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The Strait of Georgia, Canada, is an important region for numerous commercially and
culturally important species (e.g., herring, salmon, and orcas), yet little is known about the
links between lower trophic level (e.g. phytoplankton and zooplankton) phenology due to
historical sampling gaps. Here, we present fourteen years (2003-2016) of data linking
interannual variability in phytoplankton and zooplankton phenology in the Central Strait of
Georgia, BC. Satellite-derived chlorophyll a (Chl a) data were used to calculate spring bloom
dynamics (bloom initiation, bloom intensity, and bloom magnitude). Average spring
bloom initiation occurred during the last week of March in the Central Strait of Georgia.
Bloom initiation occurred in mid-to-late February/early March during “early”Chl a bloom years
(2004, 2005, and 2015) whereas initiation did not occur until the end of April during “late”
bloom years (2007, 2008). Spring Chl a bloom initiation was significantly correlated with the
North Pacific Gyre Oscillation (NPGO; r = 0.75, p < 0.01) and spring sea surface temperature
(SST; r = -0.70, p < 0.01); spring blooms occurred earlier during warm years. When all
environmental variables were considered together, NPGO best explained variations in spring
bloom initiation (Adj R2 = 0.53, p < 0.01) and bloom magnitude (Adj R2 = 0.57, p < 0.01),
whereas stratification best explained variations in bloom intensity (Adj R2 = 0.38, p < 0.05).
Early Chl a blooms were associated with high crustacean abundance (maximum of > 1000
ind m-3) but low biomass (37.5 mg m-3). Independent of the Chl a data, hierarchical cluster
analysis revealed similar groupings of years for crustacean abundance data. Most notably,
community composition in cluster Group 2 (2004, 2005, and 2015; early Chl a bloom years),
was comprised of a higher proportion of small crustaceans (e.g. non-calanoid copepods)
compared to the other cluster groups. To our knowledge, this study provides the first
evidence linking early spring Chl a bloom timing to a shift in the crustacean community
towards smaller taxa in response to multiple warm events in the Strait of Georgia. Our results
show that early Chl a bloomsmay potentially result in amismatch between phytoplankton and
large energy-rich crustacean zooplankton, with lower abundances of the latter. In contrast,
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average Chl a bloom years were optimal for large-bodied euphausiids, whereas late Chl a
blooms were a match for some crustaceans (e.g., medium calanoid copepods), but not
others (e.g., large calanoid copepods and amphipods). We hypothesize that early bloom
years may result in poorer feeding conditions for juvenile salmon and other predators in
the region.
Keywords: remote sensing, chlorophyll a, crustacean zooplankton, match/mismatch, phenology, Strait of Georgia,
Salish Sea, spring bloom
1 INTRODUCTION

Broadly defined, phenology is the study of the interannual
variability in the timing of important life cycle events in
response to changes in biotic and abiotic factors (Leith, 1974).
In marine ecosystems, phenology is typically studied by
examining the timing of peak abundances of key species or
taxonomic groups (Mackas et al., 2013). The Match/Mismatch
Hypothesis, put forth by Cushing (1969; Cushing, 1990),
suggests that interannual variations in larval fish recruitment
may be caused by the amount of overlap between their annual
peak and the peak in their zooplankton prey. Both
phytoplankton and zooplankton may show large year to year
variability in response to variations in environmental drivers
such as temperature, wind, and stratification (Mackas et al.,
2012). Furthermore, warmer temperatures due to climate change
are expected to result in shifts in zooplankton timing and
community composition towards a community dominated by
smaller species compared to historical norms (Richardson,
2008). Given that years with higher zooplankton biomass,
particularly of large lipid-rich crustaceans, are generally
thought to provide a better feeding environment for
planktivorous fish and birds (Peterson and Schwing, 2003;
Mackas et al., 2007, El Saabawi et al., 2013, Hipfner et al.,
2020), shifts in the phenology of phytoplankton and
zooplankton, and the resulting match/mismatch between these
lower trophic levels, may have important consequences
throughout the entire food web.

Studies investigating the match/mismatch between
phytoplankton and fish phenology are fairly common in
marine ecosystems. Platt et al. (2003) combined remote-
sensing satellite data with long-term haddock recruitment data
off the eastern continental shelf of Nova Scotia and showed that
larval fish survival is dependent on the timing of the spring
phytoplankton bloom. Similarly, Malick et al. (2015) found that
spring bloom timing was significantly correlated with pink
salmon productivity for Alaska and British Columbia
populations. In addition, other studies have considered the
match/mismatch of zooplankton phenology with respect to
both higher and lower trophic levels. For example, Beaugrand
et al. (2003) related changes in zooplankton biomass, timing, and
community composition to a decline in Atlantic cod (Gadus
morhua L.) recruitment in the North Sea, and Edwards and
Richardson (2004) investigated changes in phenology in the
North Sea across three trophic levels (from primary producers,
in.org 2
through zooplankton, to fish larvae), revealing a mismatch
between trophic levels in response to climate change.

Our study region, the Strait of Georgia (SoG), Canada, is a
semi-enclosed basin between mainland British Columbia and
Vancouver Island and is part of the larger waterbody known as
the Salish Sea (Figure 1). This region provides important habitat
and feeding grounds for numerous commercially and culturally
important species such as Pacific hake, Pacific herring, Pacific
salmon, and orcas. Spring bloom timing has been studied
extensively in the SoG using satellite-derived methods (e.g.,
Gower et al., 2013; Schweigert et al., 2013; Jackson et al., 2015),
biophysical models (Collins et al., 2009; Allen & Wolfe, 2013;
Peña et al., 2016), and in situ chlorophyll a (Chl a) sampling
(Halverson and Pawlowicz, 2013; Sastri et al., 2016). In addition,
some studies have examined the link between the timing of the
spring bloom and fish. For example, Chittenden et al. (2010)
examined the effects of release time on migratory behaviour and
survival of wild and hatchery-reared Coho salmon
(Oncorhynchus kisutch) in relation to both phytoplankton and
zooplankton blooms. Furthermore, Schweigert et al. (2013)
examined Pacific herring (Clupea pallasi) and spring
phytoplankton bloom phenology, determining that young of
year herring had better growth and survival during years when
spawning most closely matched phytoplankton bloom timing.
More recently, Boldt et al. (2019) used the timing of the spring
phytoplankton bloom and the peak availability of zooplankton
prey to assess age-0 herring abundance and condition in the SoG.

While numerous studies in the Northeast Pacific have
examined both interannual and decadal variability in
zooplankton in response to environmental variables (e.g.,
Brodeur and Ware 1992; Mackas et al., 2001; Mackas et al.,
2013; Li et al., 2013; Perry et al., 2021), only a few have
considered zooplankton phenology. For example, Continuous
Plankton Recorders (CPRs) have been used to examine
zooplankton phenology for the Northeast Pacific region (Mackas
et al., 2007; Batten and Mackas, 2009). However, studies on the
link between phytoplankton and zooplankton phenology in the
SoG are more limited (e.g. Yin et al., 1997; Mackas et al., 2013),
likely due to the historical gaps in zooplankton sampling in the
region (Mackas et al., 2013). Previous work has shown that
interannual variability in zooplankton biomass in the SoG is
predominantly related to decadal changes in the zooplankton
signal that correlate with large-scale climate indices such as
the North Pacific Gyre Oscillation (NPGO; Mackas et al., 2013)
and the Pacific Decadal Oscillation (PDO, Perry et al., 2021).
May 2022 | Volume 9 | Article 832684
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In general, cooler conditions in the SoG are known to be more
favourable for large-bodied crustacean zooplankton taxa (Mackas
et al., 2013); yet, the direct impacts of spring phytoplankton bloom
timing and other bloom characteristics (e.g., bloom intensity,
bloom magnitude) on the zooplankton community in this
region remain unclear.

Here, we present the first long-term study linking interannual
variability in both phytoplankton and zooplankton phenology in
the Strait of Georgia, BC. This work is part of the Salish Sea
Marine Survival Project (SSMSP), an initiative of the Pacific
Salmon Foundation (Canada) and Long Live the Kings (USA),
which aimed to address the declines in Coho and Chinook
salmon that have been occurring since the 1980s in the Salish
Sea (Preikshot et al., 2013). As such, we focus on crustaceans as
they comprise the majority of the total zooplankton biomass in
the SoG (Harrison et al., 1983; Mackas et al., 2013; Perry et al.,
2021) and are a preferred food item for juvenile salmon (Neville
& Beamish, 1999; Daly et al., 2010; Preikshot et al., 2010) and
herring (Boldt et al., 2019). The main goal of this study was to
examine the link between satellite-derived phytoplankton bloom
dynamics and the abundance and biomass of the crustacean
zooplankton community in the SoG during years with varying
environmental conditions. Specifically, our objectives were to
determine the match/mismatch in timing of crustacean
zooplankton during early, average, and late Chl a bloom years.
We examined both local and large-scale environmental drivers of
Chl a bloom dynamics. Additionally, we used a cluster analysis
approach to establish years with similar crustacean community
composition, and subsequently compared bloom dynamics and
Frontiers in Marine Science | www.frontiersin.org 3
environmental conditions between the clustering groups. Results
from this study provide insight into how interannual variability
in the phenology of key crustacean taxa may ultimately impact
higher trophic levels in the region.
2 METHODS

2.1 Study Area
The Strait of Georgia (SoG) has a surface area of approximately
6515 km2 with a maximum depth of over 400 m (Thomson,
1981), and is connected to open ocean waters at both its northern
and southern ends. The main source of freshwater into the strait
is the Fraser River, which plays an important role in stratification
that varies with the seasonal influence of river input (Harrison
et al., 1983). This influx of freshwater results in an estuarine-like
circulation with surface waters (mostly) leaving the SoG via the
Juan de Fuca Strait to the south and deep, nutrient-rich water
being upwelled into the surface (Li et al., 2000; Pawlowicz et al.,
2007). Our study focused on the Central SoG (Figure 1), as
historical zooplankton sampling was most comprehensive in this
region. Phytoplankton biomass in the Central SoG typically
peaks in March (Peña et al., 2016), whereas zooplankton
biomass has a more variable peak, occurring from late-spring
to late-summer (Mackas et al., 2013). In addition, the Central
SoG is one of the main regions associated with migrating juvenile
salmon species (Beamish et al., 2012; Furey et al., 2015), with
Coho and Chinook salmon typically entering the strait in mid-
May (Beamish et al., 2010, Neville et al., 2015).
FIGURE 1 | Map showing the Central Strait of Georgia (SoG), BC, Canada, study area (purple shading). Asterisk * indicates the high turbidity region near the mouth
of the Fraser River that was masked during satellite retrievals.
May 2022 | Volume 9 | Article 832684
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2.2 Satellite-Derived Chl a
2.2.1 Data Acquisition
Daily MODIS-Aqua imagery (Level 1A, 1 km2) from 2003-2016
were obtained from NASA’s Oceancolor web portal (https://
oceancolor.gsfc.nasa.gov/). Details of satellite data processing are
described in Suchy et al. (2019). Briefly, data were
atmospherically corrected using SeaDAS (developed by the
Ocean Biology Processing Group, OBPG) following regional
methods outlined in Carswell et al. (2017) and applying the
OC3M chlorophyll a (Chl a) algorithm (McClain et al., 2000). In
addition, a mask (indicated by an asterisk in Figure 1) was
applied to eliminate all satellite data from the region near the
mouth of the Fraser River, as recommended in Komick et al.
(2009), in order to minimize any error associated with the high
turbidity known to occur in this region. Pixels were excluded
with standard quality-control flags (e.g., contamination caused
by straylight, high solar and sensor zenith angles). As a result, no
data were available from mid-November to mid-February due to
the position of the sun and extensive cloud cover during the
winter months.

All Chl a products were spatially binned and mapped to a
common grid at 1.1 km2 spatial resolution and transformed to a
base 10 logarithm (Campbell, 1995). Missing pixels due to persistent
cloud cover in the region were spatially interpolated using the Data
Interpolating Empirical Orthogonal Functions (DINEOF)
methodology (Beckers and Rixen, 2003) with considerations of
the optimal temporal resolution of the input dataset as defined in
Hilborn and Costa (2018). Implementation of the DINEOFmethod
resulted in a daily spatially-continuous, gap-filled time series that
was subsequently binned into 8-day “weeks”. Maps showing the
seasonal and spatial variability in Chl a during the same years
considered in this study are presented in Figures 8, 9 in Suchy et al.
(2019). Although interannual variability in the spatial extent of Chl
a was observed, Chl a concentrations during spring (mid-February
to May), on average, were highest in the southern portion of the
Central SoG near the mouth of the Fraser River. Warmer years
exhibited widespread Chl a concentrations > 5 mg m-3 throughout
the entire region, whereas Chl a blooms during colder years were
more localized (Suchy et al., 2019).
2.2.2 Spring Bloom Phenology Metrics
Commonly used metrics for defining the start of the spring
bloom in remote sensing studies include the date when
chlorophyll concentrations first become 5% greater than the
local annual median (e.g. Siegel et al., 2002; Henson et al.,
2009) or selecting the date when chlorophyll concentrations
first reach a pre-defined threshold concentration, e.g. 2 mg m-3

(Jackson et al., 2015). Given that our 8-day weekly Chl a data
showed substantial variability from spring through to fall
(Supplementary Table 1; and see Suchy et al., 2019), we chose
a more conservative definition of spring bloom initiation. Spring
bloom initiation was defined using a threshold value of the
median + 5% Chl a concentration for a given year. Bloom
initiation occurred when: i) the first week in our Chl a time
series reached the threshold Chl a concentration, and ii) at least
Frontiers in Marine Science | www.frontiersin.org 4
one of the two following weeks were >70% of the threshold value.
This additional criterion was imposed to ensure that we did not
prematurely assign bloom initiation to a given week in the Chl a
time series if that week was followed by a long period of low Chl
a concentrations. It should be noted that although using
threshold values of 75% or 80% yielded the same results for all
years except 2012 (Supplementary Table 2), we used the 70%
value so as to not limit our ability to interpret bloom initiation in
2012. From these results, we calculated the mean spring bloom
initiation week. Chl a bloom years were considered “early” or
“late” if bloom initiation was greater than or equal to 1 standard
deviation about the mean. In addition, we characterized spring
bloom intensity and spring bloom magnitude using slightly
modified definitions given in Friedland et al. (2015; Friedland
et al., 2016) in order to account for the high variability in Chl a
concentrations throughout the months considered in this study.
Weeks with Chl a concentration above the median + 5%
threshold concentration were considered to be under ‘bloom
conditions’. Bloom intensity was then defined as the average Chl
a concentrations across all weeks under bloom conditions over
the course of the spring (mid-February to May), whereas spring
bloom magnitude (a proxy for bloom duration) was defined as
bloom intensity multiplied by the number of weeks under bloom
conditions. Due to the dynamic nature of the region, it was not
possible to clearly define the end of the bloom in a given year.
Therefore, we focused on bloom dynamics during the spring
only; the impacts of summer and autumn bloom conditions on
crustacean zooplankton will be considered in future studies.
2.3 Zooplankton Data
Data were obtained from the Fisheries and Oceans Canada
Institute of Ocean Sciences Zooplankton Database (version 9,
data downloaded on 21 May 2020), a version of which is
available on the Government of Canada Open Data Portal
under Strait of Georgia zooplankton (https://open.canada.ca/
data/en/dataset/2822c11d-6b6c-437e-ad65-85f584522adc).

2.3.1 Sampling
Zooplankton samples from 2003-2016 were collected as part of
larger sampling programs that have been conducted in the SoG
since 1996 by Fisheries and Oceans Canada (see Perry et al., 2021
for details). Sampling frequency has varied throughout the years;
however, since 2015 sampling has been conducted approximately
monthly from February to October (Table 1). Spatial coverage of
the zooplankton sampling also varied between years, with a few
core stations being consistently sampled throughout the time
series (see Figure 1 in Perry et al., 2021). While the spatial
coverage during the early part of our time series (i.e., prior to
2015) was mostly limited to these core stations, the spatial extent
of zooplankton sampling has expanded throughout the Central
SoG since 2015. For our study, only vertical net tow data from
Scientific Committee on Oceanic Research (SCOR), Bongo, or
ring nets with mouth diameters of approximately 50 cm and
mesh sizes of approximately 250 µm were selected from the
database. Typical vertical tow profiles were obtained from ~10 m
May 2022 | Volume 9 | Article 832684
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above the bottom of the seafloor to the surface. Nets were
retrieved at 1 m s-1, and calibrated flow meters were used to
record the volumes filtered by each tow. Samples were preserved
immediately in 10% sodium borate-buffered formalin in
seawater. We focused our analyses on the deep (bottom depths
deeper than 50 m) Central SoG as this region had the best
temporal resolution over the time period of our study. In
addition, we selected net tows that covered at least 70% or
more of the water column to ensure that our samples included
the diel and seasonal vertical migrating zooplankton taxa.

2.3.2 Taxonomic Analyses
In the labora tory , samples were examined us ing
stereomicroscopes (Wild dissecting microscope up to 2013,
and Zeiss SteREO Discovery 8 thereafter) and processed in two
parts based on zooplankton size. Whole samples were first
scanned for large (> 5 mm) or rare individuals, then split using
a Folsom splitter to approximately 100 individuals > 5 mm.
Plankton in these subsamples were identified to species, sex and
stage where possible, and subsequently removed. The remaining
subsample containing organisms < 5 mm was split to
approximately 400 individuals which were identified to the
lowest possible taxonomic classification and life history stage
or size class. Biomass was calculated from the abundance data
using the average biomass of individuals derived from measured
or literature values. The average biomass values per individual
taxa (species and life stage) are provided in the Open Data Portal
listed above (see also Perry et al., 2021). Abundance and biomass
data are presented as numbers or weight (dry mass; mg) per
m3, respectively.

For taxonomic groupings, we followed those defined in Table
S1 in Perry et al. (2021). Specifically, we focused on the following
crustacean groups: hyperiid amphipods, small (prosome length <
1 mm) calanoid copepods, medium (prosome length 1-3 mm)
calanoid copepods, large (prosome length > 3 mm) calanoid
copepods, non-calanoid copepods, cladocerans, ostracods,
decapods (larval crabs), and euphausiids. Daytime adult
euphausiid abundance/biomass was multiplied by 3 to adjust
for under sampling due to net avoidance (Mackas et al., 2013;
Perry et al., 2021).
Frontiers in Marine Science | www.frontiersin.org 5
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Due to inconsistent and patchy temporal sampling throughout
our study period, the zooplankton data were insufficient to look
at peak timing in individual years using common mathematical
methods such as the central tendency (e.g. Edwards &
Richardson, 2004) or the cumulative percentiles (e.g. Mackas
et al., 2012) methods. Therefore, we calculated the climatological
peak timing of crustacean abundance and biomass by taking the
mean value for a given month over the course of our time series
(2003-2016) and smoothing the data using simple spline curves.
Additionally, we calculated similar climatologies using mean
monthly crustacean abundance and biomass values for the
“early”, “average”, and “late” years as defined by the Chl a
bloom metrics in order to assess the match/mismatch between
phytoplankton and crustacean zooplankton under different
bloom conditions.

2.4 Environmental Variables
Annual values for large-scale climate indices and local
environmental variables were calculated using the same
datasets presented in Suchy et al. (2019) and are provided in
the Supplementary material (Supplementary Table 3). Here, we
considered the annual values of three large-scale climate indices:
the Pacific Decadal Oscillation (PDO), the North Pacific Gyre
Oscillation (NPGO), and the Southern Oscillation Index (SOI).
In addition, we considered local environmental variables,
averaged over late winter/spring months (January-May) in
order to capture the conditions prior to, and during, the spring
Chl a bloom. Sea surface temperature (SST) and photosynthetic
active radiation (PAR), which were calculated from daily
MODIS-Aqua (Level 2, 1 km2 spatial resolution) satellite
products, were only available from mid-February to May. Daily
average wind speed (km h-1) data were obtained from the
Halibut Bank buoy in the Central SoG (Station 46146, 49°20′
24″N 123°43′48″W; Environment and Climate Change Canada).
Wind speed values were converted to wind speed cubed (m3 s-3; a
proxy for wind stress). Fraser River peak discharge data at Hope,
BC (Station 08MF005) were obtained from Environment and
Climate Change Canada. Mean sea surface salinity (SSS), salinity
averaged over 0-100 m, and a stratification parameter (Dst; kg
TABLE 1 | Number of zooplankton samples collected in the Central Strait of Georgia, BC, by month from 2003-2016.

Feb Mar Apr May Jun Jul Aug Sep Oct Nov

2003 1 2 4 1 0 1 2 2 2 4
2004 2 12 4 1 2 1 2 2 5 2
2005 4 4 2 2 2 0 0 1 0 0
2006 0 0 4 0 0 0 0 3 0 0
2007 3 0 2 1 2 0 0 0 1 0
2008 2 8 0 2 7 4 0 0 0 8
2009 5 0 2 2 5 12 0 2 17 0
2010 10 0 0 0 6 4 0 2 6 0
2011 2 0 0 0 3 0 0 1 0 0
2012 0 0 0 2 3 0 0 3 0 0
2013 0 3 3 4 6 0 0 4 0 0
2014 0 1 3 0 5 0 0 3 2 0
2015 1 12 14 12 8 6 7 7 7 0
2016 6 12 4 10 6 3 3 2 0 2
M
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m−3) were obtained from CTD (Conductivity, Temperature,
Depth) profiles collected by the Institute of Ocean Sciences,
Fisheries and Oceans Canada, Sidney, BC. Stratification was
calculated as the density difference between the surface
(averaged over the top 10 m) and 50 m (see Suchy et al., 2019).

2.5 Statistical Analyses
Individual relationships between spring Chl a bloom dynamics
(initiation, intensity, and magnitude) and environmental
variables (large-scale climate indices and local drivers) were
examined by creating a heatmap of Pearson Product Moment
correlations in order to determine the environmental variables
associated with Chl a bloom metrics. In addition, we considered
all environmental variables together using forward selection
stepwise regression (Blanchet et al., 2008) to determine which
environmental variable(s) (explanatory variables) best explained
each bloom dynamic metric (dependent variables). The
explanatory variable with the highest significant correlation
was added to the model first and sequential variables were
added only if they reduced the Akaike Information Criterion
(AIC). Only models that were statistically significant were
considered and any variables showing multicollinearity, i.e.,
having a variance inflation factor (VIF) > 10, were removed.
Multiple linear regression was then performed on the
explanatory variable(s) represented in the model selected by
the forward regression procedure. The percentage of variation
explained by each model was presented as an adjusted R2 (Adj R2)
value. We recognize that potential problems have been identified
with the use of stepwise regression to reduce the number of
variables in multivariate analyses (e.g. Whittingham et al., 2006).
However, Smith (2018) has noted that stepwise regression
performs poorest when there are a large number of potential
predictors. In our case, we had only 9 predictors in our initial
regression models, which is not a large number. In addition, our
time series of 14 years was relatively short and not amenable to
other statistical tests which separate the data series into training
and test/validation segments.

Spearman Rank Order correlations were used to explore the
relationships between total annual crustacean abundance and
biomass with spring bloom dynamics to see if variability in Chl a
bloom metrics had an impact on the crustacean community as a
whole. Additionally, we examined these relationships with a
subset of key crustacean taxa (the large calanoid copepod
Neocalanus plumchrus, hyperiid amphipods, euphausiids, and
decapods), all of which feed directly on phytoplankton for at least
a part of their life cycle, and are, historically, preferred prey items
for juvenile salmon (Neville & Beamish, 1999; Daly et al., 2010;
Preikshot et al., 2010).

Independent of the satellite-derived Chl a data, we used
crustacean abundance data to conduct hierarchical clustering
using the Unweighted Pair-Group Method with arithmetic
Averages (UPGMA) to examine the similarity of crustacean
community composition across study years. Years with fewer
than three months of zooplankton data (2006, 2011, and 2012)
were excluded from this part of the analysis. Mean abundance
and biomass for each of the dominant crustacean taxa was then
Frontiers in Marine Science | www.frontiersin.org 6
calculated for each cluster revealed by the cluster analysis and
one-way analysis of variance (ANOVA) was used to test the
differences in mean abundance and biomass among the cluster
groups. Lastly, non-parametric Kruskal-Wallis tests were used to
compare the environmental drivers between the different
clustering groups. All statistical analyses were performed using
Sigmaplot® version 13.0, R version 3.5.1 (R Development Core
Team, 2018) and Python 3.9 with the Jupyter environment
(Kluyver et al., 2016).
3 RESULTS

3.1 Satellite-Derived Chl a Bloom
Phenology Dynamics
Mean spring bloom initiation over the duration of this study
(2003-2016) was end of March (DOY 89; Figure 2). Earlier than
average blooms (>1 SD about the mean) occurred in both 2005
and 2015 when the spring bloom began around February 18
(week of DOY 49-56). An early bloom (middle of the 8-day week
fell on the 1 SD line) also occurred in early March (between DOY
65 and 72) in 2004. In contrast, 2007 and 2008 had later than
average (>1 SD above the mean) spring bloom initiation (end of
April; between DOY 113 and 120). The highest spring bloom
intensities were observed in 2015 (14.1 mg m-3) and in 2007 (10.7
mg m-3); however, bloom intensity often showed substantial
variability within a given year. In contrast, the lowest spring
bloom intensity was observed in 2008 (6.2 mg m-3; Figure 3A).
Bloom conditions persisted throughout most of the spring in
2005 (90% of weeks were under bloom conditions) and >60% of
weeks were under bloom conditions in 2006, 2009, and 2015. On
the other hand, 2007 and 2008 exhibited the lowest proportion of
weeks (~20%) under spring bloom conditions due to the late
bloom initiation during those years (Figure 3A). Spring bloom
magnitude, which considers both bloom intensity and the
number of weeks under bloom conditions, was highest (>60.0
mg m-3 8-day) in 2005, 2006, 2009, and 2015 (Figure 3B).
Conversely, the lowest spring bloom magnitudes were observed
in 2003, 2008, and 2011 with values of <25.0 mg m-3 8-day.

Monthly median Chl a climatology (2003-2016) peaked in
April at 7.8 mg m-3 and remained on average > ~5.0 mg m-3

(range of 4.9 to 6.7 mg m-3) from May through to the end of
November (Figures 4A, E). During early Chl a bloom years
(2004, 2005, and 2015), an initial peak in Chl a was present at the
beginning of our study period in February (11.2 mg m-3),
followed by a secondary peak in April at 12.3 mg m-3

(Figures 4B, F). Average bloom years exhibited one main peak
of Chl a (maximum value of 7.1 mg m-3) lasting from April
through May (Figures 4C, G). In contrast, during late bloom
years a Chl a peak was not observed until the beginning of May,
remaining high (> 6.6 mg m-3) through to the end of July
(Figures 4D, H). The highest Chl a concentrations during late
bloom years were observed in Autumn (September to November;
monthly median of > 8.0 mg m-3) and were likely due to
exceptionally high Chl a concentrations that occurred in
Autumn 2008 (see Suchy et al., 2019).
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3.2 Environmental Drivers of Chl a
Bloom Dynamics
Individual relationships between bloom dynamics and
environmental variables showed that spring bloom initiation
was highly significantly correlated with NPGO (r = 0.75, p < 0.01)
Frontiers in Marine Science | www.frontiersin.org 7
and SST (r = - 0.70, p < 0.01; Figure 5) meaning that earlier
blooms occurred during warmer years in the SoG. When
grouping previously-defined “cold” years (i.e., 2007-2012; see
Suchy et al., 2019) and “warm” years (2003-2006 and 2013-2016)
in the SoG, spring bloom initiation was significantly later during
FIGURE 2 | Satellite-derived spring Chl a bloom initiation from 2003-2016 in the Central Strait of Georgia, BC. Black dots indicate the middle of the 8-day week
(day of year) with error bars representing +/- 3.5 days. Solid horizontal line is the mean bloom initiation date; dashed lines show the +/- 1 standard deviation used to
define “early” vs. “late” blooms.
A

B

FIGURE 3 | (A) Satellite-derived Chl a spring bloom intensity (line) and proportion of weeks under bloom conditions (grey bars) and (B) spring bloom magnitude
(which considers the intensity plus the number of weeks in bloom conditions) from 2003 to 2016 in the Central Strait of Georgia, BC.
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cold years (t-test, t = -2.7, df = 12, p = 0.009). In addition, spring
bloom initiation was related to PAR (r = -0.56, p < 0.05) and wind
(r = 0.54, p < 0.05), suggesting that increased light availability and
weakerwinds help to establish earlier bloom initiation in the SoG.
Spring bloom intensity was positively correlated with
stratification (r = 0.66, p < 0.05) and negatively related to SOI
(r = -0.57, p < 0.05). Spring bloom magnitude was negatively
related to both NPGO (r = -0.77, p < 0.01) and SOI (r = -0.65, p <
0.05), but showedno significant relationshipswith any of the local
Frontiers in Marine Science | www.frontiersin.org 8
environmental variables. That said, spring bloommagnitude was
significantly and negatively correlated with spring bloom
initiation (r = -0.64, p < 0.05; Figure 5) meaning that higher
spring bloommagnitudes occurred during years with the earliest
blooms. The strongest correlations between local environmental
variables and large scale climate indices were observed for SST
and wind. SST was strongly correlated with PDO (r = 0.83, p <
0.01) and SOI (r = -0.72, p < 0.01), whereas wind was strongly
correlated to NPGO (r = 0.74, p < 0.01) and PDO (r = -0.68, p <
A

B

D

E

F

G

H

C

FIGURE 4 | Monthly Chl a and total crustacean abundance (left panels) and biomass (right panels) during climatological years (2003-2016;A, E), and during early
(2004, 2005, 2015; B, F), average (2003, 2006, 2009-2014, 2016;) (C,G), and late (2007, 2008; D, H) Chl a bloom years in the Central Strait of Georgia, BC.
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0.01). When all environmental variables were considered
together, forward selection stepwise regression revealed that
NPGO best explained variations in spring bloom initiation (Adj
R2 = 0.53, p < 0.01) and spring bloommagnitude (Adj R2 = 0.57, p
< 0.01;Table 2). If large-scale climate indices were removed from
the regression analysis for bloom initiation and only local
environmental drivers were considered, spring bloom initiation
was best explained by SST (Adj R2 = 0.44, p < 0.01; not shown).
Spring bloom intensity was best explained by stratification (Adj
R2 = 0.38, p < 0.05; Table 2).

3.3 Crustacean Zooplankton Phenology
The climatological (2003-2016) main peak in mean crustacean
abundance was observed from June to August with a maximum
peak of 763 individuals (ind) m-3 occurring in July (Figure 4A).
A smaller peak (590 ind m-3) was observed in the climatology in
April, which occurred slightly before the main peak in Chl a.
Frontiers in Marine Science | www.frontiersin.org 9
The highest peak in mean crustacean abundance (1021 ind m-3),
mostly driven by the high abundances observed in 2015,
occurred in August during early Chl a spring bloom years
(Figure 4B). During average Chl a bloom years, crustacean
abundance exhibited peaks in April and July (702 and 821 ind
m-3, respectively; Figure 4C). Mean crustacean abundance was
substantially lower in late Chl a bloom years wherein an initial
peak was observed from March to April, followed by a high peak
(616 ind m-3) of short duration in June (Figure 4D); however,
limited samples were available from July to October during the
late Chl a bloom years of 2007 and 2008 (Table 1).

The initial peak in crustacean biomass for the climatology
occurred in May (41.1 mg m-3; Figure 4E), approximately one
month after the peak in Chl a. Following this, the main peak in
biomass occurred in July (62.9 mg m-3). Average Chl a bloom
years showed a similar pattern as was observed in the
climatology, which is expected given that average bloom years
FIGURE 5 | Heatmap showing Pearson Product Moment correlations between spring Chl a bloom dynamics (bloom initiation, bloom intensity, and bloom magnitude) and
environmental drivers. Significant relationships at p < 0.05 are indicated with * and at p < 0.01 with **.
TABLE 2 | Results of linear regressions and the significance of the models chosen by forward stepwise regression to describe the environmental variables influencing
Chl a bloom dynamics.

Dependent Variable Independent Variable Coefficient SE t-value p

Bloom Initiation (F = 15.37, SE = 13.80, Adj R2 = 0.53) Constant
NPGO

79.71
18.10

3.88
4.62

20.55
3.92

< 0.01

Bloom Intensity (F = 9.06, SE = 1.59, Adj R2 = 0.38) Constant
Stratification

2.53
4.18

2.15
1.39

1.18
3.01

< 0.05

Bloom Magnitude (F = 18.00, SE = 12.92, Adj R2 = 0.57) Constant
NPGO

53.04
-18.34

3.63
4.32

14.60
-4.24

< 0.01
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comprised the majority of the years used in the climatology
calculations (Figure 4G). Early Chl a bloom years resulted in the
lowest crustacean biomass (maximum mean biomass of 37.5 mg
m-3 in July; Figure 4F). Crustacean biomass during late Chl a
bloom years peaked from May to July (maximum biomass of
56.1 mg m-3), corresponding to the peak in Chl a during the
same time period (Figure 4H).

In general, crustacean zooplankton showed varying
phenological responses to Chl a bloom timing. Shifts in the
timing of peak abundance was most evident for euphausiids,
which peaked in April during early Chl a bloom years, mid-April
during average bloom years, and in early May during late Chl a
bloom years (Figure 6). Euphausiid abundance was highest during
average bloom years with a peak of 102 ind m-3 compared to
maximum peaks of 34 indm-3 and 28 indm-3 during early and late
bloom years, respectively. A substantially higher abundance (>640
ind m-3) of non-calanoid copepods was observed during July and
August of early Chl a bloom years compared to average and late
bloom years which had peaks of 367 and 167 ind m-3, respectively
(Figure 6). Similarly, small calanoid copepods exhibited a slightly
higher peak (72 ind m-3) in July during early Chl a bloom years. In
contrast, there was a higher abundance of medium-sized calanoid
copepods (e.g. Metridia spp) during average and late bloom years
compared to early Chl a bloom years. No notable changes between
early and average Chl a bloom years were observed for either large
calanoid copepods or hyperiid amphipods; however, amphipod
abundance was noticeably lower in late Chl a bloom
years (Figure 6).
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No significant relationships or trends were found between
bloom phenology dynamics and mean annual crustacean
abundance and biomass (Figure 7). However, of particular
interest to this work were crustacean groups that act as a direct
link between phytoplankton and higher trophic levels. Therefore,
we examined these relationships with a subset of those
crustacean taxa which feed directly on phytoplankton and are
favoured dietary items of juvenile salmon (euphausiids, N.
plumchrus, hyperiid amphipods, and decapod larvae). Results
from this analysis revealed a nearly significant positive
relationship between spring Chl a bloom initiation and mean
annual crustacean biomass, i.e., the biomass of these key
crustacean taxa tended to be higher with later bloom start
dates (r = 0.50, p < 0.07; Figure 8B); however, no relationship
was found between Chl a bloom initiation and the mean annual
abundance of these key taxa (r = -0.22, p = 0.44; Figure 8A).

3.4 Crustacean Community Composition
Hierarchical clustering analysis revealed three main crustacean
abundance groups (Figure 9). Group 1, the main group, included
all of the “average” bloom years as defined by the satellite-derived
Chl a bloom phenology, as well as 2008. Group 2 included 2004,
2005, and 2015, all of which were defined as the “early” Chl a
bloom years. Lastly, 2007, one of the “late” Chl a bloom years,
was separated from the other years into Group 3.

When examining mean abundance and biomass for the
crustacean taxa in each of the groups identified by the cluster
analysis, mean crustacean abundance was comparable for
FIGURE 6 | Total abundance (ind m-3) for non-calanoid and calanoid copepods, hyperiid amphipods, and euphausiids during early (2004, 2005, 2015; left panels),
average (2003, 2006, 2009-2014, 2016; middle panels), and late (2007, 2008; right panels) Chl a bloom years in the Central Strait of Georgia, BC.
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Groups 1 and 2 (609.0 and 574.0 ind m-3, respectively) whereas
mean abundance for Group 3 was substantially lower at 347.0
ind m-3, possibly due to a lack of August and September samples
which may have biased the mean abundance values low
(Figure 10). Non-calanoid copepods were more abundant in
the years associated with Group 2 (i.e., early Chl a bloom years;
Figure 10). Group 1, which corresponded with average Chl a
bloom years, had a slightly higher abundance of medium-sized
calanoid copepods and larger crustaceans, e.g. euphausiids and
amphipods, compared to Group 2. Furthermore, euphausiids
and amphipods were more abundant in Groups 1 and 2
compared to Group 3. As a result, mean crustacean biomass
was highest in Group 1, i.e., 40.3 mg m-3 compared to 26.1 and
27.7 mg m-3 observed for Groups 2 and 3, respectively. The high
biomass in Group 1 compared to the other groups was
particularly evident for euphausiids, decapods, and large
calanoid copepods (Figure 10). No significant relationships
were found between cluster groups for total abundance, total
biomass, or any of the individual taxa, with the exception of
small calanoid copepods which was significantly different
between the three cluster groups [one-way ANOVA, F(1,8) =
8.03, p = 0.02]. However, the power of these analyses was often
below the desired power of 0.80 due to the small number of years
in Groups 2 and 3, which potentially impacted our ability to
detect statistically significant differences between groups.
3.5 Environmental Drivers of Crustacean
Community Composition
A comparison of large-scale climate indices, environmental drivers,
and Chl a bloom phenology dynamics between the years grouped in
the cluster analysis revealed that the spring Chl a bloom start date
Frontiers in Marine Science | www.frontiersin.org 11
was the only variable significantly different between the three groups
(Kruskal-Wallis rank sum test, chi-squared = 7.16, df=2, p < 0.03;
Figure 11). Chl a bloom initiation occurred earlier during years
associated with Group 2, followed by Group 1, then Group 3. Given
that only 11 years were used in this part of the analysis, we also note
variables that were significantly different between cluster groups at
alpha = 0.10. Specifically, SOI (Kruskal-Wallis rank sum test, chi-
squared = 6.03, df=2, p < 0.05, PAR (Kruskal-Wallis rank sum test,
chi-squared = 5.63, df=2, p < 0.06, and wind (Kruskal-Wallis rank
sum test, chi-squared = 5.63, df=2, p < 0.06) were all significantly
different between the three groups identified in the cluster analysis.
These results suggest that differences in crustacean community
composition were associated with spring Chl a bloom start date,
negative values of SOI (warm phase conditions), as well as the with
key variables responsible for bloom initiation (light availability
and wind).
4 DISCUSSION

4.1 Satellite-Derived Chl a Bloom
Dynamics
4.1.1 Spring Bloom Timing
Spring bloom initiation throughout our study (2003-2016)
occurred, on average, during the last week of March (DOY 89;
middle of the 8-day week). These results differ slightly from
Schweigert et al. (2013) who used SeaWiFS level 3 data from
1997-2010 to show that satellite-derived bloom initiation,
defined as either the first annual date when two consecutive
mean Chl a values were greater than the annual median + 5% or
the first date when a selected threshold of 6 mg m-3 occurred, for
FIGURE 7 | Relationships between annual abundance (top panels) and biomass (bottom panels) of crustacean zooplankton and bloom phenology dynamics from
2003-2016 in the Strait of Georgia, BC.
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FIGURE 9 | Cluster dendrogram for the Central Strait of Georgia crustacean community abundance from 2003-2016 using the Unweighted Pair-Group Method
using the arithmetic Averages (UPGMA) method for hierarchical clustering. Years with fewer than 3 months of data (2006, 2011, 2012) were excluded from analysis.
FIGURE 8 | Relationship between annual abundance (A) and biomass (B) of key crustacean taxa (i.e., groups that constitute major dietary items for juvenile salmon
which also feed directly on phytoplankton; euphausiids, hyperiid amphipods, decapods, and the large calanoid copepod Neocalanus plumchrus) and spring bloom
start date in the Central Strait of Georgia, BC.
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the entire SoG typically occurred between DOY 60 and 80.
However, our results were well within the spring bloom timing
(defined as the peak in chlorophyll biomass) of mid-March to
mid-April in the Central SoG identified by Bornhold (2000).
Furthermore, Jackson et al. (2015) showed that Chl a climatology
typically begins to increase in March in the SoG, however a peak
in Chl a was not observed in their study until May, possibly due
to the fact that they considered the entire SoG region as a whole,
over different climatological years (1997-2010), using different
satellite data and processing methods. Our results were also
consistent with the long-term mean spring bloom start date
(defined as the maximum phytoplankton concentration when
nitrate was depleted) in the Central SoG of March 25 (DOY 84)
determined by a one-dimensional biophysical model (Allen and
Wolfe, 2013) despite the fact that our study considered a larger
spatial scale (i.e., the entire Central SoG instead of a single
sampling station) and a different range of years (2003-2016 in
Frontiers in Marine Science | www.frontiersin.org 13
our study compared to 1968-2010 presented in Allen and Wolfe,
2013). Similarly, Peña et al. (2016) used a three-dimensional
coupled biophysical model to determine that the spring bloom
typically occurred between April 2 and 15, only slightly later than
what we report in our study. Although Peña et al. (2016) also
defined the spring bloom as the peak in phytoplankton biomass,
and not initiation per se, their model did reveal that
phytoplankton biomass begins to increase in February and
typically reaches concentrations > 5 mg m-3 in March,
consistent with our findings for bloom initiation. Whereas the
previous examples are consistent with spring phytoplankton
bloom timing in the Central SoG being around the end of
March, they differ in their details, in part because they used
different metrics (i.e., bloom initiation, peak in phytoplankton
biomass, initial drawdown of nutrients, etc.), over different
spatial and temporal scales, even within the same relatively
small study region.
FIGURE 10 | Mean abundance and biomass of the main crustacean taxa in Groups 1, 2, and 3 from the clustering analysis for the Central Strait of Georgia from
2003-2016. Years with fewer than 3 months of data (2006, 2011, 2012) were excluded from the analysis.
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Despite the various methods used to characterize bloom
timing in the SoG, the “early” (late February/early March) Chl
a bloom years defined by this study (2004, 2005, 2015) were
corroborated by results from other studies. In situ surface Chl a
samples previously determined that the 2005 bloom began
during the third week of February in the Central SoG
(Halverson and Pawlowicz, 2013). In addition, 2005 and 2015
were designated as early bloom years in the Central SoG based on
high resolution surface measurements of chlorophyll
fluorescence from ferry box sampling (Sastri et al., 2016) and a
coupled bio-physical model (Collins et al., 2009; Allen et al.,
2016). In fact, 2015 was found to be the second earliest bloom
(the earliest being late February 2005) as measured by the ferry
systems in the Central SoG since 2001 (Sastri et al., 2016). The
“late” bloom years defined in this study (2007, 2008) did not
always agree well with previous studies. For example, observation
data of in situ Chl a indicated that the bloom in 2007 occurred
Frontiers in Marine Science | www.frontiersin.org 14
between April 2-8 (DOY 92-98; Sastri et al., 2016), whereas
modeled bloom timing for 2007 revealed a slightly later bloom
data of April 10 (DOY 100; Allen and Wolfe, 2013), which was
closer to our observed value of the week beginning with DOY 113
(end of April). In contrast, coarser resolution (standard SeaWiFS
and MODIS) satellite-derived chlorophyll data from 1997-2010
suggested an early bloom (February-March) in 2007 (Thomson
et al., 2012); however, they noted that the 2008 bloom was
delayed relative to their observed early bloom of 2007. Similarly,
Gower et al. (2013) determined relatively early but more
localized Chl a blooms in both 2007 (mid-February) and 2008
(mid-March) using the fluorescence line height approach for
MODIS satellite imagery. Discrepancies in results between this
study and other satellite-based studies may be due to the use of
region-specific algorithms for atmospheric correction and the
models used to retrieve chlorophyll data in the present study (see
Carswell et al., 2017; Suchy et al., 2019).
FIGURE 11 | A comparison of large-scale climate indices, environmental parameters, and bloom dynamics between clustering groups for the Central Strait of
Georgia crustacean community from 2003-2016. Group 1= dark blue boxplots, Group 2= light blue boxplots, Group 3= black lines representing a single year. P-
values and H-statistics were determined using non-parametric Kruskal-Wallis test. D.f. = 2 for each test; **=significant at alpha=0.05, *=significant at alpha=0.10.
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4.1.2 Environmental Drivers of Bloom Dynamics
A detailed discussion of environmental drivers of phytoplankton
variability in the SoG based on the same satellite-derived Chl a
data used in this study is presented in Suchy et al. (2019). Results
from this previous work suggested that local drivers (i.e., Fraser
River discharge), rather than large-scale climate indices,
influence spatial and temporal variability of chlorophyll
concentrations in the Central SoG. However, examination of
the environmental drivers of Chl a bloom dynamics in this study,
as opposed to chlorophyll concentrations per se, revealed that
spring Chl a bloom initiation was strongly positively related to
NPGO and SOI and negatively correlated with SST and PDO
(Figure 5); warmer years tended to have earlier blooms whereas
colder years exhibited average or late blooms. This general
pattern of early initiation of the spring bloom associated with
warmer SST has been found in numerous other studies (e.g.,
Sasaoka et al., 2011; Henson et al., 2013; Zhao et al., 2013;
Hunter-Cevera et al., 2016). In contrast to our results, Allen &
Wolfe (2013) found no significant relationship between modeled
spring bloom date and temperature in the Central SoG; yet their
results did show a weak relationship between bloom initiation
and NPGO (r = 0.36, p = 0.05), which supports our findings. The
warm phase conditions (-NPGO, -SOI, +PDO; Suchy et al.,
2019) observed during early bloom years in the SoG were also
associated with increased light levels (PAR) and weaker winds
during late winter/early spring, both of which are known to
impact bloom initiation in the SoG (Yin et al., 1997; Collins et al.,
2009; Allen & Wolfe, 2013).

Warm-phase conditions may have direct and indirect effects
on phytoplankton. For example, higher SST can result in earlier
blooms if increased temperatures also act to increase the
photosynthetic (Henson et al., 2006) or cell division (Hunter-
Cevera et al., 2016) rates of phytoplankton cells. Alternatively,
warmer atmospheric temperatures may indirectly impact Chl a
concentrations during the spring by causing earlier snowmelt
and increased freshwater runoff, resulting in increased water
column stratification (Yin et al., 1997; Foreman et al., 2001; Ji
et al., 2007; Suchy et al., 2019). Stratification in the SOG typically
peaks in the summer (June or July) coincident with the peak in
Fraser River discharge (Suchy et al., 2019). Chiba et al. (2008)
found that warmer conditions during the winter in the Oyashio
region resulted in strong stratification in the spring, which
prompted earlier bloom timing. We found no significant
relationships between spring bloom initiation and either SSS,
Fraser River discharge, or stratification; however, spring bloom
intensity, the average Chl a concentration over weeks under
bloom conditions, was significantly related to stratification (Adj
R2 = 0.38, p < 0.05; Table 2). These results further support our
previous findings that increased stratification in the SoG during
late winter/early spring as a result of warm-phase conditions
contributes to early bloom formation and high Chl a
concentrations compared to colder years (Suchy et al., 2019).
Furthermore, warmer years with earlier Chl a blooms
subsequently resulted in a higher spring bloom magnitude, a
finding that has previously been reported for both the Grand
Banks of Newfoundland (Zhao et al., 2013) the US Northeast
Frontiers in Marine Science | www.frontiersin.org 15
Shelf (Friedland et al., 2015), the North Atlantic (Friedland et al.,
2016), as well as on a global scale (Racault et al., 2012; Friedland
et al., 2018). While no direct relationship was found between SST
and bloom magnitude in our study, variability in spring bloom
magnitude (our proxy for bloom duration) was best explained by
NPGO (Adj R2 = 0.57, p < 0.01; Table 2). Specifically, years
associated with -NPGO (warmer years) were characterized by
weaker spring winds (Figure 5), likely allowing blooms to persist
for a longer duration, and thus resulting in the observed higher
bloom magnitudes.

4.2 Phytoplankton and Zooplankton in the
Central Strait of Georgia
4.2.1 Climatological/Average Bloom Years
The climatological seasonal zooplankton cycle in the SoG is
known to have a late-spring to late-summer peak and a winter/
early-spring minimum (Mackas et al., 2013). Our results for the
climatology (and average Chl a bloom years) showed that the
maximum peaks in both abundance and biomass of total
crustaceans occurred in July (Figure 4). The initial peak in
crustacean abundance, however, occurred just prior to April
and at the same time as the first peak in Chl a. This initial peak in
crustacean abundance is likely attributed to the high numbers of
juvenile crustaceans (e.g., euphausiids, copepod nauplii, and the
copepodite stages included in the medium calanoid copepod
grouping), which feed predominantly in the upper water column
in response to rapid increases in phytoplankton. Euphausiid
development cues are known to be strongly coupled with
phytoplankton biomass (Ross & Quetin 2000) and their
reproductive cycles have previously been shown to be triggered
by episodic phytoplankton blooms (Ji et al., 2010). Results from
our study indeed revealed a tight coupling between euphausiid
abundance and Chl a biomass, wherein the peak timing of
euphausiids corresponded to the main peak in Chl a regardless
of Chl a bloom timing (Figure 6). Furthermore, there was an
initial smaller peak in total crustacean biomass in May
(Figure 4E), which is consistent with the findings from
previous studies in this region that determined zooplankton
biomass typically peaks about one month after the maximum
phytoplankton biomass is reached (e.g., Stockner et al., 1977;
Peña et al., 2016).

The seasonal patterns we observed in monthly median Chl a
concentrations varied between early, average, and late Chl a
bloom years. While our results indicate that bloom
concentrations during late Chl a bloom years were associated
with colder temperatures, lower light levels and stronger winds
(which can cause extensive vertical mixing), zooplankton grazing
may also disrupt or delay phytoplankton blooms. As such, the
timing and composition of the zooplankton community is an
important factor contributing to Chl a bloom dynamics given
that high abundances of zooplankton grazers prior to a bloom
initiation may inhibit its development (Parsons et al., 1966; Siegel
et al., 2002). Below we discuss the synchrony in phytoplankton
and zooplankton phenology during early and late Chl a bloom
years in order to better understand what constitutes a match vs.
mismatch year for lower trophic levels in the Central SoG.
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4.2.2 Early Bloom Years
Median monthly Chl a concentrations were > 5 mg m-3 from
February through April during early bloom years with a notable
decrease in Chl a concentrations during March (Figures 4B, F).
A decline in Chl a concentrations in the spring bloom in the SoG
was previously shown to coincide with increased zooplankton
biomass during a time when surface nitrate was still available,
thus indicating that grazing, as opposed to nutrient limitation,
was the cause of the decline (Peña et al., 2016). We suspect that
this may be the case during the early bloom years in this study as
the decline in Chl a in March coincided with an increase in the
abundance of non-calanoid copepods, medium calanoid
copepods, and amphipods that resulted from an earlier shift in
the initial peak abundances of these groups (Figure 6).
Variability in cohort timing of N. plumchrus, the copepodite
stages of which are included in our medium calanoid copepod
group, is known to be positively correlated with spring surface
temperature anomalies in the Northeast Pacific (Mackas et al.,
2012). Mackas et al. (1998) previously observed that the peak
zooplankton biomass during “warm”, “normal”, and “cold years”
at Ocean Station Papa in the North Pacific was distinctly early
(and even higher) during years when the surface layers were
anomalously warm. Our results support these findings and
suggest that the shift in timing of herbivorous species may
have contributed to the observed decrease in Chl a biomass
during the spring of early years. While early bloom years were
associated with the highest crustacean abundance observed in
our study (> 1000 ind m-3 during August; Figure 4B), this high
abundance was mainly attributed to smaller-bodied non-
calanoid copepods (Figures 6, Figure 10). Overall, the low
biomass values observed during these years suggest that early
Chl a blooms cause a mismatch for phytoplankton and larger
crustacean zooplankton in the Central SoG.

4.2.3 Late Bloom Years
Chl a concentrations remained < 5 mg m-3 from February
through April during late bloom years and were subsequently
higher (5 to 10 mg m-3) during summer and autumn compared
to early and average bloom years (Figures 4D, H). Somewhat
surprisingly, the earliest peak in total crustacean biomass during
our study was observed during May to June for late Chl a bloom
years (Figure 4H) coinciding with the time period when Chl a
concentrations reached > 5 mg m-3. This main peak in
crustacean biomass during late Chl a bloom years was lower,
but of a longer duration, relative to average bloom years.
Friedland et al. (2015) suggested that grazing pressure of
zooplankton on phytoplankton may be higher during late
bloom years when zooplankton populations have had sufficient
time to develop prior to the bloom start, thus resulting in smaller
Chl a blooms. Total crustacean abundance initially peaked in
March during late bloom years in our study and was largely
driven by a high abundance of medium-sized calanoid copepods
(Figure 6). Therefore, it is possible that late Chl a blooms may
have experienced heavier grazing pressure by zooplankton
already present in the surface waters, thus preventing Chl a
concentrations from increasing during the spring of those years
Frontiers in Marine Science | www.frontiersin.org 16
(Siegel et al., 2002; Zhao et al., 2013). That said, even though
crustacean abundance was lowest during late Chl a bloom years
(Figure 4D), crustacean biomass was still relatively high when
2007 and 2008 were considered together (maximum biomass of
56.1 mg m-3; Figure 4H). Our results are in contrast to a study
from nearby Rivers Inlet, BC, which found that the phenology of
five main copepod species was delayed when the spring bloom
was later (Tommasi et al., 2021); however, the authors note that
phenological responses to environmental variables may be
region-specific. In addition, our study considers larger
taxonomic groupings and a longer time period (i.e., 14 years
compared to the 3 years of observations in Tommasi et al., 2021).
It is also important to mention that while our satellite-derived
metrics defined both 2007 and 2008 as late Chl a bloom years,
these years showed marked differences in both spring bloom
intensity and magnitude, which were higher in 2007 compared to
2008 (Figure 3B), as well as in crustacean abundance and
biomass, which was lower in 2007 relative to 2008 (Figure 8).
Furthermore, the lack of summer samples in 2007 and 2008 may
have biased our zooplankton-related phenology results for late
Chl a bloom years and likely resulted in lower annual crustacean
abundance and biomass estimates than would be observed with
higher temporal sampling resolution.
4.3 Crustacean Community Composition
4.3.1 Cluster Analysis
One of the most notable findings of this study came from the
clustering analysis of crustacean community composition. Our
hierarchical clustering results based on crustacean abundance
data, alone, clearly separated zooplankton communities
associated with early bloom years (Group 2; 2004, 2005, 2015;
Figure 9) as defined by the satellite-derived Chl a bloom
phenology. In contrast, the main group (Group 1) included
average Chl a bloom years, whereas Group 3 separated out the
late bloom year of 2007 (but not 2008). Analysis of the
crustacean taxa comprising each of these groups revealed a
higher proportion of non-calanoid copepods in the years
associated with Group 2 (i.e., early Chl a bloom years). These
results are somewhat expected given that higher temperatures,
associated with the early bloom years in this study, tend to favour
smaller zooplankton taxa in the SoG (Mackas et al., 2013).
However, smaller copepods such as non-calanoid and small
calanoid copepods are not an ideal food item for juvenile
salmon (Preikshot et al., 2010), which suggests that early
bloom years may negatively impact the quality of zooplankton
prey available for higher trophic levels.

In contrast, average Chl a bloom years associated with Group 1
had a slightly higher relative abundance of medium calanoid
copepods and larger crustaceans, e.g. euphausiids and
amphipods, resulting in the highest overall biomass (40.3 mg m-

3) of all three groups (Figure 10). This higher proportion of large
crustaceans, particularly large-bodied copepods with higher lipid
content, is indicative of better food quality available for higher
trophic levels (Preikshot et al., 2010; Mackas et al., 2013). As was
observed by Tommasi et al. (2013), we observed a shift in
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community composition resulting in a substantially lower
abundance of euphausiids during the late bloom year of 2007
(Figure 10). Coupled with the fact that overall crustacean
abundance was substantially lower in 2007, this contributed to
low overall biomass values for Group 3 that were comparable to
the low biomass values observed during the early Chl a bloom
years comprising Group 2 (26.1 and 27.7 mg m-3 for Groups 2 and
3, respectively). However, given our poor sampling resolution in
2007, any potential impacts of crustacean zooplankton as food, in
terms of both quantity and quality, on higher trophic levels during
late Chl a bloom years, remains unclear.

4.3.2 Environmental Drivers of Crustacean
Community Composition
Previous studies have extensively examined the link between
variations in zooplankton anomalies in relation to both large-
scale climate indices and local factors in the SoG (Li et al., 2013;
Mackas et al., 2013; Perry et al., 2021). Mackas et al. (2013)
determined that zooplankton biomass from 1990-2010 was
strongly related to NPGO, particularly on decadal scales;
however, the authors highlighted that relationships between
environmental variables and individual zooplankton taxa are
often weak and confounded by the presence of multicollinearity
amongst the environmental variable themselves in this region.
More recently, Perry et al. (2021) found that zooplankton
biomass anomaly trends from 1996-2018 were related to sea
surface salinity, PDO, and peak spring phytoplankton bloom
date. Given the consideration of these relationships elsewhere,
we focused instead on determining the environmental variables
associated with changes in crustacean community composition
by comparing large-scale climate indices, environmental drivers,
and bloom dynamics between the years grouped in our
zooplankton cluster analysis. Results from this analysis
indicated that spring bloom initiation was significantly
different between clustering years (p < 0.05; Figure 11). In
addition, SOI and two key variables associated with
phytoplankton bloom formation, PAR and wind, were
significantly different between clustering years at alpha = 0.10.
Negative SOI values (warm-phase El Niño conditions), weak
winds, and high PAR values likely contributed to early Chl a
bloom initiation and were associated with the crustacean
communities clustered into Group 2 (years 2004, 2005, and
2015; Figure 11). Previous studies have linked SOI to changes
in the phytoplankton community (an increase in heterotrophic
and autotrophic dinoflagellates) (Pospelova et al., 2010), the
zooplankton community (Haro-Garay and Soberanis, 2008; Li
et al., 2013), as well as to salmon production in the SoG (Beamish
et al., 1997). The main El Niño events (negative values of SOI)
during this study occurred from 2003 to mid-2005, and then
again from mid-2014 to 2016 (Suchy et al., 2019), thus
encompassing the early Chl a bloom years as defined by both
satellite-derived metrics and zooplankton cluster analysis.
Further evidence of these warm-phase conditions is revealed
by the observed differences in NPGO and SST (non-significant)
between the three cluster groups (highest SST and lowest NPGO
values during years associated with Group 2; Figure 11).
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Warming conditions are known to result in a shift in
phytoplankton community composition, ultimately resulting in
smaller size classes of zooplankton (Richardson, 2008). For
example, El Niño events have been shown to result in earlier
spring blooms (Yin et al., 1997; Yoo et al., 2008; Sasaoka et al.,
2011) and may result in a shift of the phytoplankton assemblage
to smaller phytoplankton cells (nanoflagellates; Harris et al.,
2009). In addition, shifts from diatom-dominated to
dinoflagellate-dominated communities have been linked to
negative NPGO periods in the California Current System
(Fischer et al., 2020). Although phytoplankton community
composition data were not available during the years of our
time series, HPLC data previously analyzed for this region
showed that there was a higher proportion of smaller
phytoplankton cells (i.e., haptophytes) compared to diatoms in
the Central SoG during spring of the early bloom year 2015
(Nemcek et al., 2020). In terms of zooplankton, Haro-Garay &
Soberanis (2008) determined that the low abundances of N.
plumchrus and E. pacifica during the 1997 El Niño year were
attributed to an early spring bloom which supports our results.
Given that we have previously shown that El Niño years are
associated with high Fraser River discharge in the SoG (Suchy
et al., 2019), it is plausible that warmer conditions, increased
stratification, and potentially higher nutrient limitation, may
result in a shift in both phytoplankton and zooplankton sizes
towards smaller species (Kamykowski and Zentara, 2005;
Richardson, 2008) during warm-phase El Niño conditions.
Future data are needed in order to fully elucidate these shifts
by comparing both the phytoplankton and zooplankton
communities simultaneously, as well as the nutrient
concentrations, during El Niño versus La Niña years in the
SoG. To our knowledge, this study provides the first evidence
linking earlier spring bloom timing to a shift in the crustacean
community towards smaller taxa in response to multiple warm-
phase events in the SoG. In contrast, strong winds and low PAR
values during the cold-phase La Niña year of 2007 resulted in the
late spring bloom start date associated with Group 3. Previous
analyses of zooplankton community variability from 1990-2010
in the SoG (including a portion of the data used in the present
study) also indicated that 2007 was the largest outlier in
zooplankton ordinations, and that the low zooplankton
biomass during this year was related to strong winter winds
(Mackas et al., 2013). Furthermore, Perry et al. (2021)
determined that there was a significant shift in zooplankton
trends between 2006 and 2007 over the time period 1996 to 2018.
Therefore, results from these longer-term studies support our
findings that the late Chl a bloom year of 2007 had anomalously
low crustacean biomass despite our lack of summer
zooplankton sampling.

4.4 Implications for Higher Trophic Levels
Our results partially support the findings of Schweigert et al.
(2013) who determined that the earliest and latest phytoplankton
bloom initiation dates were associated with smaller herring year
classes in the SoG by providing evidence of a potential shift to
smaller crustacean zooplankton taxa of poorer food quality
May 2022 | Volume 9 | Article 832684

https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Suchy et al. Phytoplankton and Crustacean Zooplankton Phenology
during early Chl a bloom years. Previous studies have shown that
variations in zooplankton timing may impact the amount of
energy available for fish and seabird predators in the NE Pacific
(Mackas et al., 2007). Variability of zooplankton biomass has
been shown to be an important contributing factor to poor
salmon recruitment within the SoG (Mackas et al., 2013) and
interannual variations in zooplankton have recently been linked
to early marine survivals of Chinook, and returns of Coho
salmon, in the region (Perry et al., 2021). Moreover, age-0
herring condition in the SoG has been shown to increase when
adult herring spawning closely matches the peak spring
phytoplankton bloom, suggesting that feeding condition during
this time would better match peaks in the availability of larger
zooplankton prey (Boldt et al., 2019). Although no relationships
were found between the annual total crustacean abundance or
biomass and spring bloom dynamics (Figure 7), our results did
show an important, positive relationship (r = 0.50, p = 0.07;
Figure 8) between spring bloom start date and the mean annual
biomass of the key crustacean taxa relevant to juvenile salmon
diets, i.e., the biomass of these key taxa was higher during later
Chl a bloom years.

While these results further suggest that early bloom years are less
favourable in terms of providing ideal feeding conditions for higher
trophic levels, there were two years that stood out as notable
exceptions to the general trend observed. For example, unlike
other early Chl a bloom years, 2015 exhibited relatively high
crustacean biomass throughout the year (Figure 8), coupled with
the strongest bloom intensity observed throughout the study period
(Figure 3A). In contrast, the mean biomass of the key crustacean
groups was relatively low during the late bloom year of 2007
compared to the other late Chl a bloom year 2008. These results
suggest that late Chl a blooms may result in a match scenario for at
least some of the historically-preferred juvenile salmon dietary
groups (e.g., hyperiid amphipods, large calanoid copepods, and
decapod larvae). Furthermore, late Chl a bloom years exhibited a
high abundance of medium-sized calanoid copepods (Figure 6),
suggesting a potential match for predators such as juvenile herring
which preferentially feed on medium copepods such as Metridia
pacifica (Boldt et al., 2019). However, given that only two years were
classified as late Chl a bloom years over the 14 years considered in
this study, future analyses of longer time series are needed in order
to further elucidate the impact of late bloom years on the
crustacean community.

It is important to highlight that no relationships were found
between crustacean biomass and either spring bloom intensity or
bloom magnitude, parameters indicative of the amount of food
available to grazers throughout the spring. These results suggest
that food is likely rarely, if ever, limiting in the surface waters of
the Central SoG during the main growing season for
zooplankton (i.e., spring, summer, and autumn). Unlike other
regions in the world that exhibit a single spring peak in Chl a
(e.g., the North Atlantic), Chl a in the SoG peaks multiple times
throughout the growing season (Schweigert et al., 2013; Suchy
et al., 2019). The suspected lack of food limitation was especially
evident for the climatology and early bloom years wherein Chl a
concentrations were rarely observed to be < 5 mg m-3, thus
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indicating that zooplankton were not likely experiencing a
shortage of food. In fact , the 8-day weekly Chl a
concentrations used to generate our monthly values rarely
decreased below 2 mg m-3 once the spring bloom was initiated
and, if values < 2 mg m-3 did occur, it was never for two or more
consecutive weeks (see Suchy et al., 2019). Furthermore, average
and late bloom years exhibited Chl a concentrations only slightly
below 5 mg m-3 at the beginning or end of the sampling period.
Nevertheless, many of the dominant crustaceans, including the
taxa considered in this study, are known to feed omnivorously
for at least part of their life cycle. Therefore, it is reasonable to
assume that even during a period of low phytoplankton biomass,
many species could switch to omnivorous feeding in order to
meet their nutritional requirements for growth and survival (El-
Sabaawi et al., 2009).

4.5 Data Limitations
Satellite-based Chl a studies compromise information on the
vertical distribution of phytoplankton in exchange for data at
large spatial-temporal scales. Therefore, one important caveat in
the interpretation of results from this study is that our satellite-
derived Chl a measurements represent only surface Chl a
biomass. Although we use these surface values as a proxy to
represent the food potentially available throughout the euphotic
zone, caution must still be taken when interpreting the results.
Nevertheless, during the time frame of this study, a preliminary
comparison with in situ Chl a data showed no instances of deep-
water chlorophyll maxima that were not also reflected in the
surface satellite measurements (see Suchy et al., 2019). In
addition, although used widely as a proxy, Chl a is not always
the optimal indicator of phytoplankton biomass (Chittenden
et al., 2010; Behrenfeld & Boss, 2014; Behrenfeld et al., 2015) and
thus may not effectively represent what zooplankton are actually
feeding on (Ji et al., 2010; Friedland et al., 2015). Furthermore,
our spring bloom initiation metric was based on annual median
Chl a values calculated over the time period for which satellite
data were available (mid-February to mid-November). We note
that median Chl a values may be slightly lower if we had
considered Chl a concentrations during the winter months;
however, low Chl a values were observed in February and
November of some years and were thus included in our
calculations (Supplementary Table 1). More importantly, the
time period we considered was consistent across years which
helped to minimize any bias in our results due to a lack of winter
Chl a values. We also note that while it is possible that bloom
conditions may have occurred prior to mid-February during
some years, high Chl a concentrations early in the year are more
likely to be localized or confined to nearby inlets (Gower et al.,
2013) compared to the widespread bloom across the Central SoG
represented here.

In contrast to the surface Chl a measurements, our
zooplankton data span the entire vertical range of the water
column from just above the bottom of the seafloor to the surface.
Therefore, our study attempts to correlate parameters captured
on two different vertical scales. That said, many zooplankton
undertake diel vertical migrations, and seasonal variability in
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zooplankton is typically more pronounced in the surface layers
where juvenile stages are feeding and developing (Mackas et al.,
2013). It is thus reasonable to observe a relationship between
these lower trophic levels. In addition, zooplankton sampling
using vertical net hauls has a variety of its own limitations.
Specifically, certain species (e.g., euphausiids) are known to
exhibit net avoidance (Mackas et al., 2013; Perry et al., 2021)
and our use of a 250 µm mesh net may result in an under-
sampling of smaller zooplankton species, particularly the
naupliar and juvenile stages of smaller crustacean taxa. As
mentioned, the zooplankton dataset used in this study suffered
from limited temporal coverage during some years, a discussion
of which can be found in Perry et al. (2021), which affected our
interpretation of the impact of late Chl a blooms on the
crustacean zooplankton community.

4.6 Conclusions
To our knowledge, this is the first study to examine the link
between satellite-derived Chl a bloom dynamics to zooplankton
phenology over a long (14 year) time period in the Strait of
Georgia, BC. The satellite-derived Chl a data revealed that the
spring bloom occurs, on average, during the last week of March
in the Central SoG. Early blooms (years 2004, 2005, and 2015)
occurred in mid-to-late February/early March during warm-
phase conditions (-NPGO, -SOI, +SST, +PDO) and were
characterized by higher SST and higher bloom magnitudes. In
contrast, average to late bloom years exhibited lower SST and
lower bloom magnitude. The monthly median climatology
indicated that Chl a peaks in April and typically remains > 5
mg m-3 until November. Although the peak timing of Chl a
varied between early, average, and late years, Chl a
concentrations were rarely below 5 mg m-3, thus suggesting
that food for zooplankton is likely not limiting in the Central
SoG once the spring bloom has been initiated. Early bloom years
were associated with a shift in the composition of the crustacean
community, with a higher prevalence of smaller non-calanoid
copepods and a decrease in larger crustaceans (large calanoid
copepods, euphausiids, and amphipods). Both early and late Chl
a blooms may potentially result in a mismatch between
phytoplankton and larger crustacean zooplankton phenology,
thus resulting in lower abundances of large, energy-rich
crustaceans and lower overall biomass available to higher
trophic levels. We hypothesize that this may result in poorer
feeding conditions for juvenile salmon and other predators. This
work highlights the need for long-term frequent zooplankton
sampling programs that include estimates of lower trophic level
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productivity, in addition to standard abundance and biomass
data, in order to understand how phenological match/
mismatches affect the transfer of energy between
phytoplankton and zooplankton. Combined with accurate
region-specific models, these future efforts will help to further
elucidate the match/mismatch of zooplankton timing relative to
their phytoplankton prey and the potential impacts on higher
trophic levels in the SoG.
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