data using the least squares
regression method expressed as normalized biomass (m−3)
against zooplankton size class (mg WW). All references
to total biomass are expressed in “wet weight” unless
otherwise stated.

The raw NBSS from the WP-2 and bongo nets were
combined into single NBSS for each region and season
by taking the average of the two nets for each of the 11
overlapping size bins (Table S1).

Production

To estimate production, zooplankton wet weight NBSS
were converted to carbon weight NBSS using a ratio of
0.0961 (Kiørboe, 2013). Following Kwong et al. (2020)
geometric mean carbon weights (Table S1) were used to
calculate individual zooplankton growth rate (gi, d−1) for
each size bin (i) according to Hirst and Bunker (2003):

log10gi = 0.0186
[
log10T

] − 0.288
[
log10BW

]

+0.417
[
log10Ca

] − 1.209

Where T is temperature (◦C) and Ca is chlorophyll-
a concentration (μg L−1). Total zooplankton production
per size bin (P i; mg C m−3 d−1) was then calculated by
multiplying the biomass in each size bin (Bi; mg C m−3)
by the individual growth rate for the given size bin (gi):

Pi = Bix gi

Total zooplankton production (mg C m−3 d−1) was then
estimated as the sum of production across all size bins.
This approach is applied individually to NBSS data from
the WP-2, bongo and combined net data to evaluate how

different size ranges included in NBSS may influence
model estimates.

Statistical analysis

All numerical analyses were conducted in R (R Core
Team, 2017). Data were first grouped according to region
(coastal, transitional, open ocean; Fig. 2) by evaluating the
oceanographic and biological data. Multivariate analyses
were conducted on the bongo net taxonomy data using
the R packages vegan and clustsig (Whitaker and Christ-
man, 2014; Oksanen et al., 2019). Zooplankton abun-
dances were log10-transformed, and those contributing
<5% to the total abundance were excluded. A q-type
cluster analysis was performed using a Bray–Curtis sim-
ilarity matrix and average-linkage clustering (Field et al.,
1982). This approach grouped samples exhibiting similar
taxonomic composition by station and season.

Analysis of variance (ANOVA) was used to evaluate
the differences between log10-transformed abundance,
biomass and zooplankton production after testing the
assumptions using the Shapiro–Wilks test for normality
and Bartlett’s test for homogeneity of variance. Tukey
honest significant difference (HSD) post hoc tests were
performed to evaluate seasonal and regional differences
between net types.

To test the differences in NBSS statistically, the
NBSS data were rescaled to achieve a y-intercept
at the midpoint of the size classes included in each
NBSS (XWP-2 = 0.019 mg WW; XBongo = 1.9 mg WW;
XCombined = 0.6 mg WW). This reduces the correlation
between NBSS slope and intercept once the least squares
regression is fit to the data, allowing for statistical detec-
tion of differences in size spectra (Daan et al., 2005). To
confirm that the correlation between slope and intercept
were sufficiently reduced, and further statistical analyses
could be performed, Pearson’s correlation was conducted,
and the differences in NBSS were evaluated using analysis
of covariance (ANCOVA). Pearson’s correlation was used
to evaluate the relationship between NBSS intercept
and slope against log10-transformed oceanographic
parameters [i.e. chlorophyll-a, sea surface temperature
(SST), MLD salinity, nitrate + nitrite, phosphate, silicate].

RESULTS

Oceanographic environment

The Line P transect exhibited both spatial and temporal
variability in measured oceanographic parameters. At
all stations, MLD was the deepest during the winter
and became shallower during the spring and summer.
The seasonal differences in MLD were the greatest at
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Fig. 3. Boxplot showing the oceanographic parameters: MLD, surface salinity, SST, maximum chlorophyll-a (Max. chlr-a) and depth-integrated
(within the MLD) nitrate + nitrite (N + N) and phosphate along the Line P transect by station and season. The shaded areas distinguish between
the different oceanographic regions (coastal: P02, P04; transitional: P08, P12; open: P16, P20, P26).

transitional and open ocean stations (Fig. 3). Coastal
stations (P02, P04) exhibited less seasonal variability in
MLD and SST than transitional (P08, P12) and open
ocean (P16–P26) stations (Fig. 3). At coastal stations,
we noted less seasonal variability in SST, whereas large
differences in SST were observed at the transitional and
open ocean stations. In contrast, large seasonal variability
in surface salinity at coastal stations was documented,
likely corresponding to the spring freshet, with decreasing
seasonal variability moving offshore toward P26 (Fig. 3).

Maximum chlorophyll-a exhibited strong seasonality
along the entire transect, with the greatest values being
observed during the summer along the coast (i.e. P02)
and the lowest values occurring in the transitional
and open ocean regions (Fig. 3). Seasonal variability
in nutrient concentration (i.e. depth integrated within
the MLD: nitrate + nitrite, phosphate) was observed at
coastal stations, with the lowest concentrations occurring
at P02. With the exception of P12 and P26 during
the spring, limited seasonal variability in nutrients was

observed at the transitional and open ocean stations
(Fig. 3). The broad range in nutrient concentrations at
P12 and P26 corresponded to strong nutrient depletion
in the spring of 2017. Thus, the coastal stations
exhibited strong seasonality, the transitional stations
moderate seasonality and the open ocean stations low
seasonality.

Biological measurements

During the sampling period, the WP-2 net total abun-
dance and biomass of zooplankton ranged from 618 to
24 130 ind. m−3 and 20 to 618 mg WW m−3, whereas the
bongo estimates ranged from 79 to 1863 ind. m−3 and 28
to 655 mg WW m−3. The cluster analysis demonstrated
that season and station played a key role in determining
zooplankton community similarities in the area, with
the stations generally clustering together as coastal (P02,
P04), transitional (P08, P12) and oceanic (P16, P20, P26)
(Fig. S2).
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Fig. 4. Boxplot of total zooplankton biomass using the WP-2 (green) and bongo (orange) nets by station, oceanographic region (coastal: P02, P04;
transitional: P08, P12; open: P16, P20, P26) and season (winter, spring, and summer) between 2017 and 2019 along the Line P transect.

The abundance (Shapiro–Wilks: W = 0.98, P = 0.08;
Bartlett’s test: K-squared = 1.65, P = 0.20) and biomass
(Shapiro–Wilks: W = 0.98, P = 0.07; Bartlett’s test: K-
squared = 4.41, P = 0.11) data met the assumptions of
ANOVA and Bayesian Information Criterion (BIC)
selected for an interaction between region and net. We
found significant differences in both total abundance
and biomass when comparing the WP-2 and bongo
nets (abundance: P < 0.001, F 1,145 = 493; biomass:
P < 0.001; F 1,145 = 29; Table S2), with the WP-2 net
consistently capturing higher total abundance (Fig. S1).
Regional differences in total abundance were also
detected, with the highest zooplankton abundances
at coastal stations, followed by transitional and open
ocean regions (Tukey HSD; P < 0.001). The bongo net
captured significantly more total biomass (i.e. wet weight)
than the WP-2 net at open ocean stations (P < 0.001;
Table S3; Fig. 4). No significant differences in biomass
estimates between nets at coastal (P = 0.98) or transitional
(P = 0.06) stations were detected (Table S3; Fig. 4).

Normalized biomass size spectra

The NBSS produced by the WP-2 net and bongo nets
overlapped for 11 size classes ranging from 0.02 to
2.4 mg WW (Table S1), in which the WP-2 net generally
had higher normalized biomass (Fig. 5) and total biomass
(Fig. 6). At transitional and open ocean stations during
the spring and summer, the WP-2 net captured higher
normalized and total biomass for the smaller overlapping
size classes and converged with the bongo net in the larger
overlapping size classes (Figs 5 and 6). Further, the larger
size classes exhibited greater variability (Fig. 5). During
the summer at coastal stations, the mean difference
between bongo and WP-2 net biomass by size class
exhibited large standard error, which was driven by a
large bloom at P02 in the summer of 2018. On this
occasion, the WP-2 net abundance and biomass was an
order of magnitude higher than that of the bongo net
(Figs 4 and S1).

When considering only the overlapping size bins
(Fig. 6), we detected significant differences in NBSS
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Fig. 5. NBSS expressed as logarithmic size class (wet weight) against log-normalized biomass (m−3) and grouped by net (WP-2 and bongo nets),
region (coastal: P02, P04; transitional: P08, P12; open: P16, P20, P26) and season (winter, spring and summer). Samples were collected between
2017 and 2019. Bars indicate ±standard error of the mean, and the dashed line indicates an NBSS slope of −1.

intercept (P ≤ 0.005), except for the transitional region
during the summer (P = 0.11; Table S4). NBSS slopes for
the overlapping size classes differed significantly during
the spring in the transitional (P = 0.01) and open ocean
(P = 0.03) region, and during the summer in the open
ocean region (P < 0.001), no other significant differences
in NBSS slope for the overlapping size classes were
detected (ANCOVA; Table S4). The overlapping size

classes of the WP-2 and bongo net were averaged and
produced a combined NBSS spanning 26 size classes
from 0.002 to 240.125 mg WW (Fig. 7).

NBSS slopes (mean: bWP-2 = −0.5, bBongo = −0.7;
bCombined = −0.8; Fig. 8) were generally flatter (closer to
0) than the hypothetical steady state slope of −1 (Fig. 8).
The WP-2 NBSS slopes were flatter than those of the
bongo net with a few exceptions. Specifically, the bongo
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Fig. 6. The difference between bongo and WP-2 total wet weight biomass (mg WW m−3) by log-10 transformed zooplankton size class (mg WW).
Samples were collected at major Line P stations between 2017 and 2019 and grouped by region (coastal: P02, P04; transitional: P08, P12; open: P16,
P20, P26) and season (winter, spring, summer). Bars indicate ±standard error of the mean. Note: y-axis differs across plots due to large differences
between net biomass in the coastal region.

slope was flatter than the WP-2 in the transitional region
during the spring and summer, and in the open ocean
region during the summer, whereas the two nets produced
similar slopes in the open ocean region during the spring
(Fig. 8).

Rescaled wet weight NBSS met the assumption of
normality and homogeneity of variance (Shapiro–Wilks:
W = 0.98, P = 0.85; Bartlett’s test: K-squared = 2.18,

P = 0.34), and Pearson’s correlation revealed no signif-
icant correlation between intercept and slope for the WP-
2 NBSS (r = −0.10, P = 0.98), bongo NBSS (r = 0.15,
P = 0.69) or combined NBSS (r = 0.31, P = 0.41; Table 1).
BIC selected for a linear model with an interaction
between region and net for NBSS slope (P = 0.02), and
an additive model with region, season and net (i.e. WP-
2, bongo, combined) for NBSS intercept (P < 0.001;
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Fig. 7. Combined WP-2 and bongo NBSS expressed as logarithmic size class (wet weight) against log-normalized biomass (m−3) grouped by region
(coastal: P02, P04; transitional: P08, P12; open: P16, P20, P26) and season (winter, spring and summer). Samples were collected between 2017 and
2019. Bars indicate ±standard error of the mean.

Table S2). In the coastal region, the NBSS slope of
the WP-2 was significantly flatter than the bongo
(difference = 0.21; P < 0.001) and combined NBSS (dif-
ference = 0.19; P = 0.01; Table S3). Regional differences
were also detected for the bongo and combined NBSS
slopes, as coastal NBSS were generally steeper than
open NBSS (P < 0.01). In addition, bongo NBSS were
steeper in coastal regions than in transitional regions

(P ≤ 0.01). We detected significant differences in NBSS
intercept by net (i.e. WP-2–bongo, WP-2–combined,
bongo–combined; P = 0.001), region (open–coastal,
open–transitional; P ≤ 0.04) and season (spring–winter,
summer–winter; P < 0.001; Tukey HSD; Table S3).

We detected significant correlations between com-
bined NBSS slopes and intercept with physical and
chemical parameters (i.e. maximum chlorophyll-a, SST,
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Fig. 8. Wet weight NBSS intercept and slope from the WP-2, bongo and both nets combined by region (coastal: P02, P04; transitional: P08,
P12; open: P16, P20, P26) and season (winter, spring and summer). Bars indicate ±standard error of the mean. The dashed line on the right plot
indicates NBSS slope of −1.0.

Table 1: Results of Pearson’s correlation between rescaled wet weight NBSS intercept and slope for the
WP-2, bong, and combined

Data t-value DF P-value R

WP-2 −0.03 7 0.98 −0.1

Bongo 0.41 7 0.69 0.15

Combined 0.87 7 0.41 0.31

MLD, surface salinity, nutrients; Fig. 9). Specifically,
negative relationships were detected between NBSS
slope and maximum chlorophyll-a (r = −0.41; P < 0.001)
and SST (r = −0.46; P < 0.001) and between NBSS

intercept and MLD (r = −0.55; P < 0.001) and surface
salinity (r = −0.43; P < 0.001; Fig. 9). A weak positive
relationship was detected between NBSS slope and
surface salinity (r = 0.17; P = 0.05) and all three nutrients
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Fig. 9. Pearson’s correlations between zooplankton NBSS slope (left) and intercept (right) and maximum chlorophyll-a, SST, MLD and surface
salinity between February 2017 and 2019 along Line P. Where the symbol indicates region.

(r ≤ 0.24; P ≤ 0.03; Fig. S3) and between NBSS intercept
and maximum chlorophyll-a (r = 0.18; P = 0.03) and SST
(r = 0.17; P = 0.04; Fig. 9). NBSS intercept also exhibited
a strong positive correlation with all three nutrients
(r ≥ 0.43; P < 0.001; Fig. S3).

Zooplankton production

Mean estimates of zooplankton production in the
coastal, transitional and open ocean stations were

4.9 mg C m−3 d−1 (range: 1.9–11.0 mg C m−3 d−1),
2.5 mg C m−3 d−1 (range: 1.1–3.4 mg C m−3 d−1) and
2.4 mg C m−3 d−1 (range: 1.4–3.4 mg C m−3 d−1),
respectively (Table 2).

Estimates of zooplankton production were consistently
higher from the WP-2 net than the bongo net at coastal
stations (Table 2). In contrast, transitional and oceanic
stations had higher estimates of production from the
bongo net during the spring and summer, whereas WP-2
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Table 2: Average zooplankton production estimates (±standard error of the mean) using the Hirst and
Bunker (2003) growth rate model separated by the WP-2, bongo net and combined estimates

Region Season Production (mg C m−2 d−1) % of total combined

WP-2 Bongo Combined WP-2 Bongo

Coastal Winter 4.91 ± 1.3 2.50 ± 1.0 4.70 ± 1.8 105% 53%

Coastal Spring 2.98 ± 1.4 1.85 ± 1.0 2.58 ± 1.6 115% 72%

Coastal Summer 11.02 ± 6.8 4.78 ± 1.4 8.84 ± 4.4 125% 54%

Transitional Winter 2.46 ± 0.4 1.14 ± 0.3 1.90 ± 0.5 129% 60%

Transitional Spring 2.09 ± 0.7 3.02 ± 0.6 3.15 ± 1.1 66% 96%

Transitional Summer 2.32 ± 0.7 2.79 ± 1.5 3.41 ± 1.4 68% 82%

Open Winter 1.99 ± 0.4 1.38 ± 0.4 2.22 ± 0.6 90% 62%

Open Spring 2.06 ± 1.0 3.36 ± 0.7 3.44 ± 1.2 60% 98%

Open Summer 1.95 ± 0.4 2.15 ± 0.4 3.03 ± 0.7 64% 71%

Average 3.53 2.55 3.70 91% 72%

Minimum 1.95 1.14 1.90 60% 53%

Maximum 11.02 4.78 8.84 129% 98%

% of total combined production from the WP-2 and bongo net are also provided (i.e. WP-2 production/Combined production∗100).

estimates were higher in the winter (Table 2). Production
estimates exhibited a decreasing trend with distance from
the coast. The combined NBSS production estimates
were generally more similar to the WP-2 in coastal sta-
tions, yet more similar to the bongo net in transitional
and open ocean areas (Table 2). Notably, average WP-2
estimates of zooplankton production exceeded that of the
combined NBSS estimates in the coastal region during all
seasons and in the transitional region during the winter
(Table 2).

The log-transformed data met the assumption of
ANOVA (Shapiro–Wilks: W = 0.95, P = 0.26; Levene’s
test: F 8,104 = 2.29, P > 0.05). BIC model selection
identified that the best-fit model was that including
an interaction between region and season (P = 0.01;
F 2,104 = 3.51; Table S5), as no significant difference in
production across nets was observed (i.e. WP-2, bongo,
combined; P = 0.42; F 2,110 = 0.87). The coastal region
exhibited strong seasonality, with a significant increase in
production from spring and summer (P = 0.003) and a
decrease from summer to winter (P = 0.04), though no
difference in production was observed between winter
and spring (P = 0.99; Table S6). No significant seasonal
changes in production were detected in the transitional
(P ≥ 0.99) or open ocean regions (P ≥ 0.98; Tukey
HSD; Table S6). We detected significant differences in
production across regions during the summer. Specifically,
production in the coastal region was at least double that
of the transitional (P = 0.009) and open ocean regions
(P < 0.001) during the summer (Table S6). All regions
exhibited similar seasonal and spatial patterns in total
production using all three NBSS (i.e. WP-2, bongo and
combined).

Notable differences in the contribution of each NBSS
size class were observed across stations and seasons

(Figs 10 and S4). For example, during the spring and
summer increases in the contribution of larger size classes
to zooplankton production were observed at transitional
and open ocean stations (Fig. 10). In contrast, during
the summer, smaller size classes contributed more to
zooplankton production at coastal stations (Fig. 10).

DISCUSSION

This study provides a comparison of zooplankton abun-
dance, biomass, NBSS slope and zooplankton production
using two nets along a coastal–open ocean transect over
three seasons (i.e. winter, spring, summer). Zooplankton
abundance estimates were consistently higher using the
WP-2 net (64-μm mesh), whereas biomass estimates var-
ied by region and net type. The WP-2 net generally pro-
duced flatter NBSS (i.e. closer to 0) than the bongo net. No
significant difference in total zooplankton production esti-
mates using the WP-2, bongo or combined confidence-
weighted NBSS were observed. However, spatial (i.e. open
ocean estimates were lower than coastal estimates) and
seasonal variability in zooplankton production estimates
were detected. Below, we discuss the results in the context
of the existing literature, separated by the methodological
comparison across nets and ecological context. We then
discuss how these observations contribute to the existing
zooplankton knowledge within the region.

Methodological considerations

The lab-LOPC is unable to distinguish between dead and
living organisms. Therefore, estimates of zooplankton
production assume that all organisms captured in the
nets were continually growing, potentially overestimating
zooplankton production. The Hirst and Bunker (2003)
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Fig. 10. Average zooplankton production estimates using the Hirst–Bunker growth rate model (Hirst and Bunker, 2003) by carbon weight size
class, net (i.e. WP-2, bongo, combined), region (coastal: P02, P04; transitional: P08, P12; open: P16, P20, P26) and season (winter, spring and
summer) along the Line P transect from 2017 to 2019. Bars indicate ±standard error of the mean.

growth rate model is based on the growth rates of
marine planktonic copepods (sac and broadcaster
spawners), which generally make up 70–90% of the
zooplankton community numerically (Turner, 2004).
This may therefore lead to over−/underestimations in
production estimates due to differential growth rates for
noncrustacean zooplankton. However, the technique

has previously been validated in Saanich Inlet, British
Columbia (Kwong et al., 2020), where the authors
reported reasonable agreement between chitobiase-based
estimates of the crustacean community production and
estimates using the lab-LOPC-resolved crustacean NBSS
coupled with the Hirst and Bunker growth rate model
(Hirst and Bunker, 2003).
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Regionalization

The stations were grouped into coastal (P02, P04),
transitional (P08, P12) and open ocean (P16, P20, P26),
based on hydrographic and taxonomic properties. The
coastal region exhibited strong seasonal variability in
chlorophyll-a and salinity, relatively high temperature
and low macronutrient concentrations. The transitional
region experienced coastal and offshore influences, with
large seasonal differences in MLD, SST and surface
salinity and relatively high macronutrient concentrations.
The open ocean region exhibited strong seasonality in
MLD and SST driven by strong winter storms (i.e. wind
stress and heat flux; Kang et al., 2010). Characteristic
of high-nutrient, low-chlorophyll-a regions, the open
ocean region experienced limited seasonal variability in
chlorophyll-a and high macronutrient concentrations,
which extended into the transitional region. These
conditions arise due to iron limitation, which has been
shown to influence the physiology and size distribution
of chlorophyll at the P26 (Crawford et al., 2003; Harrison
et al., 2004; Whitney et al., 2005). This corresponds to a
gradient in the phytoplankton composition along Line P,
as larger cells (i.e. diatoms) have been shown to dominate
the coastal portion of the transect, particularly during
the spring and summer, and small cells (i.e. flagellates)
dominate the offshore areas (Asher et al., 2017; Peña and
Varela, 2007). Low concentrations of large diatom cells
are maintained throughout the year along the transitional
and oceanic portion of the transect where their growth is
iron limited (Peña and Varela, 2007). Thus, this regional
variability has implications for higher trophic levels
(Espinasse et al., 2020).

Net comparison: abundance, biomass,
NBSS, production

We validate the findings of several studies that mesh
size influences the biomass and abundance of the zoo-
plankton effectively captured (Skjoldal et al., 2013; Evans
and Sell, 1985; Nichols and Thompson, 1991; Makabe
et al., 2012). Specifically, finer mesh sizes more effectively
capture smaller zooplankton at the cost of undersampling
larger zooplankton, which are more effectively captured
by coarser mesh sizes (Skjoldal et al., 2013; Evans and Sell,
1985; Moriarty and O’Brien, 2013). While the discrepan-
cies in total abundance and biomass of zooplankton cap-
tured by plankton nets has been thoroughly documented
in the literature, zooplankton size distributions are seldom
intercompared (Nichols and Thompson, 1991; Atkin-
son et al., 2020). Studies have demonstrated differential
capture of various life stages and total abundance of
small zooplankton depending on mesh size (Nichols and
Thompson, 1991; Mack et al., 2012) and convergence of

NBSS slopes when the first four size bins are dropped
from NBSS (Trudnowska et al., 2020).

In this study, the WP-2 and bongo nets overlapped in
11 NBSS size classes ranging from 0.02 to 2.4 mg WW,
demonstrating differential size capture by the two mesh
sizes reflected in NBSS. Within the overlapping size
classes, the WP-2 captured more biomass in smaller
size classes and converged with the bongo net in the
larger overlapping size classes. Thus, the bongo net was
consistently under sampling biomass in the overlapping
size classes. Although we removed the four smallest size
bins from each net’s NBSS (Trudnowska et al., 2020),
the NBSS slopes were flatter (i.e. less negative) and the
intercepts higher from the WP-2 net. This suggests that
each net was sampling a different portion of the biomass
dome within the community NBSS (Fig. 1). Specifically,
the WP-2 covered a flatter portion of the dome (e.g. “a”
in Fig. 1), and the bongo net covered the steeper portion
of the dome (e.g. “b” in Fig. 1).

The discrepancy between NBSS slope and intercept
is reduced moving along the coastal–oceanic gradient.
Suggesting that under increasing micronutrient limitation
(e.g. iron limitation), the troughs between biomass domes
become suppressed and on occasion dissipate entirely
(Rossberg et al., 2019). More intensive studies are recom-
mended to confirm this hypothesis, with more frequent
sampling and replication during the spring and sum-
mer months, particularly in the highly dynamic coastal
regions when phytoplankton growth is seasonally limited
the availability of macronutrients. These discrepancies
caution the use of a single-net mesh to derive community-
level changes in NBSS on spatial and temporal gradients,
particularly in dynamic coastal regions.

Zooplankton production estimates from the WP-2 and
bongo net were in close agreement during the spring
and summer in transitional and open ocean regions in
the overlapping size classes. However, the WP-2 estimates
were higher in overlapping size classes during the winter
in all regions. Similarly, total zooplankton production
estimates from the two nets were in close agreement in
transitional and open ocean regions during the spring
and summer, whereas the estimates from the two nets
differed in the winter (all regions) and during all three
seasons in the coastal region. These findings highlight
the seasonal and spatial variability in the contribution
of different zooplankton size classes to total production.
In the subarctic Pacific, studies have demonstrated the
spatial and temporal variability in growth rates of various
stages of copepods using the artificial cohort method
(Liu and Hopcroft, 2006, 2007). These studies reported
a decrease in growth rate with increasing size, suggesting
that in a system numerically dominated by smaller cope-
pods (i.e. steep NBSS), production may be substantially
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higher than in systems dominated by larger copepods (i.e.
shallow NBSS). In Kingston Harbor, Jamaica, Hopcroft
et al. (1998) used two nets (64 and 200 μm) to demonstrate
that smaller individuals (i.e. <450 μm in length) made up
67% of the total zooplankton production, thus exceeding
their biomass contribution. The net abundance/biomass
and NBSS data further support this, as slopes were steeper
at coastal stations (i.e. greater dominance of smaller zoo-
plankton) and flatter in open ocean stations (i.e. greater
dominance of rare larger zooplankton, increased biomass
recycling). Therefore, although the differences in produc-
tion estimates across nets were not significant, overlooking
smaller size class may lead to substantial underestimates
in zooplankton production depending on the region and
season.

Ecological implications

Estimates of zooplankton abundance and biomass were
consistent, yet slightly lower, than reported in previous
studies in the NE subarctic Pacific, 193–5067 ind. m−3

and 16–2600 mg WW m−3, respectively (Sastri and
Dower, 2009; MacKas and Tsuda, 1999; Saito et al.,
2011), with notable seasonal and spatial differences
(McAllister, 1961). Zooplankton abundance decreased
moving away from the coast, whereas no regional trend
in total biomass was detected. This would suggest that
smaller zooplankton were relatively more abundant in
coastal areas, explaining higher intercepts, whereas rare
large zooplankton more prevalent in open ocean areas
of the subarctic Pacific (Espinasse et al., 2020). Similarly,
positive coastal–offshore trends in NBSS slopes have been
documented in the Bay of Biscay (Vandromme et al.,
2014) and Abrolhos Bank (Marcolin et al., 2013), although
the studies did not extend as far from the coast as in the
present study.

The coastal–offshore gradient in NBSS slope suggests
that the open ocean region experiences a higher degree of
biomass recycling maintained by multiple trophic levels/-
long food chains and likely lower PPMRs (Zhou, 2006;
Armengol et al., 2019). Along Line P, nitrogen isotopes
have been used to demonstrate that food chain length
increases moving away from the coast (Wu et al., 1997).
Based on macronutrient and chlorophyll-a concentrations
(Fig. 3), the iron limitation in the oceanic portion of Line
P transect ultimately limits phytoplankton growth (Har-
rison et al., 2004; Whitney et al., 2005). Therefore, phy-
toplankton at open ocean stations rely on zooplankton-
mediated recycling of iron for growth (Richon et al., 2020).
In contrast, the steeper NBSS (albeit flatter than −1) in
coastal areas were likely driven by a greater contribution
of small zooplankton, fewer trophic levels and larger
PPMRs (Barnes et al., 2010). However, the NBSS also

exhibit seasonal variability in the region, which were likely
driven by changes in macronutrient concentration/food
availability (García-Comas et al., 2016; San Martin et al.,
2006) associated with bloom or mortality events (Atkin-
son et al., 2020). For example, following the onset of a
phytoplankton bloom, an increase in biomass is expected
to propagate through the smaller size classes initially
causing the NBSS to steepen. Once the small zooplankton
have consumed the majority of the phytoplankton they
will experience a decrease in abundance and biomass,
whereas the larger size classes seemingly “catch up,”
resulting in a flatter NBSS slope as larger zooplankton
begin to dominate (Nogueira et al., 2004). This would
continue until the system eventually returns to a steady
state. However, Atkinson et al. (2020) observed the oppo-
site trend with shallowing of the NBSS slope prior to the
bloom and steepening of the NBSS in the late summer.
This would suggest that steepening of the NBSS slope was
related to progressive nutrient stress within the system.
To detect such fine scale changes in NBSS throughout
a bloom event, frequent sampling would be required to
detect pre- and postbloom changes in NBSS.

Zooplankton production estimates decreased with
increasing distance from the coast and seasonal variability
in production was only detected in the coastal region. This
coastal–oceanic gradient in zooplankton production has
previously been demonstrated in the Mediterranean Sea
(Saiz et al., 1999). Estimates of zooplankton production
in the present study were of similar magnitude as
past estimates from chitobiase within the region (1.8–
9.97 mg C m−3 d−1; Sastri et al., 2012; Sastri and
Dower, 2009). No directly comparable estimates of
zooplankton production exist along the Line P transect,
though initiatives are currently underway to provide
crustacean production estimates using the chitobiase
approach. Regardless, the spatial and seasonal patterns
were consistent with past phytoplankton studies and
net community production (NCP) studies in the region
(Izett et al., 2018; Hamme et al., 2010; Giesbrecht et al.,
2012). Izett et al. (2018) observed strong correlations
between NCP, chlorophyll-a, SST and MLD. However,
the relationship did not hold under periods of macro-
and micronutrient limitation, as is the case in the oceanic
portion of the Line P transect (i.e. iron limitation) and on
a seasonal basis in the coastal region. The magnitude
of change in zooplankton production on a seasonal
basis was most pronounced at coastal stations, with
seasonal variability in production in the transitional and
open ocean regions. This finding indicates that while
primary and secondary producers are closely linked,
using primary production to infer higher trophic level
productivity and distribution may lead to overestimations.
Primary producers (i.e. phytoplankton) have been
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extensively represented in ecosystem modeling (e.g.
Cheung et al., 2010; Lotze et al., 2019). In the last decade
the implications of excluding and/or misrepresenting
zooplankton in ecosystem models have received more
attention (Heneghan et al., 2016; Everett et al., 2017).
More recent ecosystem models excluding zooplankton,
cite them as a source of error and/or model limitation
(Lotze et al., 2019), suggesting that their inclusion in future
models will sharpen projections (Cheung et al., 2016).

CONCLUSIONS

Given the underlying structure of NBSS, this study sup-
ports the findings of Atkinson et al. (2020) demonstrat-
ing that a single mesh size should not be used to infer
whole zooplankton community size spectra, rather mul-
tiple sampling gears with various mesh sizes should be
employed. While the single mesh size approach still pro-
vides a valuable “snap-shot” or an index of the pelagic
system’s secondary production, it has strong limitations
in inferring biomass and/or production of size classes
beyond the catchability of the used mesh (e.g. micronek-
ton or fish). Furthermore, the seasonal and regional vari-
ability in the contribution of different size classes to total
production suggests that studies focusing exclusively on
production rates of larger zooplankton may substantially
underestimate secondary production. Spatial variability
in NBSS slope and zooplankton production estimates
warrants further investigation of micronutrient limita-
tion influence on extended phytoplankton–zooplankton
NBSS with more frequent sampling capturing ecosystem
seasonality.
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