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Introduction

Bivalve aquaculture has direct and indirect effects on plankton communities, which are highly sensitive to short-term (seasonal, interannual) and long-term climate changes, although how these dynamics alter aquaculture ecosystem interactions is poorly understood. 





Methods

We investigate seasonal patterns in plankton abundance and community structure spanning several size fractions from 0.2 µm up to 5 mm, in a deep aquaculture embayment in northeast Newfoundland, Canada.





Results

Using flow cytometry and FlowCam imaging, we observed a clear seasonal relationship between fraction sizes driven by water column stratification (freshwater input, nutrient availability, light availability, water temperature). Plankton abundance decreased proportionally with increasing size fraction, aligning with size spectra theory. Within the bay, greater mesozooplankton abundance, and a greater relative abundance of copepods, was observed closest to the aquaculture lease. No significant spatial effect was observed for phytoplankton composition. 





Discussion

While the months of August to October showed statistically similar plankton composition and size distribution slopes (i.e., food chain efficiency) and could be used for interannual variability comparisons of plankton composition, sampling for longer periods could capture long-term phenological shifts in plankton abundance and composition. Conclusions provide guidance on optimal sampling to monitor and assess aquaculture pathways of effects.
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1 Introduction

Global production of mussels has increased ~ 5% per year since 1950 to a total of about 2M tons in 2022 (FAO Fisheries and Aquaculture Department, 2022). Critical knowledge gaps exist for the interactions between shellfish aquaculture and pelagic food webs given the influence and interactions of multiple factors, including culture density, natural plankton abundance, local hydrodynamics and seasonality (e.g., Trottet et al., 2008; Filgueira et al., 2021). Understanding aquaculture ecosystem interactions and their contribution to ecosystem functioning is critical to refine and expand predictive models that can help operate within carrying capacity limits and avoid their collapse to a state where the role and functions of plankton would be suppressed by cultured bivalve dominance (Gibbs, 2004).

Phytoplankton and bacteria form the base of the pelagic aquatic food web for both the natural ecosystem and cultured bivalves, by uptaking dissolved carbon to create particulate organic carbon, i.e. energy for grazers. Zooplankton subsequently act as the link for energy and mass transfer from these smaller communities to higher pelagic trophic levels (Lindeman, 1942; Kiørboe, 2009; Hulot et al., 2014). Shifts in their abundance and community composition can thus affect fisheries resources, nutrients/carbon/oxygen cycles, and ecosystem functioning (e.g., Azam et al., 1983; Legendre and Rassoulzadegan, 1995; Cranford et al., 2011; Degerman et al., 2018; Lombard et al., 2019). Size distribution analysis describes the rate at which abundance and/or biomass of pelagic organisms changes with increasing body size and is determined by the efficiency of energy transfer from prey to predator and the relationship between body sizes (Trebilco et al., 2013; Blanchard et al., 2017; Hatton et al., 2021). The “height” of the size spectrum (i.e., intercept) reflects the productivity of the ecosystem (Jennings, 2012). In typical marine environments, the log-transformed slope is not affected by primary production levels and is theoretically considered to be around −1 for datasets using abundance and zero for datasets using biomass (Trebilco et al., 2013). The slope has a higher likelihood of being skewed in coastal ecosystems with strong grazing pressures and benthic-pelagic coupling, where pelagic food webs may be altered by the benthos (Jennings, 2012). Long-term bay-scale plankton data in shellfish aquaculture sites are essential to understand how bivalve aquaculture potentially impacts fisheries resources and how these interactions may vary under future climate conditions. Globally, phytoplankton biomass is projected to alter bloom timing and generally decline (Cooley et al., 2022), reducing biomass flow to higher trophic levels (du Pontavice et al., 2021). In the North Atlantic, climate change is projected to also alter plankton species distribution poleward, with longitudinal shifts related to ocean circulation and surface conditions (Barton et al., 2016). Increased temperatures and altered salinities have already been observed to increase harmful algal blooms in the North Atlantic (Gobler et al., 2017) and in other Atlantic Canadian provinces (Boivin-Rioux et al., 2021, 2022) with implications for marine species and human health.

Plankton communities are typically used as ecosystem indicators because they have a short life cycle and are highly sensitive to local environmental conditions, making them reflective of both short-term (e.g., seasonal, interannual) and longer-term climate variation (Levasseur et al., 1984; Arrigo et al., 1999; Thomas et al., 2010; Rodrigues et al., 2019; Gao et al., 2022; Finnis et al., 2023). In aquaculture sites, “top-down” control on bacteria, phytoplankton, and zooplankton communities has been observed due to filtration and ingestion, although a consensus has not been reached as to whether these effects cause an overall increase or decrease of plankton abundance and how this might vary seasonally (Norén et al., 1999; Lehane and Davenport, 2002, 2006; Maar et al., 2008; Trottet et al., 2008; Sonier et al., 2016). Plankton filtration by shellfish is known to vary temporally and may be affected by factors such as tides, life stage, population density, food availability/quality, water temperature, and current speed (Silva et al., 2019; Lin et al., 2016). Bivalves can also cause “bottom-up” control on plankton communities at a bay-scale by decreasing nutrient availability through consumption and storage (Newell, 2004) and increase nutrient availability through direct dissolved excretion and indirectly through particulate excretion, which can be remineralized by bacteria and subsequently utilized by phytoplankton (Grant et al., 1995; Dame, 1996). In the long-term, nutrient alteration and energy redirection towards the microbial loop can ultimately limit energy transfer to higher pelagic trophic levels (Rodhouse and Roden, 1987; Horsted et al., 1988; Hulot et al., 2020). This may be reflected in shifts in bacteria abundance and composition, i.e. bacterial cells with low or high nucleic acid content (LNA and HNA, respectively). LNA bacterial cells have small, streamlined genomes and limited genetics, which causes lower metabolic rates and less capability to utilize dissolved organic carbon and are thus more common in nutrient-limited environments whereas HNA cells thrive in environments with high levels of nutrients and organic matter (Servais et al., 2003; Longnecker et al., 2005; Hu et al., 2020).

Bivalve aquaculture has been reported to shift phytoplankton community composition towards faster growing species (e.g., diatoms as opposed to dinoflagellates; Prins et al., 1995; Ward and Shumway, 2004; Jiang et al., 2016, 2022) due to preferential particle ingestion, the depletion of their major competitors and predators, and increasing the depth of light penetration in the water column due to seston depletion (Schröder et al., 2014). Additionally, bivalve retention efficiency during filtration increases with increasing particle size (Ward and Shumway, 2004). For example, Sonier et al. (2016) reported that blue mussels (Mytilus edulis) have a retention efficiency of 20% ± 2% for picophytoplankton and 60% ± 3.5% for nanophytoplankton. As a general consensus, M. edulis has a 100% retention efficiency for particles larger than 4 µm (Møhlenberg and Riisgård, 1978; Riisgård, 1988), although this may vary seasonally with availability of trophic resources (Strohmeier et al., 2012).Therefore, phytoplankton community structure can shift towards smaller size fractions due to bivalve aquaculture predation (Courties et al., 1994; Vaquer et al., 1996; Souchu et al., 2001; Wetz et al., 2002; Cranford et al., 2008, 2011; Jiang et al., 2016, 2022). The overall contribution of bacteria to bivalve diets is unclear because bacteria may be ingested as free-living cells, aggregates, or attached to other seston, as in flocs (e.g. Ho et al., 2022). It has been suggested that 20 to 30% of bacteria exist within aggregates exceeding 5 µm in size (Wangersky, 1977; Sorokin, 1981), which should theoretically be retained efficiently. Bacteria can therefore be an important part of bivalve diets when the availability of phytoplankton and other foods is low, although their relative contribution and variation between ecosystems and seasons have not been defined (Stuart et al., 1982; Seiderer and Newell, 1985; Langdon and Newell, 1990; Gallardi et al., 2017). Although nano- to micro-sized plankton (> 4 μm) are generally considered the preferred food source for blue mussels, studies have shown that they can ingest mesozooplankton up to 6 mm in length, which are excreted as pseudofeces, rather than digested, and removed from the pelagic food web (Davenport et al., 2000; Lehane and Davenport, 2002).

In an aquaculture monitoring context, the effects of seasonality on shellfish aquaculture ecosystem interactions are poorly understood, but are important considerations to detect interannual plankton change, informing the direction, magnitude and drivers of change, and linking key ecosystem drivers to observed change (Lavaud et al., 2020; Guyondet et al., 2022; Brito et al., 2023). Seasonality is a major factor in variation of marine environmental conditions (e.g., water temperature, terrestrial freshwater and nutrient input, sea ice cover, water column stratification, and light availability), directly influencing phytoplankton community composition and abundance. Seasonal patterns of microbial communities in the water column may also directly impact their own population fitness and biogeochemical processes (Kondo et al., 2012; Sevellec et al., 2019). Additionally, meroplankton (i.e., aquatic organisms with both planktonic and benthic stages – often larval stages of larger organisms) may exhibit seasonal and inter-annual variation in shifts from planktonic to benthic forms (Selifonova, 2012; Michelsen et al., 2017) with potentially important consequences for interactions with shellfish aquaculture and competition for phytoplankton (Byron et al., 2011).

To better inform aquaculture ecosystem interactions, the present study investigates seasonal patterns in the abundance and community structure of several plankton fraction sizes, from 0.2 µm (bacteria and picophytoplankton) up to 5 mm (mesozooplankton), near a blue mussel aquaculture lease on the northeast coast of Newfoundland, Canada. Monthly sampling was conducted from June 2021 to July 2022 to characterize plankton succession and identify optimal sampling periods for interannual comparisons and inform monitoring and interpretation of long-term shellfish aquaculture ecosystem impacts. To our knowledge, this is the first study characterizing the seasonal succession of plankton spanning five orders of magnitude in size, in a shellfish aquaculture embayment. This work is part of the federal Canadian Aquaculture Monitoring Program (AMP) which, in part, informs policy and decision-making through assessments of the impacts of shellfish aquaculture on ecosystems.




2 Materials and methods



2.1 Plankton terminology

In this paper, bacteria refers to heterotrophic marine bacterioplankton 0.2 to 1.0 μm in size, picophytoplankton (PPP) refers to autotrophic cells 0.2 to 2.0 μm in size and nanophytoplankton (NPP) comprises autotrophic cells 2.0 to 20 μm in size. For the purpose of this study, PPP and NPP are further classified into the following functional groups: eukaryotes, phycocyanin-containing cyanobacteria (pico- and nano-PC), and phycoerythrin-containing cyanobacteria (pico- and nano-PE). The presence of phycocyanin pigments is an indicator of freshwater cyanobacterium (Poniedziałek et al., 2017) while phycoerythrin pigments are an indicator of the marine cyanobacterium Prochlorococcus and Synechococcus, the two most abundant oxygenic phototrophs on Earth (Mella-Flores et al., 2012). Microplankton comprises autotrophic and heterotrophic cells 20 to 250 μm in size, although due to sampling and laboratory procedures, data are presented for two microplankton size fractions: 30 to 73 μm (Micro30-73) and 73 to 250 μm (Micro73-250). Here, mesozooplankton comprises zooplankton 250 μm to 5 mm in size, with the exception of Chaetognatha spp. which were the only taxa identified that exceeded this limit.




2.2 Regional setting

South Arm is the southernmost inlet (20 to 50 m depth, 1 to 2 km width, 15 km length) of New Bay, a large and deep embayment (up to 440 m depth and 4 km width) connected to Notre Dame Bay and the Atlantic Ocean on the northeast coast of Newfoundland, Canada (Figure 1). The area experiences generally weak seasonal currents (Gallardi, 2016) and a small tidal range (0.27 to 1.18 m; Canadian Hydrographic Service, Leading Tickle, 01087), but is nevertheless a hydrodynamically complex system. A sill of less than 30 m separates the inner basin from the main channel, possibly promoting internal waves, internal mixing, and material resuspension (Gallardi, 2016). It is a seasonally stratified two-layer system driven by freshwater input from local ice melt and other seasonal influences from outside the bay, as there is no significant riverine input (Gallardi, 2016). In the fall, wind-driven mixing from storms and strong wind events promote mixing of the layers, thus deepening the seasonal pycnocline.




Figure 1 | Location of sampling stations (Inner, Mid, Outer) in relation to the shellfish aquaculture lease area in (A) South Arm (49.34°N, 55.32°W) in (B) northeast Newfoundland, Canada.



On the northeast coast of Newfoundland, Canada, blue mussel (Mytilus edulis) aquaculture farming has been an economically important industry for more than 40 years and is expanding through the region. South Arm holds two large blue mussel leases totaling 2.80 km2, which cover 24.8% of the bay area (Finnis et al., 2023; Land Use Details (gov.nl.ca)). Blue mussels are cultured using a traditional longline system suspended at approximately 5 m below the surface, with a 5 m sock length, sitting 5 to 10 m below surface. Here, mussels may be harvested throughout the year at a market size of 50 to 75 mm (Gallardi, 2016).




2.3 Sampling design

Samples were collected at three stations: Inner (49.34655°N, 55.3311°W), Mid (49.35183°N, 55.3235°W), and Outer (49.35983°N, 55.3107°W), creating a linear gradient from the aquaculture lease area to the outer section of the bay (Figure 1). From June 2021 to July 2022, samples were collected each month excluding January 2022, due to weather conditions. At each station, a conductivity/temperature/depth monitor (CTD; Sea-Bird Electronic (SBE) instruments, model 19plus V2, Sea-Bird Scientific, WA, United States) equipped with a fluorometer and turbidity meter (ECO-FL-NTU WET Labs, Sea-Bird Scientific, WA, United States) was deployed at a constant descending and ascending speed of 0.5–1 m s–1 from surface to 3–5 m above seafloor to record temperature, salinity, and oxygen saturation. The CTD profiles (Unpublished data to be made publicly available by D. Gallardi) were processed using SBE data analysis software, following the recommended procedure as described in Donnet et al. (2018); the processed data resulted in one value for each meter of water depth.




2.4 Sample collection

Water samples (n = 114) for the analysis of bacteria, PPP, and NPP were collected using a 5L Niskin bottle from three depths, referred throughout as surface, mid, and deep. Surface samples were collected 6 m below the surface to include the same layer of water where the mussels were positioned. Mid samples were collected at the approximate chlorophyll maxima, determined using fluorescence (proxy for chlorophyll a) values from the CTD casts. Notably, in August 2021, the Inner and Mid stations showed two fluorescence peaks during CTD profiles, therefore the surface sample captured the first peak and the mid sample captured the second peak. Additionally, in November 2021, the fluorescence peak at the Mid station was at 5 to 6 m below surface, therefore the surface sample captured the peak, while the mid sample was collected at the middle point between the surface and deep samples. Deep samples were collected 4 m above the seafloor, to be as close to the bottom as possible without the effect of resuspension. Immediately upon sample collection, two 4.5 mL subsamples were well mixed with 20 µL glutaraldehyde Grade 1 (Sigma; 0.1% final concentration) in cryovials and incubated at ambient temperature in the dark for 15 minutes. The subsamples were then placed on ice while in the field and subsequently stored at −80°C until analysis at the Institut des Sciences de la Mer de l’Université du Québec à Rimouski (Canada).

Two vertical tows were sampled at each station (30 µm and 250 µm net mesh) from 2 m above the seafloor to the surface at an ascending speed of 1 m s–1. Immediately upon retrieval, all samples were preserved with 40% formaldehyde (final concentration 4% w/v formalin). The water volume filtered through the net was calculated using the depth of the water column and the net area, which was subsequently used for abundance calculations. 38 samples were collected using the 30 µm net, and 35 samples were collected using the 250 µm net.




2.5 Flow cytometry

Subsamples for heterotrophic bacteria enumeration were stained with SYBR Green I (Invitrogen) following Belzile et al. (2008). Bacteria (and archaea, collectively referred to here as bacteria) were counted with a CytoFLEX flow cytometer (Beckman Coulter) using the blue laser (488 nm). Green fluorescence of nucleic acid-bound SYBR Green I was measured at 525 nm (525/40 nm BP). The cytograms obtained were analyzed using CytExpert v2.3 software and the same regions of the side scatter vs. green fluorescence plots were ascribed LNA and HNA bacterial cells for the whole dataset.

Subsamples for < 20 µm autotroph abundances (PPP and NPP) were analyzed using a CytoFLEX flow cytometer (Beckman Coulter) fitted with a blue (488 nm) and a red laser (638 nm). Using the blue laser (forward scatter, side scatter) orange fluorescence from phycoerythrin (582/42 nm BP) and red fluorescence from chlorophyll (690/50 nm BP) were measured. The red laser was used to excite the red fluorescence of phycocyanin (660/20 nm BP). Polystyrene microspheres of 2 µm diameter (Fluoresbrite YG, Polysciences) were added to each sample as an internal standard. Pico- (0.2 to 2 µm) and nano-autotrophs (2 to 20 µm) were discriminated based on a forward scatter calibration using algal cultures. Notably, nano-sized autotrophs containing phycoerythrin or phycocyanin were ascribed to nano-cyanobacteria, but could also have been cryptophytes or rhodophytes (Kirk, 1994).




2.6 FlowCam imaging

Samples collected with the 30 µm mesh net were split into four subsamples using a Folsom plankton splitter and separated into Micro30-73 and Micro73-250 size fractions. Subsamples were subsequently rinsed into 50 mL of 0.2% Triton-x and de-clumped using a magnetic stirrer. A 1 mL subsample of each size fraction was entirely image-processed using a flow imaging microscopy system, FlowCam Micro (Yokogawa Fluid Imaging Technologies, Inc.), using a 10× objective lens for Micro30-73 and a 4× objective lens for Micro73-250. All images were cleaned (i.e., removing images of debris, bubbles, fragments, etc.), and classified into functional groups by experienced taxonomists using the two-dimensional black and white digital images in VisualSpreadsheet version 4.18.5 (Yokogawa Fluid Imaging Technologies, Inc. 2020, n.d.). Following the recommendations of Owen et al. (2022), S1 provides the information required to reproduce the results using FlowCam Micro technology.

Samples collected with the 250 µm mesh net were split into four subsamples using a Folsom plankton splitter and separated into 250 µm to 2 mm and 2 to 5 mm size fractions. Subsamples were subsequently rinsed into 400 mL of 0.2% Triton-x and de-clumped using a magnetic stirrer. One subsample was entirely image processed using a flow imaging microscopy system, FlowCam Macro (Yokogawa Fluid Imaging Technologies, Inc.), using a 2 mm flow cell for the smaller size fraction and a 5 mm flow cell for the larger size fraction. Chaetognatha spp. were the only specimens identified that exceeded 5 mm (body length up to 28 mm, 210 specimens counted in total) and were thus removed and measured manually. VisualSpreadsheet version 4.18.5 was used (Yokogawa Fluid Imaging Technologies, Inc. 2020, n.d.) and images of objects < 250 µm in length removed using a pre-set filter. A fraction of the images was randomly selected for analyses, cleaned (i.e., removing images of debris, bubbles, fragments, etc.), classified at the highest taxonomy level as possible by experienced taxonomists using the two-dimensional black and white digital images in VisualSpreadsheet. From 344 to 1902 (average 1345 ± 411) images of zooplankton specimens were identified by taxonomists, constituting 29 to 100% of total zooplankton images (7 to 25% of the full sample). Important information required to reproduce the results involving FlowCam Macro technology, as well as a complete list of the confirmed zooplankton taxa, are detailed by Finnis et al. (2023).




2.7 Statistical analysis

The relationship between plankton abundance and environmental conditions was evaluated with water temperature and salinity as predictor variables for bacteria, PPP, and NPP abundance using simple and multiple linear regressions, as previously reported in northwestern regions (e.g., Morán et al., 2010; Sugie et al., 2020). All dependent variables were log-transformed to normalize data distribution. Both regression analyses were conducted to discern their individual and combined relationship to plankton abundance. Pearson correlation coefficients were used to test environmental covariates for collinearity. Only data (water temperature, salinity, plankton abundances) collected from the surface and mid depths were used for regression analysis to reduce the effect of water depth.

Two-dimensional non-metric multidimensional scaling (NMDS) ordinations (Borg and Groenen, 2005) were used to graphically display seasonal patterns in plankton community composition to show variation in plankton community composition (taxa and abundance). Permutational multivariate analysis of variance (PERMANOVA) was used (number of permutations = 9999) to evaluate variation in plankton communities over time. Month and station were tested for all size fractions, while water depth was also tested for bacteria, PPP, and NPP. When significant, pairwise comparisons were used to identify which groups contributed most to the variation. Pairwise comparisons of months were done for bacteria and PPP-NPP, but could not be done for micro- or meso-plankton due to insufficient statistical power (i.e., not enough unique permutations as 100 unique permutations are needed to obtain a statistically significant p-value of 0.01). NMDS ordinations and PERMANOVAs were constructed using a Bray-Curtis dissimilarity matrix of square root transformed abundance data. All analyses were done using the vegan package in R (Oksanen et al., 2022); the metaMDS function was used for NMDS ordinations, and the adonis2 function was used for PERMANOVAs. Using the pairwiseAdonis package (Arbizu, 2017), the pairwise.adonis2 function was used for pairwise comparisons. Similarity percentage analysis (SIMPER) was used to identify the mesozooplankton taxa that contributed most to the dissimilarities between significant groups, using the SIMPER function from the vegan package (Oksanen et al., 2022). The permutation p-value represents the probability of getting a larger or equal average contribution based on 999 random permutations of input data.

The seasonal and spatial relationship between plankton abundance and size fraction was evaluated using linear regressions of log10-transformed values. Since plankton size is quantified as size fractions during flow cytometry, rather than the size of each cell, the median value of each size fraction was used for bacteria, PPP, and NPP. As in Lombard et al. (2019), the mean Equivalent Spherical Diameter (ESD) was used for samples analyzed with the Micro- and Macro-FlowCams; both referred to as “body size” for simplicity during analysis. Statistical analyses were not conducted for months and stations where abundance data of one or more size fraction was not available. Intercepts and slopes of the log-transformed size-abundance distribution were calculated for each station as proxies for productivity and energy transfer efficiency, respectively. Ecological pyramids were constructed as an alternate portrayal of the same information as size distribution slopes, showing the average of the three stations to highlight seasonality.





3 Results



3.1 Structure of the water column

From June 2021 to July 2022, monthly CTD casts showed a seasonally stratified water column from April to November (Figure 2). Temperature averaged 2.72 ± 0.13°C (min = 2.59°C, max = 3.14°C) throughout the water column from December to May. From June to November, temperature ranged −0.32 to 7.44°C at the deep layer and 1.86 to 18.06°C at the mid and surface depths, with the highest temperature recorded in August. Salinity was fairly uniform throughout the water column from December to March, but showed a distinct halocline from April to November, ranging 30.09 to 32.14 PSU at the surface and 31.22 to 32.56 PSU near the seafloor. Oxygen saturation ranged 86.19 to 106.84% at the surface and mid depths, while a steady decrease from 99.01 to 21.47% was observed near bottom at the Inner and Mid stations from March to November, then returning to high values (93.06 to 93.28%) when the water column mixed. Fluorescence values ranged 0.08 to 3.7 µg L−1 throughout the annual cycle, with the exception of March, which peaked at 7.63 µg L−1.




Figure 2 | CTD cast data reporting (A) water temperature, (B) salinity, (C) oxygen saturation, and (D) fluorescence (proxy for chl a) from June 2021 to July 2022. Color represents the depth measurement at which the water samples were collected and shape represents the sampling station.






3.2 Plankton abundance

Plankton abundance decreased with increasing size fraction (Figure 3). Bacteria ranged from 2×1011 to 2×1012 individuals m–3, while PPP and NPP ranged 1×107 to 1×1011 individuals m–3 and 2×107 to 2×1010 individuals m–3, respectively. Overall, bacteria, PPP and NPP abundances were higher in the surface and mid samples than in the deep samples. Micro30-73 ranged from 1×102 to 1×105 individuals m–3 while Micro73-250 ranged from 2×101 to 1×103 individuals m–3 and mesozooplankton ranged 3×102 to 3×103 individuals m–3.




Figure 3 | Abundance (individuals m−3) of (A) heterotrophic bacteria (0.2 to 1 µm), (B) picophytoplankton (0.2 to 2 µm), (C) nanophytoplankton (2 to 20 µm), (D) microplankton (30 to 73 µm), (E) microplankton (73 to 250 µm), and (F) mesozooplankton (250 µm to 5 mm) from June 2021 to July 2022. Color represents the depth at which water samples were taken for (A–C), while samples in (D–F) were collected using vertical tows and span the entire water column. Shape represents the sampling station.



Monthly plankton abundances showed a clear seasonal trend for all fraction sizes (Figure 3). Micro30-73 had a spring bloom in March and April of 2022, in addition to elevated abundances of surface bacteria in April, followed by increased abundance of Micro73-250 in May and June. Mesozooplankton abundances, which began increasing in May and steadily increased through September, were consistently higher at the Inner station from June to September. Bacteria had a second peak in August and September, followed by peaks in PPP and NPP. We then observed a peak in Micro73-250 in October.

As indicated by simple linear regression analysis (Figure 4; Table 1), abundances of bacteria, PPP, and NPP were positively correlated with water temperature (R2 = 0.51 to 0.83, p < 0.0001) and negatively correlated with salinity (R2 = 0.27 to 0.56, p < 0.0001). Multiple linear regression analysis (Table 1) indicated that the inclusion of both temperature and salinity resulted in a marginally more powerful model compared to simple linear regressions for bacteria and PPP abundance, PPP, however temperature alone was the best predictor of NPP abundance. Notably, the multiple linear regression model may be influenced by the correlation between temperature and salinity (Pearson correlation coefficient = −0.65, p <0.0001).




Figure 4 | Linear regression of water temperature and salinity as predictors of bacteria, pico- and nano-phytoplankton abundance (cells mL−3) using data collected from surface and mid depths.




Table 1 | Simple and multiple linear regression statistics of water temperature and salinity as predictors of bacteria, pico- and nano-phytoplankton (PPP and NPP) abundance (cells mL−3) using data collected from surface and mid depths.






3.3 Plankton community composition

There was significant variation in plankton composition across all size fractions between sampling months (Table 2). Pairwise comparisons indicated that bacteria and PPP-NPP did not differ significantly between years (June 2021–2022 and July 2021–2022; Figure 5). Additionally, the composition of both bacteria and PPP-NPP did not differ significantly between August and October. Bacteria and PPP-NPP composition differed significantly between water depths (Table 2) with pairwise comparisons revealing that bacteria composition only differed significantly between the surface and deep samples (Pseudo-F = 14.264, R2 = 0.162, p = 0.0003), while PPP-NPP composition differed significantly between surface and deep (Pseudo-F = 18.931, R2 = 0.204, p = 0.0001) and between mid and deep samples (Pseudo-F = 10.762, R2 = 0.127, p = 0.0002). Station effect was evaluated on all size fractions, but was only significant for mesozooplankton (Pseudo-F = 4.919, R2 = 0.026, p = 0.0082) with no statistically significant pairwise comparisons. SIMPER analysis identified that the highest overall average dissimilarity was observed between the Outer and Mid stations (Av. dissim. = 45.07%, Table 3). Dissimilarity between Mid and the other two stations was mainly driven by the cladoceran Evadne spp., the copepod Acartia spp., and the tunicate Fritillaria spp. The average dissimilarity between the Outer and Inner stations (43.60%) was mainly driven by copepods (Acartia spp., Temora spp., Pseudocalanus spp.) and the cladoceran Evadne spp. (Table 3).


Table 2 | Summary of statistically significant permutational multivariate analysis of variance (PERMANOVA) results based on a Bray-Curtis dissimilarity matrix of square root transformed plankton abundances for South Arm from June 2021 to July 2022.






Figure 5 | Pairwise comparisons of months from the PERMANOVA for bacteria (above diagonal) and PPP and NPP (below diagonal). Color indicates statistical significance.




Table 3 | Similarity percentage (SIMPER) analysis indicating the five mesozooplankton taxa that contribute most to the average Bray-Curtis dissimilarities between stations.



PPP-NPP community composition exhibited a clear seasonal pattern throughout the water column (Figure 6) with slightly lower % PPP (of total < 20 µm phytoplankton) in the deep samples (33 to 90%) compared to the surface and mid samples (40 to 95%). When the water column was well-mixed (December to March), community composition was characterized by significant contributions of pico- and nano-eukaryotes, picoPC, and picoPE. During April and May, when influxes of freshwater created a strong pycnocline, an increase in the relative abundance of picoPC, an indicator of freshwater cyanobacterium, was observed. Increased relative abundance of picoeukaryotes was subsequently observed in June and July of both sampling years (2021 and 2022). August to November exhibited the highest absolute abundances of PPP and NPP, and were dominated by picoPE, an indicator for the marine cyanobacterium Prochlorococcus and Synechococcus.




Figure 6 | Stacked bar charts showing the relative abundance (%) of pico- (0.2 to 2 µm) and nano- (2 to 20 µm) sized eukaryotes, PC-containing cyanobacteria, and PE-containing cyanobacteria for (A) surface, (B) mid, and (C) deep water samples from June 2021 to July 2022. Within each sampling month, samples are shown in order from the Outer station to the Inner station.



Seasonal patterns were also observed for larger fraction sizes. Excluding unidentified phytoplankton, Micro30-73 was dominated by diatoms throughout the annual cycle, with the exception of July, which showed higher contributions from ciliates and dinoflagellates (Figure 7A). The contribution of dinoflagellates was negligible from December to May. Micro73-250 was dominated by dinoflagellates from June to November 2021, and by diatoms from December 2021 to June 2022 (Figure 7B). Mesozooplankton samples (Figures 7C, D), which were identified to a much lower taxonomic level, comprised 47 taxa and were dominated by copepods (Acartia spp., Calanoida (unid.), Oithona spp., Pseudocalanus spp., Temora spp.), cladocerans (Evadne spp., Podon/Pleopsis spp.), and appendicularian tunicates (Fritillaria spp.). Although the samples were largely dominated by copepods year-round, a clear seasonal shift in composition was observed, with an increased contribution from tunicates in April and May and cladocerans in July, August, and October. Additionally, some months were dominated by a single taxa (e.g., Acartia spp. in September and October, Temora spp. in November and December, Fritillaria spp. in April and May).




Figure 7 | Relative abundance bar charts showing the composition of (A) microplankton (30 to 73 µm), (B) microplankton (73 to 250 µm), and (C, D) mesozooplankton (250 µm to 5 mm) of vertical tows samples from June 2021 to July 2022. Within each sampling month, samples are shown in order from the Outer station to the Inner station. For mesozooplankton, (C) shows the broad groupings of Cladocera, Copepoda, Tunicata, and other, while (D) shows the top nine most common taxa with the remaining taxa grouped into an “Other” category.



NMDS ordinations of bacteria composition (i.e., LNA and HNA) showed general seasonal groupings, with the months of August, September, and October plotting together (Figures 8A–C). PPP-NPP composition showed a clear cyclical monthly progression for surface and mid samples (Figures 8D, E) with more pronounced changes from November to December and from July to August. PPP-NPP composition in deep samples did not show a cyclical pattern, but rather showed a high degree of overlap between months, with August to November grouped together (Figure 8F). Microplankton composition showed general grouping by month with some dispersion (Figures 8G, H), whereas mesozooplankton composition showed a clear monthly clockwise progression with more pronounced changes from March to April, from May to June, and from July to August (Figure 8I).




Figure 8 | Two-dimensional non-metric multidimensional scaling ordination (NMDS) showing variation in (A–C) bacteria, (D–F) pico- and nano-phytoplankton, (G, H) microplankton, and (I) mesozooplankton. Colors represent sampling month, shape represents sampling year, arrows show monthly progression. The months of August, September, and October are highlighted with gray shading.






3.4 Size distribution

The slope of the linear relationship between log10-transformed plankton abundance and body size, an indicator of food chain efficiency, ranged −3.4 to −2.8 and the intercept, an indicator of ecosystem productivity, ranged 10.1 to 11.5 (Figure 9). With the exception of July 2021, the slope was steeper or equal at the Outer station, indicating a less efficient energy transfer compared to the Inner and Mid stations. Variation between stations was mostly observed at the largest fraction sizes. All fraction sizes followed size spectra theory except where mesozooplankton abundance was higher than Micro73-250 from February to September.




Figure 9 | Size distribution represented by the relationship between plankton abundance (log10; individuals m–3) and body size per size fraction (log10; µm). Ecological pyramids are shown with width representing relative abundance of each size fraction: bacteria (purple), pico- and nano-phytoplankton (dark and light blue, respectively), microplankton (30 to 73 µm in dark green and 73 to 250 µm in light green) and mesozooplankton (yellow).







4 Discussion

Clear seasonal relationships were observed between plankton size fractions, from bacteria to mesozooplankton, driven by seasonal variation in water column stratification (freshwater input, nutrient availability, light availability, water temperature). Decreased plankton abundance with increasing size fraction was observed, aligning with size spectra theory. Results show that energy transfer efficiency was weakest at the Outer station (furthest from the lease area) throughout the year. Mesozooplankton abundance was greatest closest to the aquaculture lease, but no significant spatial effect was observed for phytoplankton abundance.



4.1 Plankton seasonality

Three successive seasonal phytoplankton blooms were observed in South Arm. Each bloom was characterized by a distinct plankton size fraction and community composition, and occurred in different seasons. Diatoms (30 to 73 µm) characterized the spring bloom, whereas cyanobacteria (picoPE; 0.2 to 2 µm) and nanoeukaryotes (2 to 20 µm) characterized the summer bloom and dinoflagellates (73 to 250 µm) characterized the fall bloom. This may be attributed to phytoplankton of different sizes with differing critical growth dependencies for inorganic nutrients (Ward et al., 2017). Smaller phytoplankton cells are capable of thriving in environments with lower inorganic nutrient availability due to their higher surface area to volume ratio, which allows for increased nutrient acquisition (Malone, 1980; Chisholm, 1992). Therefore, in the early spring when inorganic nutrients were abundant, phytoplankton biomass was characterized by larger cells (in this case, 30 to 73 µm diatoms), whereas small cells (0.2 to 20 µm cyanobacteria and eukaryotes) became more abundant when nutrients were depleted in late summer (Agawin et al., 2000; Tremblay et al., 2009). The October bloom of dinoflagellates was almost entirely composed of dinoflagellates of the genus Tripos, which utilize both autotrophic and heterotrophic feeding mechanisms (Lapeyra Martin et al., 2022), thereby suggesting grazing of the smallest plankton size fractions at this time.

Mesozooplankton abundance began increasing in May, following the spring diatom bloom, and steadily increased through the summer and fall. Mesozooplankton abundance declined in October, mirroring trends in bacteria, PPP, and NPP, suggesting that organic nutrient availability (i.e., smaller plankton) act as a driver for mesozooplankton seasonality. Although zooplankton communities have not previously been documented in South Arm, our data suggest a delayed zooplankton abundance peak in 2021, and likely 2022, compared to previous studies conducted in nearby areas (Penney et al., 2001; Stacey, 2003; Maillet et al., 2022). The 2021 mesozooplankton abundance peak occurred concurrently with the summer pico- and nano-phytoplankton blooms, which were characterized by cyanobacteria (picoPE). Zooplankton consumption of cyanobacteria is typically considered less efficient than that of eukaryotic phytoplankton due to their smaller size (Boyce et al., 2010; Kiørboe, 2011; Boyd et al., 2014; Schmidt et al., 2020). Generally, tunicates have been considered as the only marine metazoan plankton to efficiently feed on picoplankton due to the morphology of their filter-feeding mechanisms (Deibel and Powell, 1987; Sommer et al., 2002; Katechakis et al., 2002). However, several recent molecular studies have shown that cyanobacteria can be a main food source for other pelagic grazers, including crustaceans (see Novotny et al., 2023 and references therein). Here, results with concurrent elevated levels of cyanobacteria and mesozooplankton during summer suggest that cyanobacteria may constitute an important part of mesozooplankton diet, particularly copepods, which were the dominant mesozooplankton observed during the 2021 summer bloom in South Arm.



4.1.1 Water column stratification

Most shellfish aquaculture in Canada occurs in embayments with strong seasonality, although little is known about how this impacts spatio-temporal plankton distributions and interactions with cultured shellfish (Filgueira et al., 2016). The strong positive correlation between temperature and phytoplankton abundance observed here is likely reflective of the seasonal covariance of water temperature and light availability (Edwards et al., 2016), as light availability is one of the most important variables controlling phytoplankton growth in subarctic marine systems (e.g., Therriault and Levasseur, 1985; Matsumoto et al., 2014). In the context of this study, salinity acts as an indicator of freshwater input, which is likely the main source of inorganic nutrients in South Arm during the stratified period (April to November). The strong negative correlation between salinity and phytoplankton abundance observed here likely indicates that water column stratification and inorganic nutrient availability are important drivers of phytoplankton seasonality. Spring bloom formation, and subsequent increased zooplankton abundance, in the Newfoundland shelf region have been linked to post-winter ocean re-stratification (Cyr et al., 2023), with bloom timing observed in this study matching those in the Newfoundland shelf region (Cyr et al., 2023).

The 2021–2023 period is the warmest on record for sea surface temperatures in the Newfoundland region (Cyr and Bélanger, 2024), with the Newfoundland shelf showing decadal oscillations between warm water periods typified by earlier spring blooms and cooler periods with later blooms. Although inshore coastal dynamics may result in slightly different patterns, these climatic fluctuations are generally reflected in South Arm, as seen in 2014 when particularly cold winter conditions caused ice cover and a later and smaller spring bloom (Gallardi et al., 2017). Preliminary analysis of data collected during 2022 indicate that the spring bloom in South Arm appeared to have normal timing and intensity (Gallardi et al., unpublished data). Weakening of the Labrador Sea convection is projected by the end of the 21st century, potentially reducing fall phytoplankton production with subsequent implications for regional spring blooms (Balaguru et al., 2018). Greater overall freshwater input is expected due to more frequent precipitation events, storms, sea ice melt (IPCC, 2021) and accelerated freshening of the Labrador Current (Zhang et al., 2021). This will not only directly affect salinity, but also increase nutrient availability from terrestrial runoff (Fong et al., 2020), potentially shifting the timing and strength of seasonal water column stratification.





4.2 Spatial distribution

In South Arm, station did not have a significant effect on phytoplankton composition. The homogeneous phytoplankton spatial pattern may be due to high phytoplankton turnover rates and redistribution by water movement as a result of the strong hydrodynamic regime and size of South Arm (20 to 50 m depth, 1 to 2 km width, 15 km length, and 2 km between the Inner and Outer stations) which is considered a large and deep system compared to other Canadian aquaculture embayments (Finnis et al., 2023). In contrast, the station did have a significant effect on mesozooplankton composition. Additionally, mesozooplankton abundance was consistently higher near the lease from June to September due to a greater abundance of copepods. This is in contrast to studies that have observed decreased zooplankton abundance due to bivalve aquaculture at small (Lehane and Davenport, 2006; Granados et al., 2017) and larger (Lam-Hoai and Rougier, 2001; Maar et al., 2008) spatial scales. This spatial trend could be attributed to several reasons related to habitat preference or proliferation. The ability of copepods to move towards preferential feedings regions (Jiang and Osborn, 2004) may cause them to move towards leases due to greater food availability as a result of positive bottom-up feedback from bivalve excretion enhancing local bacterial nutrient remineralization and primary production (Trottet et al., 2008). Additionally, copepods may prefer to move away from stressful regions (Titelman and Kiørboe, 2003) to avoid bivalve grazing by congregating adjacent to mussel leases. Notably, different hydrodynamic conditions due to the sill located between the Mid and Outer stations may have caused slightly weaker stratification, or stronger mixing, and differences in freshwater and nutrient input, which may also affect mesozooplankton variation between stations.




4.3 Food web interactions

Quantifying short- and long-term ecosystem changes within shellfish aquaculture embayments requires a better understanding of seasonal plankton patterns that reflect shellfish diet. Gallardi et al. (2017) reported that the biochemical profile of cultured blue mussels in South Arm indicated high concentrations of diatom markers (EPA) in the spring and high concentrations of fatty acid markers for dinoflagellates (DHA) in the fall. Our observations were consistent with Gallardi et al. (2017), as smaller microplankton (30 to 73 µm) were generally dominated by diatoms year-round (average 51% diatoms, 9% dinoflagellates) with elevated relative abundance in summer by dinoflagellates (average 26% diatoms, 19% dinoflagellates from July to September). Additionally, larger microplankton (73 to 250 µm) exhibited two distinct community structures: from December to June dominated by diatoms and from June to November dominated by dinoflagellates. These results suggest that bay-scale seasonal plankton patterns are likely reflective of the diets of nearby cultured mussels.

Size distribution data suggest that food chain efficiency was similar across stations in summer and early fall, whereas winter and spring data showed variation with a less efficient food chain at the Outer station. The efficiency of energy transfer from primary producers to higher trophic levels is dependent on the length of the food chain, i.e. the number of trophic links. There are typically three (phytoplankton – crustacean zooplankton – fish) to six (phytoplankton – heterotrophic nanoflagellates – ciliates – crustacean zooplankton – carnivorous zooplankton – fish) trophic links between primary producers and fish (Sommer and Stibor, 2002). Shifts towards smaller phytoplankton size fractions can therefore increase the number of trophic links and decrease energy transfer efficiency, having marine ecosystem effects with notable importance for fish populations (Ryther, 1969; Eddy et al., 2021). Shellfish aquaculture may impact food chain length and redirect energy to alternate zooplankton types by altering absolute abundance and plankton community composition (e.g., to gelatinous zooplankton rather than to copepods, Rodhouse and Roden, 1987; Horsted et al., 1988; Lehane and Davenport, 2006; Hulot et al., 2020). Aquaculture infrastructure may also increase biofouling, particularly numbers of tunicates (McKindsey et al., 2007), which have a large filtration capacity and may decrease food availability and redirect energy flow away from crustacean zooplankton (Sommer and Stibor, 2002; Petersen, 2007).

Our results show that variation in food chain efficiency was driven by mesozooplankton abundance rather than smaller size fractions (Figure 9). Importantly, our data do not allow the direct evaluation of food chain length, but rather act as a proxy for energy transfer efficiency. Our data provide slopes ranging from −3.5 to −2.9 where the x-axis represents body size expressed as length, a unidimensional measurement. These results, when expressed as a three-dimensional measure of size such as volume or weight, would range approximately −1.13 to −0.93, which are comparable to those typically observed (near −1; Jennings, 2012; Anderson, 2019; Gonzalez-García et al., 2023). Jennings (2012) suggested that size distribution slopes do not encompass all the complex interactions within marine food webs and are most consistent in the open ocean where pelagic ecosystems are least impacted by benthic processes. Slope variance observed in our study may be influenced by spatio-temporal variation in benthic-pelagic coupling as a result of the local hydrodynamics (e.g., water column mixing due to the sill between Mid and Outer stations) and shellfish aquaculture. The influence of shellfish aquaculture on benthic-pelagic coupling is gaining attention in the scientific community as the industry continues to expand (Filgueira et al., 2015; Lacoste et al., 2020; Azra et al., 2021). Intensive shellfish aquaculture may cause bay-wide depletion of pelagic particles through biofiltration (Grant et al., 2008; Guyondet et al., 2013). Additionally, altering benthic environments via sinking of (pseudo)feces may lead to organic enrichment of the seafloor, changes in macroinvertebrate community structure, and alterations to ecosystem functioning (Callier et al., 2008, 2009; McKindsey et al., 2011; Filgueira et al., 2016; Lacoste et al., 2020; Zhang et al., 2020). Paradoxically, bivalves also release nutrients directly through ammonia excretion and remineralization of (pseudo)feces on the seafloor, which can enhance primary production (Filgueira et al., 2015). Zooplankton play a key role in benthic-pelagic coupling as they are components in biogeochemical cycling and represent a key link between trophic levels in food webs (Ratnaraja et al., 2023). For example, zooplankton facilitate the downward transfer of energy, mass, and nutrients through sinking fecal matter, carcasses, and exuvia to the seafloor (Schnack-Schiel and Isla, 2005; Griffiths et al., 2017). Zooplankton also undergo vertical migrations (e.g., diel and/or ontogenetic), which represent net fluxes of organic matter, energy, and nutrients between the surface and deeper layers (Bollens et al., 2011; Agnetta et al., 2019; Archibald et al., 2019; Bandara et al., 2021). In addition, the resuspension of bottom sediments, such as during storms, may displace ichthyoplankton in the water column (Johnson and Allen, 2012) while meroplankton also link the benthos and water column through shifting life stages (Marcus and Boero, 1998; Schnack-Schiel and Isla, 2005).




4.4 Predicted long-term changes and pathways of effects

In the context of a long-term monitoring program, it is critical to discern the influence of shellfish aquaculture from that of climate change on pelagic food web dynamics. Although their confounding influences cannot be realized with the one-year time series presented in this study, the following section discusses how this type of data, collected over several years, may be used for long-term monitoring to understand aquaculture ecosystem interactions. Based on previously published work, we hypothesize that the synergistic influences of shellfish aquaculture and climate change may increase productivity at the lowest trophic levels but reduce biomass and energy transfer efficiency to higher trophic levels (Figure 10, see discussion below). Although we may be able to predict the direction of shifts in plankton communities, the rate of these shifts is unknown and highly dependent on local conditions and hydrodynamics (Comean et al., 2023). This can only be realized through long-term monitoring of shellfish aquaculture and reference sites, and with the support of validated accurate hydrodynamic and ecosystem models, to help determine what proportion of the observed changes may be related to shellfish aquaculture activities.




Figure 10 | Predicted shifts in plankton communities and pathways of effect considering increased shellfish aquaculture and global change. Ecological pyramids compare productivity (intercept) and energy transfer (slope) efficiency between the theoretical (left, solid arrow), observed (South Arm 2021–2022, central, dashed arrow) and future prediction (right, dotted arrow) based on predicted shifts in plankton communities. Future prediction shows that greater productivity is expected at the lowest trophic levels with less efficient energy transfer to higher trophic levels. Dashed gray lines represent the “observed” pyramid to visually emphasize predicted shifts. Autotrophic and mixotrophic functional groups are indicated with green symbols. References indicated with superscripts: 1) Agawin et al., 2000; 2) Brandenburg et al., 2019; 3) Brodeur et al., 2019a; 4) Brodeur et al., 2019b; 5) Cabré et al., 2015; 6) Chisholm, 1992; 7) Cranford et al., 2008; 8) Dame, 1996; 9) Daufresne et al., 2009; 10) Hattenrath-Lehmann et al., 2015; 11) Heneghan et al., 2023; 12) Hulot et al., 2020; 13) Jiang et al., 2016; 14) Jiang et al., 2022; 15) Lavoie et al., 2010; 16) Lehane and Davenport, 2006; 17) López-Urrutia and Morán, 2007; 18) McKindsey et al., 2007; 19) Moore et al., 2008; 20) Morán et al., 2010; 21) Newell, 2004; 22) Norén et al., 1999; 23) Paerl and Huisman, 2008); 24) Prins et al., 1995; 25) Rodhouse and Roden, 1987; 26) Sarmento et al., 2010; 27) Sommer and Stibor, 2002; 28) Sonier et al., 2016; 29) Stuart et al., 1982; 30) Trottet et al., 2008; 31) Vázquez-Domínguez et al., 2007; 32) Ward and Shumway, 2004; 33) Ward et al., 2017. Symbols were retrieved from Flaticon.com.



Phytoplankton and bacteria form the base of the pelagic aquatic food web and shifts in their abundance and composition may affect ecosystem functioning (Figure 10). Water temperature and nutrient availability are strongly correlated to bacterial and phytoplankton growth rates in South Arm (nutrients inferred using salinity as a proxy; Figure 4; Table 1) and at the global scale (Stuart et al., 1982; Rodhouse and Roden, 1987; White et al., 1991; López-Urrutia and Morán, 2007; Vázquez-Domínguez et al., 2007; Sarmento et al., 2010; Ibarbalz et al., 2019). Phytoplankton communities are expected to shift towards smaller phytoplankton cell size individuals and increase the proportion of cyanobacteria to eukaryotic phytoplankton as a result of increased shellfish aquaculture (Dame, 1996; Norén et al., 1999; Newell, 2004; Cranford et al., 2008; Trottet et al., 2008; Sonier et al., 2016). A synergistic effect is expected from global change, which influences the amplitude and seasonal timing of water temperature (Agawin et al., 2000; Paerl and Huisman, 2008; Daufresne et al., 2009; Morán et al., 2010; Cooley et al., 2022) and nutrient availability (Agawin et al., 2000; Chisholm, 1992; Ward et al., 2017). Morán et al. (2010) showed that temperature alone explained 73% of the variance in the relative contribution of small cells to total phytoplankton biomass, regardless of nutrient availability.

To our knowledge, the ratio of diatoms to dinoflagellates is the only plankton indicator predicted to have antagonistic influences from bivalve aquaculture and global change, and could therefore be an important indicator for disentangling aquaculture-related ecosystem effects from climate change. Bivalve aquaculture may shift phytoplankton composition towards faster growing taxa, thereby increasing the proportion of diatoms to dinoflagellates (Prins et al., 1995; Ward and Shumway, 2004; Jiang et al., 2016, 2022). However, in contrast, dinoflagellate growth may be favored by climate changes, which are expected to cause stronger water column stratification (Moore et al., 2008) and higher pCO2 levels (Brandenburg et al., 2019). Additionally, many dinoflagellates have the ability to feed on smaller plankton rather than solely rely on inorganic nutrients and light availability, which is advantageous for dinoflagellate dominance as inorganic nutrient availability is expected to decrease in the north western Atlantic (Lavoie et al., 2010; Cabré et al., 2015; Hattenrath-Lehmann et al., 2015), and light availability is expected to decrease in coastal marine environments (Striebe et al., 2023 and references therein).

Similar to aquaculture effects, global change is expected to decrease energy transfer efficiency due to a shift towards smaller sized phytoplankton communities (Ryther, 1969; Eddy et al., 2021). A redirection of energy flow away from crustacean zooplankton and towards gelatinous plankton, such as appendicularian and larvacean tunicates and jellyfish which have a greater filtration capacity for smaller particles, is expected (Sommer and Stibor, 2002; Heneghan et al., 2023). Warmer water climate events, such as marine heatwaves, have additionally been linked to shifts in mesozooplankton composition, and subsequent fish prey consumption, from more nutritious copepods to gelatinous zooplankton (Brodeur et al., 2019a, 2019). Thermally-induced changes have additionally been observed in predator-prey relationships (e.g. Atlantic cod in Neuheimer et al., 2018) and create phenological trophic mismatches with implications for fisheries productivity and recruitment (Asch et al., 2019). Water temperature is generally positively correlated with copepod reproduction and growth rates and negatively correlated with body size, clutch size, and the time interval between clutches (Moore and Folt, 1993; Atkinson, 1994; Lee et al., 2003; Angilletta et al., 2004; Bunker and Hirst, 2004; Kozlowski et al., 2004). In the long-term, it is thus expected that climate change will have a cumulative effect on copepod size and abundance (Garzke et al., 2015) as well as distribution and turnover rate (McGinty et al., 2020), which may reduce biomass flow and ecosystem production (du Pontavice et al., 2021).




4.5 Monitoring shellfish aquaculture ecosystem interactions

In the context of a long-term bay-scale aquaculture monitoring program, it is critical to understand local seasonal plankton patterns to identify the optimal sampling period that can detect aquaculture-related effects. Ideally, the sampling window would sufficiently capture aquaculture effects, while providing enough information to discern between interannual variability and long-term phenological climatic shifts. When logistic challenges require targeting specific sampling periods, sample collection during months with unstable plankton assemblage composition is not optimal for identifying long-term aquaculture impacts. We identified three time periods with observed large shifts in plankton composition associated with water column stratification:

1. November to December, water column mixing caused a shift from picoPE to nanoeukaryotes.

2. March to April, water column stratification correlated with an increase in picoPC and a shift in mesozooplankton from copepod-dominated to copepod- and tunicate-dominated.

3. May to June, mesozooplankton shift was characterized by the transition of tunicate life stages from free-swimming larvae to sessile phases driven by complex interactions between factors such as structure availability, temperature, salinity, nutrients, and an increase in the number of picoeukaryotes.

Sampling during these time periods will report inter-annual inconsistent patterns associated with the timing of water column stratification, increasing interpretation uncertainty between short-term natural stochasticity and long-term ecosystem trends.

No large shifts in plankton assemblages were observed between August, September, and October (see Figure 8) and size distribution slopes were −3.4 to −3.3 from August to October, indicating that bay-scale food web efficiency was relatively stable during this time period. To maintain sampling consistency between years, we suggest that those three months constitute the priority sampling window for detecting long-term aquaculture ecosystem effects. However, zooplankton communities show inter-annual variability in the timing of seasonal patterns ranging from one to three months and are often linked to water temperature (Mackas et al., 2012). Extending the sampling months to include the zooplankton peak (July based on previous studies in the region; Stacey, 2003; Maillet et al., 2022) and the spring phytoplankton bloom (March and April) would provide a more holistic understanding of interannual variability and provide the ability to differentiate long-term phenological shifts in plankton abundance vs ecosystem changes induced by aquaculture.
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estimate error value (>]t])
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Significant effects are shown in bold (p-value < 0.05).





