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ABSTRACT

For shorebirds, long distance migration is an epegmanding activity, and lipids
(largely comprised of fatty acids) with their highergy density are an ideal fuel. Diatoms in
intertidal biofilms provide a rich source of fatigids for fuel and for critical physiological
functions. We compared the composition of inteftidafilm on mudflats at Roberts Bank, a
major stopover site for shorebirds in the FraseeRestuary, between two seasons: spring,
during the northward breeding migration of Westeamdpipers@alidris mauri), and winter,
when no migrating shorebirds are present. Massidras of fatty acids in biofilm (ug fatty
acids/g sample in the upper 2 mm of biofilm-contagrsediment) in April were 3-7x higher
than in winter (January and February). This diffieeeincluded total saturated, monounsaturated,

polyunsaturated, omega-3 (n-3), and omega-6 (at6) &cids, as well as individual fatty acids

acid (DHA; 22:6n-3). In addition, organic conterasv~25% higher in spring compared to
winter. The microphytobenthos in spring biofilm wdeminated by marine-influenced diatoms
(primarily from the generBlitzschia andNavicula) which made up >50%u¢/ml) of total

biofilm biomass. Higher fatty acid and organic @nttin biofilm during spring provide
shorebirds with both energy and physiologically aripnt fatty acids to support their migration.
These findings are consistent with the ‘green waygothesis, whereby bird migration broadly
coincides temporally with the availability of engrgnd essential nutrients. The role of diatoms
as purveyors of important fatty acids to shorebindderscores the need for new conservation
policies that protect the abundance of organicfatiyg acid content of intertidal biofilm at

estuarine stopover sites.

Keywords: biofilm; diatoms; fatty acids; estuariggestern Sandpiper; green wave hypothesis
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Abbreviations:

Omega-3 (n-3)

Omega-6 (n-6)

Eicosapentaenoic acid (EPA)
Docosahexaenoic acid (DHA)
Extracellular polymeric substances (EPS)
Omega-3 long chain polyunsaturated fatty acids PG3PUFA)
Saturated fatty acids (SFA)
Monounsaturated fatty acids (MUFA)
Polyunsaturated fatty acids (PUFA)
Photon flux densities (PFD)

Ash free dry weight (AFDW)

Gas chromatography (GC)

Flame ionization detection (FID)

Fatty acid methyl esters (FAME)

1 Introduction

Biofilm, consisting primarily of microphytobenth@sostly diatoms) and bacteria, serves
various functions on intertidal sediments (Patersioa. 2003), including nutrient recycling
(Decho 2000), and physical stabilization (Bellingerl. 2005). Biofilms can exhibit high rates
of primary productivity (Underwood and Kromkamp 89%and along with associated
extracellular polymeric substances (EPS), are qoedlby a range of taxa in estuarine food
webs, including invertebrates (Herman et al. 2006, (Carpentier et al. 2014) and shorebirds
(Kuwae et al. 2008; Mathot et al. 2010). Shorebaais derive 50-68% of their daily energetic
requirements during migration from biofilm (Elndrat. 2005; Kuwae et al. 2008). These
discoveries have prompted calls for conservatitorisfdesigned to preserve the processes
underlying the nutrient dynamics of intertidal sednts and for better understanding of the role

of biofilm as a food resource for migratory birdin{énez et al. 2015; Mathot et al. 2018).

Shorebirds that migrate long distances dependapoeger sites with specific
characteristics (Albanese and Davis 2015). Paratreouong these is safe access to abundant,

predictable, and high-quality food resources, ai@ihe replenishment of fuel and essential
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nutrient stores (Warnock 2010). Diatoms within Brofcommunities are a rich source of fatty

acids (Huggins et al. 2004; Passarelli et al. 208Bdrebirds assimilate fatty acids through either

predation on invertebrates that have fed on diatamasother algal taxa (Quinn et al. 2017), or
grazing directly on surficial biofilm (Elner et &005; Kuwae at al. 2008). Although fatty acids
are known to be a primary fuel for high enduranégration in birds (McWilliams et al. 2004),
the relative importance of individual n-3 and ni8HA or the importance of having specific
ratios of SFA, MUFA, and PUFA (i.e. degree of satiam) have not been unequivocally

resolved (Guglielmo 2018; Price 2010).

Dietary fatty acid composition affects the energggrformance of birds (Guglielmo
2010) such that migrating birds could benefit bigsting food containing specific fatty acids
(McWilliams et al. 2004). For example, consumptidriofilm by Semipalmated Sandpipers
(Calidris pusilla) in the Bay of Fundy was higher on intertidal matf where biofilm had
greater proportions of n—3 PUFA (Quinn et al. 20C0mpared to more (non-polar) saturated
fatty acids, more (polar) PUFA may have higher Bibity in water (‘like dissolves like’), hence

may be more easily mobilized in cellular cytos@dmg to the speculation that they may be a

preferred source of energy (Price 2010). Howeveremesearch is needed, as mobilization from

stored triacylglycerol involves many steps, anybifch could be rate-limiting. In addition, n-3
LC-PUFA, such as eicosapentaenoic acid [EPA; 28]5amd docosahexaenoic acid [DHA;
22:6n-3] cannot be efficiently synthesized by maeastebrates and must be obtained “pre-
formed” in the diet (Arts et al. 2001). Althoughtrexhaustively substantiated, n-3 LC-PUFA
may provide physiological benefits such as incrdasdl membrane fluidity (i.e. more
appropriately stated as decreases in membraneoliget), permeability, and protein activity

(Guglielmo 2018; Maillet and Weber 2007; Price 20&&ber 2009). These fatty acids are
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found in high levels in mitochondria-rich and higbatraction-frequency muscles, such as in the
pectorals of migrating birds (Infante et al. 208h3 may enhance recovery from inflammation
associated with long distance migration (Price 20EDally, diatoms are the major source of n-
3 LC-PUFA, including EPA and DHA, in marine food lvge(Hixson et al. 2015), and their
potential utility to migratory shorebirds makesrnhparticularly valuable compared to other food
sources. In sum, improved understanding of theofadhat affect the availability and
composition of fatty acids in biofilm in generaldgprerequisite to elucidating the value of this

resource for shorebirds.

Within a migratory flyway, the onset of photosyeiils activity during spring in the
northern hemisphere has a northward progressiawtkrmas the ‘green wave’ (Schwartz 1998), a
phenomenon driven by environmental factors, espgteanperature and photon flux density
(PFD). Birds arriving at stopover sites coincidenth the ‘green wave’ can maximize their
access to food during migration to their breedirmugds (Marra et al. 2005). The trophic level
of migrating sandpipers declines as they move m@tt (Beninger et al. 2011), indicating an
increasing consumption of primary producers. Atashe stopovers, diatom blooms are a
component of the ‘green wave,” and provide migashorebirds with an abundance of fatty
acids (Mathot et al. 2018). Currently, the ecolabfrocesses underpinning the availability of
intertidal diatoms grazed by shorebirds at stopsites are not well understood, and as such,

appropriate conservation strategies cannot be adielgudeveloped (Mathot et al. 2018).

The present study characterized temporal pattertie organic and fatty acid content
mass fraction within intertidal mudflat biofilm ddoberts Bank in the Fraser River Estuary,
British Columbia (Sutherland et al. 2013). The asfland delta form Canada’s most important

stopover area for shorebirds along the Pacific BlyButler 1994), with the Roberts Bank area

5
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having the highest usage (Jardine et al. 2015)réypmately 1.2 million shorebirds use the
estuary and delta annually (Butler and Campbell7}.9&cluding hundreds of thousands of
Western Sandpiper€élidris mauri) and Dunlin Calidris alpina) that migrate through the
estuary during April and May en route to Arctic édeng grounds (Drever et al. 2014). Both
species forage on epifaunal and infaunal portidmsarine ecosystems (Mathot et al. 2010;
Sutherland et al. 2000) and are demonstrated mia@fibzers (Beninger et al. 2011; Kuwae et al.
2008). We determined biofilm organic and fatty amiehtent on Roberts Bank between two
seasons (i.e. spring and winter) to compare theystem during Western Sandpiper migratory
periods and non-migratory periods. These mudflafilms are characterized mostly as transient
epibenthic biofilm, but sometimes epibenthic micabimats (Beninger 2018), depending on
season and location in which samples were takemmufgihout this paper they will simply be
referred to as ‘biofilm.” Also, we investigated sgie diatom communities and taxa within these

biofilms that could be sources of fatty acids fagrating shorebirds during spring (April).

2 Materials and Methods
2.1 Biofilm Sampling

Single biofilm samples were collected from ten ntatdbcations in the upper intertidal
zone of Roberts Bank on two occasions in springsd@bpril 23 and 25, 2016), while triplicate
samples were taken at five of the ten locationsimer 2017 (January 26 and February 28,
2017). A boundary was determined around an areaikno be highly utilized by Western
Sandpipers during their stopovers (Drever et al42@nd an ArcGIS random site generator used
to select the 10 locations within the boundary (Eig The spring sampling dates were chosen to
coincide with expected peak northward migrationefiar et al. 2014), and the winter dates were

selected to compare biofilm organic and fatty acdtent during the non-migratory period.



123 Ambient temperature and PFD data for a locationkrfiGrom the study site was provided by

124  the Burns Bog Flux Tower project team (full measueat details are in Lee et al. 2017).

Vancouver

125
126  Fig. 1 Biofilm sampling locations on Roberts Bank, Btit€olumbia, Canada. Bounding box in

127  upper left inset indicates location of study séhative to the city of Vancouver.

1;3 Biofilm was collected by using a spatula to scrapetop ~2 mm layer from the intertidal
130 sediment sample. Visual inspection (with the uediduman eye) of both spring and winter
131  samples revealed that macro-invertebrates (>1 numat contribute significantly to the overall

132 biofilm biomass, but when present, were removenhfsamples with tweezers before organic

133  and fatty acid content analysis. Microinvertelsgkel mm) within the samples may have
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contributed small amounts of biomass and fattysacampared to the biofilm biomass. The area
per sample was standardized to 10 x 10 cm by wspigstic template. Each sample was placed
into a 50 ml Falcon Tube and stored at°@@o stabilize the biochemical integrity of theidip.
Samples were collected for taxonomic analysis kintgpa small (5 ml) sub-volume of the above
samples and placing them in separate 15 ml Filtarbes. Samples for taxonomy analysis
were collected during the spring sampling campédgi not winter. The samples were preserved
in seawater containing Lugol’s iodine solution (etixat a concentration to make a yellow-
brown colored solution) before being stored 4C-@&nd transported to the Algal Taxonomy and

Ecology Inc. laboratory (Stony Mountain, Manitokanada).

2.2 Biofilm Homogenization and Ash Free Dry Weight

Frozen samples were lyophilized using a Labconee#one 2.5 Freeze Drier. Dry
biofilm samples were then homogenized with a mateat pestle. Each sample was analyzed for
ash free dry weight (AFDW) composition becauset &puld be used as an indicator for overall
biofilm organic content (i.e. organic material witlihe sediment) (g/g); 2) biofilm samples were
~92-98% (g/g) inorganic sediment (clay, silt, andd), so it was useful to normalize analytes to
AFDW before calculating total amount of fatty acidgshe sample. Ash free dry weight was
determined by taking a portion (~3 g) of the homoged biofilm sample, ashing in a 58D
oven for 24 h to volatize all organic material, aadveighing to measure the difference in

weight before and after combustion.

2.3 Lipid Extraction and Fatty Acid Methyl Ester Derivatization
A second portion of the homogenized biofilm wasdusedetermine the types and

guantities of fatty acids (i.e. fatty acid contesitpiofilm. Since 20 mg of organic content was
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the desired amount of sample to extract, but omgfaction of the biofilms were variable (~2-
8% (g/g) organic), a calculated amount of samplggeic + inorganic) was determined for each
sample. Therefore, depending on the organic cowfethie respective samples, between ~300

and 700 mg of sample was used for initial extraxsio

Once samples were prepared for analysis, lipide wetracted using the Folch Method
(Folch et al. 1957). During extraction 1@ of tricosylic acid (23:0) was added to each sampl
as an internal standard. Tricosylic acid was ussdbse it is rarely produced in nature. The
aqueous phase was discarded, and the chloroforivamatlayer was evaporated under a

nitrogen blanket prior to re-dissolving extractguds in 1 ml of hexane.

Lipids were then methylated with a 1% (v/v) solataf H,SO, in anhydrous methanol
and 1 ml of hexane at 90 for 90 min. A VWR Digital 2-Block Heater was usedmaintain the
temperature during methylation. Fatty acids weteaeked twice with 4 ml hexane aliquots and
re-dissolved in a known volume of hexane after evafpon under a nitrogen blanket. Aliquots
of 100l were used to gravimetrically determine the téatly acid content extracted from the
biofilms. The remaining fatty acid solution was dse identify and quantify fatty acids within

the biofilms using gas chromatography (GC) and #aomization detection (FID).

Fatty acid methyl esters (FAME) were analyzed witBhimadzu GC2010 Plus and an

AOC-20i autosampler. The column used was a SuERe@560, 100 m length and 0.25 mm
inner diameter. The GC was run on splitless modle an initial column temperature of €0
The column temperature was then increased t6C1&0a rate of 1% per min, followed by a
ramping rate of ZC per min to 24%C, and a hold time of 5 min to elute all remainiaty acids.

Helium was used as the carrier gas at a flow rale2zoml/min. Injector and detector
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temperatures were both 280 Peaks were identified by matching retention sintethose in a

fatty acid standard (37-component FAME mix, Supgetadalog No. 47885-U).

2.4 Fatty Acid Content
To determine the mass fraction of fatty acids gample (i.e. upper 2 mm of biofilm), the
following calculation was developed to accounttfee amount of biomass and the amount of

fatty acids within that biomass, where organicsadgjbiofilm AFDW:

ug fatty acid/g sample = pg fatty acid/g organics X g organics/g sample

2.5 Chlorophyll-a Deter mination

A portion of each homogenized sample was usedtermee chlorophylla content of
the biofilm. The procedure was an adaptation framrA1997). As was the case with lipid/fatty
acid determination, 20 mg of organic content wageted, so the amount used for extraction was
calculated from the organic mass fraction of each@e. Chlorophyll was extracted by grinding
the sample in a grinding tube with 10 ml of 9:1taoe:water for 2 min at 500 g. The sample and
biomass were transferred from the grinding tuba ¢entrifugation tube and steeped in a dark
refrigerator (4C) for 20-23 h. Samples were then centrifuged &tgfor 15 min before
transferring the supernatant to a quartz cuvetterf) for analysis by spectrophotometry
(Agilent Cary 60 UV-Vis Spectrophotometer). Thetinment was zeroed with a 9:1
acetone:water blank. Absorbance (abs) values weesuaned at 750 nm, 664 nm, 647 nm, and
630 nm and applied to an equation developed by @A&87) (chlorophylla (mg/L) = 11.85 x
abs 664 nm — 1.54 x abs 647 nm — 0.08 x abs 630ab®wy50 was subtracted from each
absorbance measurement at the 3 wavelengths fmogphilyll-a because abs750 accounted for

suspended materials affecting absorbance readingsiiorophyll content. Chlorophyd-mass

10
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(mg) within each sample was determined by multi@ychlorophylla concentration (mg/L) by
volume of acetone:water used (10 ml). Chlorophythass fraction of each biofilm sample was
determined by dividing the extracted chloropheylhass by mass of sample extracted (i.e. mg
Chlor-a/g biofilm). The amount of phaeophytin contributivom each sample was not assessed
because differentiating chlorophyll contributionsrh living versus dead biomass was not of

interest, but rather, our focus was on determigimgrophyll content of standing stock biomass.

2.6 Biofilm Measuresand Statistical Analyses

Ash free dry weight, or organic content expressetha organic fraction of the sample
weight (g/g), was used as the indicator for overyadlanic content of biofilm. The lipid/fatty acid
content was normalized to AFDW as well as per gohsample. Total lipids, chlorophyd-and
fatty acids were normalized to gram of sample eaupper 2 mm to account for the differences
in organic content between spring and winter. Wharsed the fatty acid mass fractions into
major groups based on their saturation levelsugiog total values for SFA, MUFA, and PUFA,
including n-3, and n-6 fatty acids. Also, we comset a suite of individual fatty acids, among
them 16:0, 16:1n-7, 18:0, 18:1n-9, EPA and DHA 6@hd C18 fatty acids comprised 80 to
90% of all fatty acids found in depot fat of migraf sandpipers (Egeler and Williams 2000). We
used the sum total of palmitoleic acid (16:1n-BAEand DHA as a biomarker for diatoms

(Shin et al. 2008).

We tested for seasonal differences in each biafieasure using a General Linear Mixed
Model using théme4 package in R (Bates et al. 2015). Wedtygnsformed response variables
(percent organic content, total lipid, chlorophg/land amounts of fatty acids, expressed on a per
gram of sediment), and modelled them as a fundid@eason (Spring 2016 or Winter 2017) as

fixed effect in a model that included location itd&ar as a random term. The inclusion of

11
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location as a random term allowed us to accounbdtin consistent spatial differences and the
uneven spatial sampling effort between the twomeaDue to the log-e transformation, zero
values were replaced with the minimum non-zeroe/&u each response variable divided by 10.
The approach may have resulted in an underestimafiseasonal differences but allowed us to
meet the distributional assumptions of mixed effenbdels. We tested for significance of the
Season term with a t-test using the Satterthwaitethod (packagemerTest in R [Kuznetsova et
al. 2017]). For each model, we checked the ressdioalnormalcy and heteroscedasticity, and
calculated pseudo?Ralues (Nakagawa et al. 2017) using packageewiseSEM (Lefcheck

2016) in R. Two pseudo?¥alues were derived for each model: the margifaldRsiders only

the variance explained by the fixed effects, amdatnditional R by both the fixed and random

effects.

2.7 Composition Analyses

Community composition of recently living microphipenthos and invertebrates in
biofilm samples was determined via microscopic gtasl per Findlay and Kling (1998) and
Kling (1998). Our field studies did not include wen taxonomy sampling, so only spring
taxonomy analysis was conducted. A subsample df Bald collection was diluted and
subsampled into a 2 ml settling chamber, alloweskttie for a 12 h period and examined using
a Leica Diavert inverted microscope at 144 to 98@gnification. Only cells containing
chloroplasts or having an indication that they wexeently living were included in the analysis.
Large organisms were enumerated at the low powetlensmaller, more numerous cells were
enumerated at the higher power. Measures of leangihwidth were used to obtain estimates of
cell volume for each taxa. These volumes are obthlry routine measurements of 30-50 cells of

an individual taxa and application of the geomdwitnula best fitted to the shape of the

12
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protoplast, excluding floatation appendages or tagei(Rott 1981). Estimates of taxon-specific
volume and total counts of each taxon were usedltulate total volume, which was converted
to biomass assuming a specific gravity of 1 (£ em g). Taxonomic classification was done to

genus, and species when possible.

3 Resaults

3.1 Temporal Changesin Biofilm Organic and Fatty Acid Content

All measures of fatty acids varied strongly betwspring 2016 and winter 2017, although
patterns varied by each measure (Table 1). Lin@eedreffects models indicated a significant
difference between seasons for all variables exCafarophyll-a (Table 1). Models had mixed
explanatory performance, based on conditional ps€tddralues, and the variance explained
tended to be higher for individual fatty measuresge of B: 0.28-0.96) than for summed
biofilm measures (range ofR0.16-0.49). The marginal’Ralues (variance explained by fixed
effects) were in general large fractions of theditional R values (total variance explained),
indicating that seasonal differences were largen the spatial differences accounted by the

random effect of station ID (Table 1).

13
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Table 1. Parameter estimates of mixed effects models depicting biofilm measures as a function of season. Beta refers to
parameter values for fixed effects with standardrer(SE) that denote the average difference inesmbbserved in Winter 2017
relative to Spring 2016. MarginafRonsiders only the variance explained by the fis#ects, and the conditionaf Ry both the
fixed and random effects (the total variance exyadiby the model).

M easure Beta SE DF t-value P-value Marginal R® Conditional R?
Organic Content -0.210 0.076 47 -2.77 0.008 0.13 0.30
Total lipid -0.543 0.146 48 -3.72 0.001 0.20 0.46
Chlorophylla -0.133 0.093 47 -1.43 0.158 0.04 0.16
SFA -1.343 0.238 46 -5.65 <0.001 0.40 0.46
MUFA -1.980 0.337 46 -5.87 <0.001 0.42 0.49
PUFA -0.954 0.195 46 -4.89 <0.001 0.33 0.41
Total n-3 -1.587 0.348 46 -4.56 <0.001 0.30 0.31
Total n-6 -2.004 0.586 47 -3.42 0.001 0.20 0.20
16:0 -2.882 0.505 47 -5.70 <0.001 0.39 0.50
Palmitoleic acid (16:1n-7) -0.9330.189 47 -4.93 <0.001 0.31 0.49
18:0 -4.240 0.822 47 -5.16 <0.001 0.36 0.36
18:1n-9 -5.197 0.165 46 -31.41 <0.001 0.95 0.96
EPA (20:5n-3) -1.6930.447 47 -3.79 <0.001 0.22 0.35
DHA (22:6n-3) -4.123 0.288 47 -14.32 <0.001 0.80 0.84
Sum of palmitoleic acid, EPA, DHA-1.109 0.220 47 -5.035 <0.001 0.33 0.48
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All biofilm measures were higher in spring 2016tele to winter 2017. Based on fitted
means from mixed effects models, organic contesping averaged 5.0% compared to ~4.1%
(g/g) in winter, a relative difference of ~23% (F&). In contrast, Chlorophy#-content in
spring averaged 0.065 mg/g sample, and was natisantly different from the 0.056 mg/g
sample observed in winter (Fig. 2). Total lipid veabstantially higher in spring (1.45 mg/g
sample) than in winter (0.84 mg/g sample), an iaseeof 1.7x% relative to winter (Fig. 2). The
higher springtime total lipid compared to wintersarairrored by differences in all summed fatty
acid measures, such that the average springtime frgasions were 3-7x the values observed in
winter (Fig. 2). Total fatty acids in spring aveeag653.2 ug/g sample, relative to 173.8 ug/g
sample in winter. Saturated fatty acids in spri243(8 L g/g sample) were ~7x values from
winter (33.5 pg/g sample). MUFA in spring (238.1gigample) were ~3x values from winter
(91.2 pg/g sample). Similarly, PUFA in spring (14.9/g sample) was ~5x values from winter
(33.3 pg/g sample). Total n-3 fatty acids in spiihd4.5 pg/g sample) were ~ 7x values from
winter (16.6 pg/g sample), and total n-6 fatty adgmdspring (34.5 pg/g sample) were ~6x values

observed in winter (5.8 ug/g sample).

The most abundant fatty acids in both seasons W&fe 16:1n-7, and EPA (Fig. 3;
Table 2; Appendix 1). Mass fractions of individdzity acids considered were higher in spring
relative to values observed in winter (Fig. 3; Eab). Based on predicted values, mass fractions
of palmitic acid (16:0) averaged 177.7 ug/g sampkgpring, nearly 18x the values observed in
winter (10.0 pug/g sample). Palmitoleic acid (167raveraged 223.,2g9/g sample in spring,
2.5% the value from winter (87.5 pg/g sample). EER&raged 109.@g/g sample in spring, 5.4x
the value from winter (20.2 pg/g sample). Soméefihdividually considered fatty acids had

near zero values in winter (e.g., 18:1n-9 and DH#y showed strong differences to values

15
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observed in the spring (Fig. 3). The sum of paltaeitg EPA, and DHA, which served as a
marker for diatom abundance, during spring was gh@xalue observed during winter. Also,
each response variable was determined on a pergrarganic content (AFDW) basis, and

showed similar seasonal trends for all responsablas (Table 2; Appendix 1; Appendix 3).
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292
293

Table 2. Summary of fatty acids profiles. Means and standard deviations are expressed asHvig®nN of Fatty Acid Methyl
Esters (uLg FAME/g of biofilm sample; obtained byltiplying by proportion of organic content in sarepl- see Methods). N for
spring 2016 = 19; N = winter 2017 = 30.

Spring 2016 Winter 2017
Peak Systematic Nomenclature Trivial Nomenclature oleldular Mean SD Mean SD
Formula

1  Tetradecanoic acid Myristic acid 14:0 33.6910.43 412 7.21
2  cis-9-tetradecanoic acid Myristoleic acid 14:1 860. 0.95 0.00 0.00
3 Pentadecanoic acid Pentadecanoic acid 15:0 31.36.88 3.01 4.39
4 cis-10-pentadecenoic acid - 15:1 5.505.83 0.26 0.97
5 Hexadecanoic acid Palmitic acid 16:0 187.456.53 48.71 69.96
6 9-hexadecenoic acid Palmitoleic acid 16:1n-7 ?B7.86.18 118.03 86.82
7 Heptadecanoic acid Margaric acid 17:0 1.272.95 0.00 0.00
8  cis-10-heptadecanoic acid - 17:1 14.120.19 242 561
9 Octadecanoic acid Stearic acid 18:0 32.089.07 10.11 20.70
10 trans-9-octadenoic acid Elaidic acid 18:1n-9t 000. 0.00 0.00 0.00
11 cis-9-octadenoic acid Oleic acid 18:1n-9c 10.325.08 0.02 0.10
12 trans-9,12-octadecadienoic acid Linolelaididaci 18:2n-6t 0.51 0.20 0.14 0.77
13  cis-9,12-octadecadienoic acid Linoleic acid (UNA 18:2n-6¢ 8.44 3.62 0.14 0.46
14  Eicosanoic acid Arachidic acid 20:0 1.81 0.87 0.00 0.00
15 9,12,15-octadecatrienoic acid y-Linoleic acid (GLA) 18:3n-6 5.97 2.30 0.02 0.06
16 cis-11-eicosenoic acid Gondoic acid 20:1n-9 1.59.86 0.00 0.00
17  9,12,15-octadecatrienoic acid a-Linolenic acid (ALA) 18:3n-3 412 1.20 1.76 1.98
18 cis-11,14-Eicosadienoic acid Eicosadienoic acid 20:2n-6 545 277 4,74 4.46
19 Docosanoic acid Behenic acid 22:0 5.782.12 1.79 141
20 cis-8,11,14-eicosatrienoic acid Dihomdinolenic acid 20:3n-6 1.42 0.88 0.00 0.00
21  13-docosenoic acid Erucic acid 22:1n-9 0.560.55 0.02 0.09
22 cis-11, 14, 17 - eicosatrienoic acid Eicosatiiemacid 20:3n-3 0.08 0.14 0.32 1.73
23 5,8,11,14-eicosatetraenoic acid Arachidonic 6&8RIA) 20:4n-6 20.15 7.98 486 3.16
24  cis-13,16-docosadienoic acid Docosadienoic acid 22:2 419 143 0.13 0.39
25  Tetracosanoic acid Lignoceric acid 24:0 7.502.51 3.27 2.19

17



5,8,11,14,17-eicosapentaenoic acid
15-tetracosanoic acid
4,7,10,13,16,19-docosahexaenoic
acid

Eicosapearitaacid (EPA)
Nervonic acid
Docosahexaenoic acid
(DHA)

20:5n-3
24:1n-9
22:6n-3

116.41 38.00
».000.003

0.466

0.215

53.78 52.96

0.017
0.026

0.095
0.083

26
27
28
294
295
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Fig. 2 Organic content, total lipid, chlorophyll-a and amounts of major groups of fatty

acids at Roberts Bank, British Columbia, Canada, during spring 2016 and winter 2017.

Box plots represent the distribution of observeldes, where midline is the median, with the
upper and lower limits of the box being"7and 28' percentiles. Whiskers extend up to 1.5x the
interquartile range, and outliers are depictedaastp. Blue circles indicate predicted means
from linear mixed effects models, and bounds afé pbedictions intervals from fixed effects.
Dashed lines indicate no significant differencetsveen seasons.
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Fig. 3 Amountsof individual fatty acids at Roberts Bank, British Columbia, Canada,

during spring 2016 and winter 2017. Box plots represent the distribution of observallies,
where midline is the median, with the upper anddolimits of the box being #5and 25'
percentiles. Whiskers extend up to 1.5x the intarge range, and outliers are depicted as
points. Blue circles indicate predicted means ftioiar mixed effects models, and bounds are
95% predictions intervals from fixed effects. Dasliaes indicate no significant differences
between seasons.
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3.2 Photon Flux Density and Temperatur es acr oss Seasons

The PFD was low during the winter months compagespring. Specifically, average
daytime PFD ranged between 800 and 1400 pnits/im April 2016, contrasting with values
during January and February 2017 that ranged bet@@@ and 400 pmolfifs (Fig. 4a). A
similar trend occurred with the average ambienfteratures observed during the two time

periods (Fig. 4b).
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Fig. 4 Photon flux density (a) ambient temperature (thestudy area from 1 January 2016 to
31 March 2017. Photon flux density (umof/e) and temperature (°C) measurements were taken
at Burns Bog, Richmond, British Columbia

3.3 Composition Analyses

The community composition of April biofilm samplescompassed several major
taxonomic groups (Table 3), with >50%g(ml) of the total biomass being composed of
Bacillariophyta (diatoms). The most common diateneya were thilitzschia andNaviculoid
complexes, which occurred in all samples, follovwgdsyrosigma, the Achanthes and
Achnanthidium complex,Cylindrotheca, andTryblionella (Appendix 2). Cyanophyta were the
second most common taxon in the microphytobentnus.occurred in 75% of samples but made
up small fractions of each sample (<184/ml]). The most common Cyanophyta genera were
Phormidium, Leptolyngbya, andPseudanabaena. The remaining algal taxa included
Chlorophyta, Euglenophyta, and Pyrrophyta, whiatuoed in few or only one sample, and in
small proportions (Table 3). In addition to algseveral groups of invertebrates were present

(Table 3), of which the most common were nematodbg;h occurred in all samples and made

22



338

339

340

341

342
343
344
345

346

347

348

349

350

351

352

353

up 17% (ug/ml) of the total biomass (Appendix 2). Zooplanktocluding nematodes, copepods
and other zooplankton remains, made up ~3p&mn{l) of biomass in the samples. Protists,
flagellates, and sponge spicules were found inlsgoahtities in a few samples (Appendix 2).

Plastic fibers were identified in 20% of all sangpt®llected.

Table 3. Percent biomass (ng/ml) of major taxonomic groupsin 20 samples of biofilm on
Roberts Bank, British Columbia, Canada, collected on 21 & 23 April 2016. Groups are
ranked by order of percent contribution to ovelbadimass. Biomass (%) is expressed as the
percent of the total biomass across all samplek720g/ml).

Group Group
Biomass (%)

Bacillariophyta 54.68
Zooplankton 35.10
Protists 6.47
Plastic 1.59
Cyanophyta 0.94
Chlorophyta 0.43

Sponges 0.29
Euglenophyta 0.22
Flagellates 0.16
Pyrrophyta 0.07
Rotifera 0.04

Chrysophyta 0.002

4 Discussion

Although previous studies have investigated diatmmtaining biofilm grazed by
shorebirds (Jardine et al. 2015; Kuwae et al. 20#hot et al. 2010; Quinn et al. 2017), our
study is the first to simultaneously examine braftommunity composition and seasonal
availability of a wide range of important fatty dsifrom an intertidal habitat related to shorebird
presence. Our findings highlight the role of estuabiofilm as a purveyor of important essential

nutrients on Roberts Bank for hundreds of thousafdborebirds during their breeding

23



354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372
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migration. Of all sites in the Fraser River estuanyg delta, shorebirds are found in the highest
densities on Roberts Bank during spring migratfoonf mid-April to mid-May each year)
(Butler 1994; Drever et al. 2014; Jardine et al®)0The availability of total and specific fatty
acids in microphytobenthos, particularly n-3 LC-PUfincluding EPA and DHA) that are not
found in primary producers in terrestrial habit@isxon et al. 2015), may help explain why
muddy intertidal estuaries are favored by shorabindt only on Roberts Bank but throughout

the world (Butler et al. 2001; Mathot et al. 2018).

The significantly higher fatty acid mass fractionspring compared to winter may be a
result of three (non-mutually exclusive) procesgeseasonal species turnover within the biofilm
community, including increases in invertebrate pagons (i.e. succession), ii) a wintertime
decrease in the proportion of biofilm diatom biosmaempared to detritus and other organic
matter, and iii) physiological changes within extgpecies induced by seasonal changes in
environmental conditions (i.e. resulting in an gwse in per cell individual fatty acid synthesis

rates).

In terms of species turnover, the spring 2016 saswkre dominated hyitzschia and
Navicululoid genera, two common complexes in epipelic micropbgtohos (Underwood 2001)
known for having high lipid content (Shifrin & Chislm 1981). The presence of these diatoms
mirrored taxa identified in biofilm and stomach temts of Western Sandpipers collected on
Roberts Bank in April 2004 (Beninger et al. 20M/ile there were no taxonomic data from the
2017 winter samples, a study in the same area fidizsthia andNavicululoid genera were also
abundant during the winter of 2014 (Worley Pars2®k5). The same study found
Achnanthidium, predominantly a freshwater diatom genus, was amindahe spring of 2013

(Worley Parsons 2015). In contrast, this taxon mgzla small fraction (<1%) of our spring
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2016 samples (Appendix 2), and its abundance waestthlikely to have resulted in the
differences in fatty acid contents we observed betwwinter and spring. Nonetheless,
community composition of algal communities can hsiveng effects on fatty acid profiles
(Galloway and Winder 2015), and the effect of seakspecies turnover on fatty acid contents

of intertidal biofilm needs to be explored further.

The invertebrate fraction (35%) in spring samplasl@ have contributed to the higher
lipid and fatty acid contents within the biofilm triaes. Although we did not conduct taxonomic
analysis of biofilms sampled in winter, studiesgeg} there are large increases in invertebrate
populations in spring (Saha&hal. 2007). This population increase is associated wnitteases in
access to high quality food (i.e. fatty acid ri¢haee biomass) (Ahlgreet al. 1997; Goedkoopt
al. 2000; Sahaet al. 2007) and rising temperatures positively affectimgtabolic rates (Sahan
et al. 2007). Lipid accumulation in invertebrates is likéhe result of grazing on lipid/fatty acid-
rich diatoms (Goulden and Place 1990). Microinvadées are entrenched in the biofilm
matrices, so they contribute to the food of migrgishorebirds but, regardless of the organism
being consumed, ultimately the majority of lipiddgty acids within estuarine mudflats are

derived principally from algae, particularly diatem

Fatty acid mass fraction may be higher in springgared to winter due to higher
proportions of diatom-contributed biomass withie tirganic component of the biofilm. These
biomass dynamics are influenced by major seasdraages in PFD, temperature, and tidal
patterns and which are characteristic featuresmaperate estuarine systems. Photon flux
densities (Jensen and Revsbech 1989; Schnurr denl 2015; Schnuret al. 2016) and
temperature (Blanchard et al. 1997; Jiang and Gad;Xudo et al. 2000; Scholz and Liebezeit

2013) are higher in spring compared to winter (Ba& b), creating conditions conducive to
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400 enhanced rates of photosynthesis and growth inopigtobenthos. Concomitantly, the lowest
401 tides in the study area occur nocturnally in wirgled change to diurnal tides in summer; a
402  switch that occurs near the spring equinox in Mgfidtomson 1981). This switch results in
403  extended exposure times of the intertidal zone l@ss attenuation of light from the overlying
404  water column) during daylight hours in spring refatto winter, and stimulates photosynthetic
405  activity. Since diatoms are the main primary pradadn intertidal biofilm, increases in

406  photosynthetic activity likely cause increasesiatam biomass in the organic fraction of the
407  sediment. Such a mechanism is supported by tHegripf the sum of palmitoleic acid, EPA,

408 and DHA, the diatom-associated fatty acids, duspigng relative to winter.

409 Mass fractions of fatty acids may also be highespgnng compared to winter if changes
410 in environmental conditions induce physiologicahifes within diatom biomass/cells. Increases
411  in PFD are known to cause a fatty acid accumulaggponse in algae (Piepho et al. 2012;

412  Wainman et al. 1999; Wang et al. 2013), which fkadntributes to the significantly greater

413  individual and aggregate biofilm fatty acid conteimt spring compared to winter. Increased
414  PFDs are known to upregulate the fatty acid syitimesenzyme acetyl CoA carboxylase, and
415 increase NADPH, which is used to synthesize fattgsa(\Wainman et al. 1999). Although high
416  temperatures (within a certain range) can alsoecadatty acid accumulation response (Scholz
417  and Liebezeit 2013; Thompson and Guo 1992; Wainehah 1999), mass fractions of many
418  PUFA, particularly EPA and DHA, are significantlgduced if temperatures become too high
419  (Jiang and Gao 2004; Scholz and Liebezeit 2013)n&pemperatures during our study period

420 were considered within temperature ranges suifablatty acid accumulation, including PUFA.

421 Average daily discharges of the Fraser River iregeapidly with the annual spring

422 snow melt (the freshet) during April and May, frd®00 ni/s during winter months to 7000
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m?/s in June (Foreman et al. 2001). This fresheti®mpanied by rapid changes in salinity and
water chemistry, which may have also contributeth&observed fatty acid accumulation
response in spring. Changes in salinity can affegtibolism of silicon and enhance lipid
production in oleaginous marine diatoms (AdamsBuagbee 2014). Additionally, nutritional
stress (especially nitrogen or silicon) induceddwyer nutrient inputs into the estuary from
freshet conditions (Harrison et al. 1991; Roddifak 2009; Yin et al. 1995) can cause algae,
including diatoms, to reallocate carbon from grovaistorage, resulting in the accumulation of
fatty acids (Chelf 1990; Grosse et al. 2018; Muale2013; Schnurr et al. 2013; Shifrin and
Chisholm 1981). The increase in both organic attg &cid content are collectively considered a
‘bloom,” which generally happens annually when emvmental conditions become more

favorable.

Environmental conditions may also explain why thesmfraction of chlorophy#-in
spring was not significantly different than wintas might be expected to accompany the greater
organic content observed in spring. Algae regulae photoreceptors (i.e. chlorophyll)
according to the needs of their photosystems amnesiponse to their environmental conditions
(Melis et al. 1999). In this case, the high PFDdibans in springtime may cause down-
regulation in the amount of chlorophyll photore@@ptto prevent photo oxidation as microalgae
photosystems become saturated at ~ 400 micromdiss(itelis 2009). However, the lower
PFD conditions in winter (Fig. 4a) likely causednegulation of chlorophyll content to
maximize the capture of limited photons during timse. As such, the unchanged levels of
chlorophylla are logical despite the significant increase inafrarelated biomass. Thus, in this
context, chlorophyll content is a poor proxy for algae biomass abundamicgertidal mudflat

biofilms.
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The elevated PUFA levels (particularly EPA and DHi@A¥pring biofilm compared with
winter biofilm coincided with the springtime arrivaf Western Sandpiper on northward
migration (Drever et al. 2014), and could be adagt their migration success (Price 2010).
Consumption of PUFA has various beneficial effeictsluding enhancement of unsaturation
levels of muscle membranes (i.e. and which decseagerage membrane lipid order) in
migratory birds (Maillet and Weber 2006; Weber 20@¢hich increases overall permeability,
transmembrane lipid transport and protein actighfgillet and Weber 2007; Weber 2009). Also,
Semipalmated SandpipeiGd]idris pusilla) fed high EPA and DHA diets upregulated enzymes
involved in oxidative capacity in cellular mitochdna (Maillet and Weber 2007). In Ruby-
throated Hummingbird@Archilochus colubris), pectoral muscles showed an association between
high mitochondrial density and DHA content, sugmesthat DHA affects the high contraction
rate of their wings (Infante et al. 2001). FurtHelPA (which is abundant in diatoms) may
facilitate muscle recovery after strenuous migrajayiven that this fatty acid is a precursor for
anti-inflammatory eicosanoids (Price 2010). Sinaggratory shorebirds cannot produce long-
chain PUFAde novo (Viegaset al. 2017), and likely only make EPA and DHA from shorte
chain PUFA with limited efficiency, it is arguabdglvantageous for them to ingest PUFA pre-
formed in their diet through the consumption otadimas and invertebrates that have consumed

diatoms.

Once shorebirds reach their breeding grounds, G-PUFA, particularly EPA and
DHA, may serve essential roles in bird developmegradwth and reproduction. For example,
Tree Swallows Tachycineta bicolor) fed a EPA-rich diet demonstrated significant @ages in
brain DHA, resulting in increased reproductive ®s8x; measured as number of fledglings, hatch

and fledge rate, and egg and chick number (Twieirg). 2018). While the physiological
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pathways of biofilm-derived fatty acids during skloird migration and onto the breeding
grounds remain uncertain, the known roles of DHAJ(&EPA) in brain development and
reproductive success in other vertebrates areatidits that negative carryover effects could
result if the abundance of organic and fatty acidtent of biofilm at migratory stopover habitats

is compromised.

Our findings highlight the dynamic nature of inteal biofilm as a food resource for
shorebirds, and associated seasonal changes moegal fatty acid content of biofilm
coinciding with shorebird migration. Biofilm biomg&and fatty acid content levels observed in
the spring are unlikely to be maintained throughbatsummer due to the combined adverse
effects of high temperatures (Blanchard et al. 198%hg and Gao 2004; Kudo et al. 2000,
Scholz and Liebezeit 2013) and the photo-inhibitfifects of high PFDs (Chen et al. 2011,
Benemann 2013; Melis 2009) on microphytobenthos. Aigh mass fractions of fatty acids in
spring, when large flocks of shorebirds are movhrgugh the area, is consistent with the ‘green
wave’ hypothesis (Marra et al. 2005; Schwartz 19@8)ereby bird migration coincides with the
availability of key nutrients at stopover sitesn@ersely, if elevated levels of fatty acids are
available only during a limited temporal windowetl may be a ‘match -mismatch’ scenario,
whereby if the resources required to successfuigyate are compromised when the birds arrive,
population-level consequences may ensue (Cushid@; X®eller et al. 2009; Jones and
Creswell 2010). Such a scenario would be exacetligtéhe large variance in the seasonal
influx of fatty acids against the inflexibility ahe migrating Western Sandpipers to adjust their

schedule (Clark and Butler 1999).

High production and cycling of nutrients are kegtteres of intertidal sediments that

support migratory shorebirds (Saint-Béat et al.30yet there is little understanding of how
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grazing by shorebirds affects biofilm productivilthe complexity and sensitivity of intertidal
biofilm systems are further underscored by the ipdig of feedback mechanisms between
biofilm and shorebirds, where shorebird droppinds dissolved nutrients and affect
microphytobenthic diatom growth and biochemical position (Jauffrais et al. 2015). Thus,
studies which couple research on fatty acid prajilibiofilm ecology, and avian physiology are
required to better understand the contributioniofilms to shorebird migration. Finally, there
are broader ecosystem implications surroundingdmservation of intertidal biofilm
communities, given that essential fatty acids, poed by the microphytobenthos in biofilms,
move up trophic levels through invertebrates (Middeg et al. 2000; Richoux and Froneman
2008), fish, waterbirds, and mammals (Colombo .€2@16). In summary, our findings
underscore the need for the conservation of id@rbiofilm habitats in estuarine systems,
especially in the context of maintaining their ctractionality in providing nutritionally

important fatty acids to shorebirds (and other comeys) in coastal food webs.
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6 Appendices

Appendix 1. Summary of fatty acids profiles. Means and standard deviations are expressed asHvéag®nN of Fatty Acid Methyl
Esters (ug FAME/mg ash free dry weight (AFDW) adfdim sample). N for spring 2016 = 19; N = wintéd17 = 30.

Peak Systematic Nomenclature

Trivial Nomenclature

Spring 2016 Winter 2017

Molactkormula Mean SD Mean SD

1 Tetradecanoic acid

2  cis-9-tetradecanoic acid

3 Pentadecanoic acid

4  cis-10-pentadecenoic acid

5 Hexadecanoic acid

6  9-hexadecenoic acid

7  Heptadecanoic acid

8 cis-10-heptadecanoic acid

9  Octadecanoic acid

10 trans-9-octadenoic acid

11 cis-9-octadenoic acid

12 trans-9,12-octadecadienoic acid
13 cis-9,12-octadecadienoic acid
14 Eicosanoic acid

15 9,12,15-octadecatrienoic acid
16 cis-11-eicosenoic acid

17 9,12,15-octadecatrienoic acid
18 cis-11,14-Eicosadienoic acid
19 Docosanoic acid

20 cis-8,11,14-eicosatrienoic acid
21 13-docosenoic acid

22 cis-11, 14, 17 - eicosatrienoic acid

23 5,8,11,14-eicosatetraenoic acid
24 cis-13,16-docosadienoic acid

Myristic acid
Myristoleic acid
Pentadecanoic acid
Palmitic acid
Palmitoleic acid
Margaric acid
Stearic acid
Elaidic acid
Oleic acid
Linolelaididaci
Linoleic acid (UNA
Arachidic acid
y-Linoleic acid (GLA)
Gondoic acid
a-Linolenic acid (ALA)
Eicosadienoic acid
Behenic acid
Dihomdinolenic acid
Erucic acid
Eicosatiieacid
Arachidonic g&RIA)
Docosadienoic acid

14:0
14:1
15:0
15:1
16:0
16:1n-7
17:0
17:1
18:0
18:1n-9t
18:1n-9c
18:2n-6t
18:2n-6¢
20:0
18:3n-6
20:1n-9
18:3n-3
20:2n-6
22:0
20:3n-6
22:1n-9
20:3n-3
20:4n-6
22:2

0.644 0.120.089 0.153
013 0.015 0.000 0.000
0.98240 0.065 0.089
0.093 0.085 &.00.035
3.675 1.083050 1.604
4.731.870 2.548 1.728
0.020 0.04/000 0.000
0.225 0.293 8.04.105
0.619 0.1171920 0.378
000. 0.000 0.000 0.000
0.198.083 0.000 0.002
0.010 0.003 0.003 0.016
0.162 0.059 0.003 0.009
0.034 0.01@.000 0.000
0.119 0.047 0.000 Q100
».03.018 0.000 0.000
0.080 0.019 0.037 &40
0.104 0.043 0.094 0.081
0.109 0.02603@. 0.026
0.028 0.017 0.000 0.000
0.010 09.0 0.000 0.002
0.001 0.003 0.008 0.043
0.39C 0.13: 0.107 0.05¢
0.08C 0.01f 0.00: 0.01(
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25
26
27
28

Tetracosanoic acid Lignoceric acid
5,8,11,14,17-eicosapentaenoic acid Eicosapeanitaaaid (EPA)
15-tetracosanoic acid Nervonic acid
4,7,10,13,16,19-docosahexaenoic adcosahexaenoic acid (DHA)

24:0
20:5n-3
24:1n-9
22:6n-3

0.14:
2.28¢
0.00z
0.46¢

0.02¢
0.71¢
0.00:
0.21¢

0.07¢
1.10¢
0.01%
0.02¢

0.04¢
1.07¢
0.09:
0.08:
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790  Appendix 2. Occurrence and per cent biomass (pg/ml) of major taxonomic groupsin 20

791  samples of biofilm on Roberts Bank, British Columbia, Canada, collected on 21 April 2016.
792  Taxa are ranked by order of occurrence (numbeamipses). Biomass (%) is expressed as the
793  percent of the total biomass across all samples7/20g/ml). Taxa are identified to genera or
794  species where possible.

Group Taxon Occurrence  Biomass Group
(%) Biomass
(%)
Bacillariophyte  Naviculoidbiraphid (large 20 11.9¢ 54.6¢

cftrachyneis/plagiotropis)

Nitzschie 20 2.0¢
Navicule 20 1.3C
Nitzschia (small 18 2.8
Navicula (large 16 8.8(
Navicula (small 16 0.4t
Naviculagregari 15 1.0t
Gyrosigmi 15 0.92
Achanthes/Achnanthidiu 15 0.4z
Cylindrothecagracili 14 3.02
Tryblionelle 14 2.31
Tryblionellaconstrict 11 0.5:2
Achnanthes/Achnanthidium (smi 11 0.3¢
Gyrosigmabalticur 8 2.11
Nitzschia sigm 8 0.3¢
Amphore 7 0.62
Gyrosigmaacuminatu 6 0.2:
Gyrosigmaattenuatu 5 0.61
Cylindrothecaclosteriu 5 0.12
Campylodiscu 4 7.1¢€
Cocconei 4 0.47
Diploneis 4 0.32
Skeletonemacostatt 4 0.1¢€
Small unidentified centric diator 4 0.1¢
Ulnaria uln: 4 0.0z
Gyrosigmafasciol 4 0.01
Thalassiosir 3 0.8t
Entomonei 3 0.47
Nitzschiatryblionell: 3 0.0¢
Melosiranumuloide 3 0.0t
Unidentified benthic diaton 3 0.0
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Group Taxon Occurrence  Biomass Group
(%) Biomass
(%)
Campylodiscushibernic 2 0.2t
Tryblionellalevadens 2 0.0¢
Paraliasulcat 2 0.0z
Aulacoseirasubarctir 2 0.0z
Podsiri 1 2.1¢
Auxosport 1 0.62
Fallacie 1 0.32
Surirelle 1 0.2¢
Biddulphie 1 0.2¢
Nitzschialineari 1 0.21
Luticola 1 0.1z
Melosire 1 0.1¢
Skeletonem 1 0.07
Navicula cf.phylept: 1 0.0¢
Placonei 1 0.0¢
Gyrosigmadistortul 1 0.0z
Naviculaprotract 1 0.0z
Cyclotellastriat 1 0.0z
Cyclotellameninghiniar 1 0.0z
Frustulie 1 0.0z
Aulacoseiri 1 0.01
Gyrosigmascalproid: 1 0.01
Detonelle 1 0.01
Naviculacryptocephe 1 0.01
Gyrosigmalittoral 1 0.01
Nitzschiapalace: 1 0.00¢
Fragilariacapucir 1 0.00¢
Gyrosigmaprolongatu 1 0.00z
Tabellariafenestra 1 0.00z
Naviculadscus 1 0.001
Fragilarie 1 0.000:
Zooplanktol Nematod 20 17.27 35.1(
Copepod (unidentifie 4 9.6t
Crustacean naug 4 2.7¢
Zooplankton remair 2 5.3t
Zooplanktol 1 0.1C
Protist: Ciliate 3 1.21 6.47
Difflugia 2 4.6¢€
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Group Taxon Occurrence  Biomass Group
(%) Biomass
(%)
Tintinnids/ Tintinnopsi 2 0.4C
Thecate amoel 2 0.1t
Strobilidiun 1 0.0t
Strombidiun 1 0.00z
Plastic Plastic fibe 4 1.5¢ 1.5¢
Cyanophyt. Phormidiun 12 0.3¢ 0.9
Leptolyngby: 9 0.37
Pseudanabae 8 0.07
Chroococcu 2 0.1¢
Oscillatoric 1 0.0
Spiruline 1 0.00¢
Aphanothecebachma 1 0.00¢
Unidentified filamentous bli-green 5 0.1
algae
Chlorophyti Filamentous green alg 1 0.31 0.4:
Planktonemalauterbol 1 0.01
Monoraphidiun 1 0.00z
Closteriun 1 0.001
Sponge Sponge spicu 2 0.2¢ 0.2¢
Euglenophyt Euglenic 3 0.1¢ 0.22
Trachelomong 1 0.0t
Flagellate Silicoflagellate 1 0.1¢ 0.1¢
Colorless flagellat 1 0.00¢
Pyrrophyt: Gymnodiniun 1 0.07 0.07
Rotifere Filinina 1 0.04 0.04
Lipids Lipids 15 0.01 0.01
Chrysophyt Ochromona 1 0.00z 0.00z
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Appendix 3. Organic content, total lipids, chlorophyll and amounts of major groups of fatty acids at
Roberts Bank, British Columbia, Canada, during spring 2016 and winter 2017, expressed as the
fraction of Ash Free Dry Weight (AFDW). Box plotspresent the distribution of observed values, where
midline is the median, with the upper and loweritinof the box being 75and 2% percentiles. Whiskers

extend up to 1.5X the interquartile range, andiengtlare depicted as points. Blue circles indicate

predicted means from linear mixed effects modeld,l@ounds are 95% prediction intervals from fixed
effects. Dashed lines indicate no significant dédfeces between seasons.
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