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Globally, coastal waters are considered biogeochemical hotspots because they receive, transform, and integrate materials and waters from both land and the open ocean. Extending from northern California to southeast Alaska, the Northeast Pacific Coastal Temperate Rainforest (NPCTR) region is no exception to this, and hosts a diversity of watershed types (old-growth rainforest, bog forest, glaciers), and tidal (sheltered, exposed) and pelagic marine (deep fjord, shallow estuary, well-mixed channel) environments. With large freshwater fluxes to the coastal ocean, cross-ecosystem connectivity in the NPCTR is expected to be high, but seasonally variable, with pulses in runoff from rainfall, snowmelt and glacial melt, and primary production associated with changes in ocean upwelling and incident light. However, the relative contribution of each ecosystem to surface ocean organic matter pools over time and space remains poorly constrained, despite their importance for the structure and function of coastal marine ecosystems. Here, we use a four-year dataset of particulate organic matter (POM) chemical composition (δ13C, δ15N, C:N ratio) to quantify the relative contributions of watershed materials via riverine inputs, marine phytoplankton, and macrophytes (macroalgae and seagrass) to surface waters (0-10 m) at 11 stations representing fjord, shallow non-fjord estuary, sheltered channel and well-mixed coastal environments at the heart of the NPCTR in British Columbia, Canada. Watershed, marine phytoplankton, and macrophyte contributions to surficial POM ranged between 5-78%, 22-88%, and 0.1-18%, respectively, and varied by season and station. Watershed inputs were the primary source of POM across all stations in winter and were important throughout the year within the fjord. Marine phytoplankton were the principal source of POM in spring and at all stations outside of the fjord through summer and autumn, while macrophyte contributions were greatest in summer. These results demonstrated high, but seasonally and spatially variable, connectivity between ecosystems that are often considered in isolation of one another and highlight the need to consider coastal waters as integrated land-ocean meta-ecosystems. Future work should investigate how heterogeneity in POM sources determines its fate in coastal ecosystems,and the relative importance of different basal organic matter sources for the marine food web.
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1 Introduction

Coastal waters experience hydrological, geochemical, and biological forcings from both land and the open ocean (Ward et al., 2020). These forces have combined to shape diverse and productive ecosystems like shallow estuaries, tidal wetlands/rivers/forests, and deep fjords, all systems with immense social, cultural, and economic value (Martínez et al., 2007). Coastal ecosystems are biogeochemical and biodiversity hotspots largely because of the role that large fluxes and the subsequent transformation of terrestrial materials, termed cross-ecosystem subsidies, ultimately play in governing coastal ecosystem function and structure (Bauer et al., 2013; Ward et al., 2017; Gounand et al., 2018). Because of the inherent complexity of coastal ecosystems, the relative influence of watershed (freshwater/terrestrial) and marine drivers for coastal food webs remain poorly resolved over time and space (Ward et al., 2020).

Organic matter forms the foundation of many pelagic food webs. Source is often thought to be a key determinant of organic matter lability, and by extension, its fate in coastal waters (Liu and Xue, 2020). One way in which watershed and marine sources of organic matter can be traced is through the chemical composition of particulate organic matter (POM). POM is an aggregate of all organic materials suspended in the water column, operationally defined here as exceeding 0.7 µm. In coastal waters, the POM pool may include detritus of freshwater and/or marine origin, bacteria, phytoplankton, and microzooplankton (Berto et al., 2013; Liénart et al., 2017). Because each of these POM sources has a distinct chemical profile, chemical characteristics like stable isotope signatures of carbon (δ13C-POC) and nitrogen (δ15N-PN), and molar carbon-to-nitrogen (C:N) ratios can be used to trace watershed, macrophyte, and marine subsidies to coastal surface waters (Walsh et al., 2008; Savoye et al., 2012; Berto et al., 2013; Liénart et al., 2017; Liénart et al., 2020), enabling a quantitative estimate of connectivity between system components (Conway-Cranos et al., 2015).

The northeast Pacific coastal temperate rainforest region (NPCTR) extends from southeast Alaska to northern California and is characterized by ecosystem diversity both on land and in the adjacent coastal ocean (Bidlack et al., 2021). Coastal watersheds within the NPCTR receive upwards of 3000 mm of precipitation per year most of which falls between October and March. These watersheds range from small, low relief, rainfall-dominated watersheds that export substantial quantities of organic matter to coastal waters (Oliver et al., 2017) to larger mainland watersheds that export a mix of rain, snow and glacial melt waters (Giesbrecht et al., 2021). Coastal waters within this region also receive upwelled nutrients and materials from offshore and inshore features (e.g., sills) that fuel high primary production during the spring and summer (Foreman et al., 2011; Jackson et al., 2015). Marine phytoplankton, together with cosmopolitan macrophyte communities that include dominant species like eelgrass (Zostera spp.), rockweed (Fucus spp.), and sea lettuce (Ulva spp.; Blanchette et al., 2008), support many higher trophic level species of local importance (Lucas et al., 2007). Earlier work in parts of the NPCTR has examined watershed carbon contributions to intertidal sediments (Olson et al., 2019), estuarine benthic invertebrates (e.g., Harding and Reynolds, 2014; Conway-Cranos et al., 2015), and fjord pelagic food webs (Arimitsu et al., 2018), in addition to macrophyte contributions to pelagic ecosystems (Ramshaw et al., 2017). However, the relative contributions of watershed organic matter, marine phytoplankton, and macrophytes to coastal pelagic ecosystems of the NPCTR have not been examined despite their co-occurrence.

To address this knowledge gap, we quantified the relative contributions of watersheds (integrated riverine signature that includes soil organic matter, terrestrial detritus, freshwater phytoplankton and macrophytes, glacial exports, etc.), marine macrophytes, and marine phytoplankton to coastal surface (0-10 m) waters across a ~300 km2 seascape of the Central Coast of British Columbia, Canada (Figure 1) using δ13C-POC, δ15N-PN and C:N ratios. Marine ecosystems across this seascape are broadly representative of the inner coastal waters of the more northerly reaches of the NPCTR, characterized by a complex coastline, deep fjords, and a wide continental shelf (Bidlack et al., 2021). We used a four year (2015-2018) dataset of over 700 discrete POM samples collected from 11 coastal marine stations across fjord, estuary, sheltered channel, and well-mixed inner coastal environments that receive varying proportions of rainfall, snow, and glacial melt exports from land. Seasonality across this area is therefore highly complex, driven simultaneously by the variable timing of peak terrestrial runoff and oceanographic dynamics that control upwelling and incident light (Figure 2). Our objectives were therefore to: examine a) seasonal and b) spatial variability in the quantity and composition (δ13C, δ15N, C:N) of POM in marine surface waters across the Central Coast, and c) quantify the relative contributions of watershed materials, marine phytoplankton, and macrophytes to the coastal organic matter pool over time and space using a Bayesian mixing model. We then discuss how source may affect the fate of POM in coastal waters and highlight the need to examine coastal ecosystems as integrated land-ocean meta-ecosystems to fully understand how connectivity shapes ecosystem structure and function both now and into the future.




Figure 1 | Map of the study area along the Central Coast of British Columbia, Canada. (A) Study area within the Northeast Pacific Coastal Temperate Rainforest region, showing the extent of glaciers along the coast. (B) Inset of the study area showing the entirety of the watersheds draining into Rivers Inlet. (C) Sampling locations within the study area. Watersheds greater than 2.5 km2 are delineated in grey, with sampled watersheds indicated by thick black outlines.






Figure 2 | Seasonality indicators across freshwater and marine ecosystems of the NPCTR: (A) mean monthly air temperature (circles) and precipitation (bars) at sea level (Addenbroke Island 1981-2010 normal, Environment and Climate Change Canada station 1060080, 21 m.a.s.l.); mean monthly ± SD stream/river discharge summary statistics (mean ± SD, minimum, maximum) for the period 2015-2018 from (B) rain-dominated watersheds represented by Calvert and Hecate Island streams (Korver et al., 2020), and (C) glacierized watersheds represented by the Wannock River (station 08FA002); (D) mean monthly surface (0-10 m) water salinity across the study region, (E) mean monthly chlorophyll a concentrations as representative of marine phytoplankton biomass across the study region; (F) mean ± SD in seagrass growth rate representing the marine macrophyte end-member. Outer coast is station QCS01, Kwakshua Channel is the mean of stations Pruth, KC7 and KC10, Fitz Hugh Sound is the mean of stations FZH08, FZH01, UBC7 and RVRS01, Rivers Inlet is the mean of stations DFO2, DFO5 and UBC8, and Koeye Estuary is station KWY01.





2 Materials and Methods


2.1 Study Area Description

The Central Coast of British Columbia, Canada lies at the heart of the NPCTR, which extends from northern California to southeast Alaska (Figure 1). The study area was delimited by Fitz Hugh Sound at the Koeye Estuary to the north (51.76°N, 127.94°W; station FZH08), the southern waters of Fitz Hugh Sound at the entrance to Rivers Inlet to the south (51.44°N, 127.80°W; station RVRS01), Pruth Bay to the west (51.66°N, 128.09°W), and the Wannock River watershed on mainland British Columbia to the east (51.68°N, 127.23°W).

The Koeye Estuary is a dynamic tidal environment influenced by both the Koeye River and waters from Fitz Hugh Sound (Reshitnyk, 2015; Seitz et al., 2020). The estuary includes eelgrass (Zostera marina) beds, salt marsh, and expanses of rockweed (Reshitnyk, 2015) and is an important nursery for multiple fish species (Seitz et al., 2020). Fitz Hugh Sound is a deep inner coastal water body that extends from Rivers Inlet in the south to Burke and Fisher Channels beyond the Koeye Estuary to the north. Kwakshua Channel is a narrow sheltered waterway separating Calvert and Hecate Islands, which exchanges waters with Fitz Hugh Sound to the east and Hakai Pass via Meay Channel to the north. Eelgrass beds are found in shallow areas of the channel, as are rockweed and sea lettuce. Rivers Inlet is a 45-km long, 340-m deep fjord, separated from Fitz Hugh Sound by a 140-m sill (Pickard, 1961). Large riverine fluxes of snow and glacial melt waters, the most important of which comes from the Wannock River, contribute to estuarine circulation within the inlet (Hodal, 2010). Expanses of salt marsh are located near the head of the inlet in Kilbella Bay (MacKenzie et al., 2000), though much of the inlet is characterized by steep shorelines.

Varying proportions of rain, snowmelt, and glacial meltwater contributions to terrestrial runoff occur across the region, often following a topographic gradient from small, low relief rainfall-dominated watersheds on outer-coast islands to larger mainland watersheds that transport a mix of rain, snowmelt, and glacial melt to fjords (Giesbrecht et al., 2022). A longitudinal transect across the study area reflects just such a gradient (Giesbrecht et al., 2021). Rain-dominated watersheds occur at low-to-moderate elevations and are exemplified in this study by the Koeye River (171 km2; maximum elevation = 1304 meters above sea level (m.a.s.l.) that originates in the Coast Mountains on the British Columbia mainland and four small streams (numbered 626, 1015, 844, 703; 3.2 to 12.8 km2; maximum elevation = 164 to 1014 m.a.s.l.) with bog forests and extensive wetlands on Calvert and Hecate Islands (Supplementary Material and Table S1). Glacierized mountain watersheds originate at high elevations and are exemplified here by the Wannock River (3947 km2; 15% ice cover; Table S1). There are no major agricultural or industrial activities in any of the six watersheds, though logging has occurred within the Wannock River watershed.


2.1.1 Climate and Coastal Circulation

Mean annual air temperature and precipitation near sea level at Addenbroke Island (Figure 1) are 9.2 ± 1.1°C and 3260 mm, respectively (1981-2010 climate normal, 21 m.a.s.l., Environment and Climate Change Canada station 1060080). Annually at sea level, temperature reaches a maximum (15.2°C in August; Figure 2A) in the summer, coinciding with the period of lowest rainfall (< 200 mm month-1). Rainfall begins to increase in September and remains high through February. Around 98% of precipitation at sea level falls as rain. Across the watersheds sampled in this study, mean annual air temperature varies between 3.1°C (Wannock River watershed; maximum elevation = 3106 m.a.s.l.) and 8.4°C (watershed 626; maximum elevation = 164 m.a.s.l.), while precipitation ranges between 3187 and 3762 mm (Table S1; ClimateWNA model output; Wang et al., 2016). In the smaller watersheds of Calvert and Hecate Islands, between 4 and 7% of annual precipitation falls as snow, compared to 10% and 45% for the Koeye and Wannock River watersheds, respectively (Table S1).

The spring transition across the region occurs between March and May with the shift to upwelling-favourable northwesterly winds that bring cold, dense and nutrient-rich waters from the open ocean onto the continental shelf (Foreman et al., 2011). There are typically two peaks in primary production: the first occurs in spring and the second between July and the end of September, the timing of which differs slightly along the coast (Jackson et al., 2015). Between September and November, downwelling-favourable southeasterly winds begin to dominate, leading to the retention of surface waters in coastal areas. We define the seasons based on these dynamics, where winter is December-January-February (DJF), spring is March-April-May (MAM), summer is June-July-August (JJA), and autumn is September-October-November (SON) (St. Pierre et al., 2021).




2.2 Sampling Scheme and Sample Collection

To understand the relative influences of watershed, and marine macrophyte and pelagic sources of POM on coastal pelagic ecosystems, surface waters (0-10 m) at 11 oceanographic stations were sampled across the study area (Figure 1 and Table S2).Samples were then also collected to quantitatively describe the various watershed and marine contributors.


 2.2.1 Oceanographic Sample Collection

The 11 oceanographic stations were located in the Koeye Estuary, Fitz Hugh Sound, Kwakshua Channel, and Rivers Inlet and sampled between 21-Jan-2015 and 11-Sept-2018 (Table S2). Station KWY01 was situated within the Koeye Estuary at the mouth of the Koeye River. From west to east, the Kwakshua Channel stations were Pruth, KC7, and KC10 (Figure 1). From north to south in Fitz Hugh Sound were stations FZH08 (near the Koeye Estuary), FZH01, UBC7, and RVRS01. Within Rivers Inlet, from west near Fitz Hugh Sound to east at the mouth of the Wannock River, were stations DFO2, DFO5, and UBC8. Stations were consistently sampled at 0 and 5 m, and less frequently at 1 and 10 m. Most stations were sampled on an approximately monthly basis over the sampling period with the exceptions of FZH08, KC7, and UBC7, which were sampled only until 02-Nov-2015, 27-Feb-2016, and 01-Nov-2015, respectively.

At each station, bulk water samples for the determination of POC, δ13C-POC, PN, δ15N-PN, and chlorophyll a (chl a) were collected using a Niskin bottle and subsampled into triple-rinsed bottles that were kept cool until processing at the Hakai Calvert Island Ecological Observatory within six hours of collection. Following sample collection, a RBR CTD was deployed to measure water column profiles of temperature, conductivity, and pressure, from which salinity was derived following the procedure in Halverson et al. (2017) and binned to 1-m intervals. Temperature and salinity data from ~1 m were applied to surface (0 m) samples for descriptive purposes.



2.2.2 Macrophyte End-Member Collection

We focused on three of the dominant macrophyte taxa in the region, all of which are widely distributed (cosmopolitan), and capture macrophyte production from both protected and exposed shorelines. The macrophyte end-member consisted of eelgrass (Zostera marina), rockweed (Fucus spp.), and sea lettuce (Ulva spp.) (Froese et al., 2019). Zostera marina is a flowering angiosperm that grows in soft sediment. A shoot blade emerges from its rhizome, which provides attachment to the benthos. It prefers protected waters, but is also found in deeper (e.g., 2-5 m), high current and wave-exposed waters in this region (Monteith et al., 2019). Z. marina grows year-round with blade production rates increasing during the summer months (Monteith et al., 2019). Fucus spp. is a genus of brown algae that grows attached to rocky shores and boulders along both protected and exposed shorelines. Fucus spp. cover is found throughout the year, but its density increases in summer (Froese et al., 2020). Ulva spp. is a green algae, which can grow in both protected and exposed shores. Ulva spp. biomass and density exhibits the strongest seasonal peak in summer between these three species. Samples were collected between 06-Jul-2015 and 24-Aug-2017 across a variety of different nearshore habitats.

Sampling methods varied somewhat depending on the habitat, survey program, and target species, as detailed in the associated data package (Froese et al., 2019). Whole shoots (new and third blades), single branches, and blade sections were sampled for the Z. marina, Fucus spp. and Ulva spp., respectively. Only living tissues were sampled from all specimens.



2.2.3 Watershed End-Member Collection

Bulk freshwater samples were collected in triple-rinsed bottles from the main stem of the Koeye River, streams 626, 1015, 844, and 703 on Calvert and Hecate Islands, and the Wannock River (Table S1). Operationally, the watershed end-member therefore includes soil organic matter, terrestrial detritus (e.g., leaf and conifer needles), freshwater phytoplankton and macrophytes, and glacial exports. Samples were kept cool and out of the light until processing within six hours of collection at the Hakai Calvert Island Ecological Observatory. Sampling of each river/stream system occurred on an approximately monthly basis between 13-Jun-2018 and 14-Nov-2018, 22-Jan-2015 and 24-Feb-2017, and 10-Jun-2018 and 17-Nov-2018 for the Koeye River, Calvert/Hecate Island streams, and the Wannock River, respectively.




2.3 POM Sample Preparation and Analysis

For POC, δ13C-POC, PN, and δ15N-PN determination for the watershed end-member and oceanographic stations, a known volume of water (up to 2 L) was filtered in parallel through two pre-combusted 25 mm Whatman glass fiber (GF/F, 0.7 µm) filters until colour was noticeable. For all sites except watersheds 626, 1015, 844, and 703, where pH is typically below 5.0 (St. Pierre et al., 2020), one of the filters was then acidified with 2 mL of 1 M HCl to remove carbonate minerals (particulate inorganic carbon; Lorrain et al., 2003). After 30 seconds, the HCl was rinsed off the filter with ~5 mL of seawater (for the oceanographic stations) or freshwater (for Koeye, Wannock rivers) filtered through a 0.45 µm polyethylsulfonate (PES) filter. The acidified filter was used to quantify POC concentration and δ13C-POC. The second filter was left untreated and used to quantify PN concentration andδ15N-PN. Each filter was folded and sealed in a foil packet and stored at -20°C. Filters were dried at 60°C for 24 h, weighed and transported in a travel desiccator to the Hakai Field Station on Quadra Island. Each whole filter was packed in a tin capsule that was crimped.

Macrophyte samples were gently cleaned of sediment, epiphytes and epifauna, if present. Samples were then rinsed two times with deionized water and oven dried at 60°C for at least 24 h or until dry. Samples were ground using a mortar and pestle. Around 2.0 – 3.0 g of the ground sample was then encapsulated in a crimped tin capsule.

All samples were analyzed at the University of California Davis Stable Isotope Facility (Davis, California, USA). There, samples were quantified using either a Vario EL Cube or Micro Cube elemental analyzer (Elementar Analysensysteme GmbH, Hanau, Germany) coupled to either a PDZ Europa 20-20 continuous flow IRMS (Sercon, Cheshire, UK) or Isoprime VisION IRMS (Elementar UK, Ltd, Cheadle, UK). Samples were interspersed with several replicates of two different laboratory standards calibrated against NIST Standard Reference Materials. Preliminary isotopic ratios were measured relative to reference gases analyzed with each sample and finalized by correcting the values for the entire batch based on the laboratory standards. Final δ13C-POC and δ15N-PN isotopic values are expressed relative to the international standards Vienna PeeDee Belemnite (VPDB) and air, respectively. Long term standard deviations for δ13C and δ15N were 0.2‰ and 0.3‰, respectively. (St. Pierre et al., 2022)



2.4 Chlorophyll a Sample Preparation and Analysis

At most sites, bulk chlorophyll a (chl a) concentration was quantified with 250 mL of sample water filtered through a 47 mm GF/F (0.7 µm) filter. On a small fraction of sampling dates, bulk chl a concentrations were determined by filtering 250 mL of sample water through three stacked 47 mm filters with decreasing pore sizes (20 µm and 3 µm polycarbonate, 0.7 µm GF/F). Each filter was then placed into a Falcon tube and stored in a black bag at -20°C until analysis on site. Concentrations were quantified using a Trilogy Laboratory Fluorometer (Turner Designs, San Jose, USA) following the protocols of Holm-Hansen et al. (1965). For the size fractionated samples, chl a concentrations across all filters were summed to determine the bulk chl a concentration. For cases when both summed and single filter (0.7 µm) concentrations were determined, the single filter concentration was used, so as to minimize sample handling and processing.



2.5 Bayesian Mixing Model

The relative contributions of watershed and marine sources to surface water POM across the Central Coast were quantified using a Bayesian mixing model specified with the MixSIAR package in R (R Stock et al., 2018; Stock and Semmens, 2018; R Core Team, 2020). Discrimination was set to 0 for all sources in the absence of explicit trophic connections. An uninformative prior (Figure S1) was used, giving equal probabilities to all three sources (i.e., watershed, macrophyte, and marine phytoplankton). Station and season (winter, spring, summer, autumn) were specified as fixed effects and the model was fit using a residual by process error structure (Stock and Semmens, 2016).


2.5.1. Model Inputs


2.5.1.1 Sources

The marine phytoplankton end-member was determined by calculating the POC:chl a mass ratio for samples collected as above at station QCS01 (51.705°N, 128.238°W), located just off of the outer coast of Calvert Island in Queen Charlotte Sound (Figure 1). QCS01 is located ~150 km inshore from the continental margin, and as such, is still representative of coastal waters, rather than the open ocean. POC:chl a was then used to distinguish between detrital material and living phytoplankton, where POC:chl a less than 200 g g-1 indicate marine phytoplankton-dominated POM (Liénart et al., 2017). Data from QCS01 satisfying this criterion were then identified and the δ13C-POC, δ15N-PN and molar C:N ratio of these samples were used to define the marine phytoplankton end-member. Of the samples (n = 38) that satisfied this criterion, 39.4% and 31.6% were from the spring and autumn, respectively, with the balance from the summer (23.7%) and winter (5.2%; Table S3). In using only data from QCS01, it is assumed that the marine phytoplankton signatures from this station are representative of all other marine stations included in the analysis. Note that salinity and chl a concentrations from QCS01 were used to describe waters directly connected to offshore waters, and are therefore designated as “outer coast” in those descriptions (Figure 2).

The marine macrophyte end-member was determined by subsetting the data from Froese et al. (2019) to include only those stations within the region of interest (Figure 1). This end-member was a combination of representatives from the Fucus (n = 35), Ulva (n = 30) and Zostera (n = 104) genera (Table S4). The marine macrophyte end-member thus includes representatives of both macroalgae and seagrass communities. The vast majority (61.5%) of samples were collected in the summer with fewer in the spring (13.0%), autumn (23.7%), and winter (1.2%; Table S3). Although the three genera displayed large isotopic and C:N differences, all were significantly different from the other two end-members and the mixture dataset, supporting the use of a single end-member to represent the range of isotopic and elemental composition of macrophytes within the region.

The watershed end-member included data from the Koeye River (n = 5), the Wannock River (n = 6), and the four Calvert/Hecate Island streams (n = 95; Table S4). Rain-dominated (Koeye and Calvert/Hecate streams) and glacierized (Wannock) watershed types were combined into an aggregate end-member due to the large differences in the number of samples from each watershed type. Across all rivers and streams, the majority of samples were from the summer (34%), with the remainder from the autumn (27%), winter (20%), and spring (19%; Table S3).

Seasonally and spatially aggregated end-members were used owing to very low winter sample sizes for the phytoplankton (n = 2) and macrophyte (n = 3) end-members. The stormy winter season poses significant challenges to site access in this remote region of the British Columbia coast that must be accessed by either float plane or boat. The implications of seasonal and spatial variability in the end-members are discussed below.



2.5.1.2 Mixture Data

The mixture dataset consisted of 728 discrete measurements from the oceanographic stations with δ13C-POC, δ15N-PN and C:N ratio data. These data were predominately collected in spring (39.7%) and summer (33.4%), with fewer measurements in autumn (17.5%) and winter (9.4%). Data were available across all oceanographic stations for spring through the autumn, but only six of the 11 stations had winter measurements, reflecting winter challenges with site access (Table S5).




2.5.2 Model Run, Fit and Interpretation

The “very long” Markov Chain Monte Carlo settings in MixSIAR were used for the presented model: three chains with a length of 1,000,000 each, burn-in of 500,000, and thin of 500 (Stock and Semmens, 2018). Model fit was assessed using the Gelman-Rubin diagnostic, as well as visual assessment of the autocorrelation and running mean plots. The model was deemed to have converged based on the Gelman-Rubin diagnostic not exceeding 1.05 on any variable and the assessment of the autocorrelation and running mean plots. Model outputs are described as medians and 95% Bayesian credible intervals throughout.

In choosing to use the C:N ratio rather than the N:C ratio, we acknowledge that the model is biased towards describing the mixing of nitrogen rather than carbon (Perdue and Koprivnjak, 2007): two parameters (δ15N-PN and C:N) in the model describe nitrogen compared to only one – δ13C-POC – that describes the mixing of carbon sources. The primary focus of this study is in the mixing of POM, which includes both carbon and nitrogen; however, nitrogen is thought to be limiting in these waters (St. Pierre et al., 2021), and as such, cross-ecosystems subsidies of nitrogen are of particular interest, justifying the selection of C:N over N:C.



2.5.3 Supporting Data and Additional Statistics

The distribution of POC, PN, δ13C-POC, δ15N-PN and C:N ratios were assessed using the Shapiro-Wilk normality test. These data were not normally distributed, and medians and interquartile ranges or ranges are therefore presented unless otherwise specified. Means and standard deviations are used when describing δ13C-POC values, δ15N-PN values and C:N ratios as end-members in the Bayesian mixing model, and for describing monthly discharge, salinity, chl a, and seagrass growth rates (Figure 2).





3 Results


3.1 Seasonal Context at the Land-Ocean Interface of the NPCTR

Seasonal freshwater exports (discharge) differed between the rain-dominated and glacierized watersheds during the study period. The seasonal precipitation cycle (Figure 2A) was generally reflected in discharge from the rain-dominated watersheds (Figure 2B). Mean monthly discharge from the Calvert and Hecate Island streams peaked in late autumn (>0.3 m3 s-1) and was lowest in the summer (<0.1 m3 s-1). In contrast, discharge from the glacier-fed Wannock River was lowest in the winter (mean monthly discharge ≤ 200 m3 s-1), increased through the end of spring and peaked in the summer (≥ 400 m3 s-1; Figure 2C). This pattern largely reflected air temperature (Figure 2A), the primary control on snow and ice melt. Higher flows were sustained through the autumn likely due to a combination of increased rainfall and delayed meltwater exports via Owikeno Lake.

Surface waters across the region were generally quite fresh (< 30 practical salinity units), but salinity varied over time and space (Figure 2D). The lowest salinity was observed in Rivers Inlet during the summer, concomitant with the highest discharge from the Wannock River. Seasonal variability in salinity was also observed within the Koeye Estuary, with lower salinity in the autumn and winter, reflecting exports from the rain-dominated Koeye River (Giesbrecht et al., 2021). Salinity within Kwakshua Channel and Fitz Hugh Sound were similar and exhibited little seasonal variation. Outer coast waters consistently had the highest salinity of all water bodies and little seasonal variation.

Marine chl a concentrations, a proxy for phytoplankton biomass, peaked in spring (Figure 2E). The highest mean monthly chl a concentrations were recorded in the Koeye Estuary in March (7.22 ± 8.35 µg L-1) and May (6.93 ± 4.62 µg L-1). A second peak in chl a was observed across most oceanographic stations in the summer, with the exception of Rivers Inlet, where a second peak was observed in October. Mean monthly chl a concentrations in the winter months ranged between 0.14 and 1.49 µg L-1. Seagrass growth rates, an indicator of macrophyte production, were highest in the summer (>1 cm d-1) and lowest in the winter (February) and autumn (November) months when growth rate measurements were conducted (Figure 2F).



3.2 Carbon and Nitrogen Isotopes and Content in Watershed, Marine Phytoplankton and Macrophyte Sources

Watershed materials, marine phytoplankton, and macrophytes were distinct within δ13C-POC/δ15N-PN/C:N ratio space (Figure 3), supporting their use as end-members in the mixing model. Mean δ13C-POC values were highest and lowest for the marine macrophyte (-12.00 ± 4.02‰) and watershed (-27.34 ± 0.62‰) end-members, respectively, with marine phytoplankton exhibiting intermediate values (-22.28 ± 1.80‰; Table S4). Mean δ15N-PN values for the watershed end-member (2.89 ± 1.36‰) was lower and distinct from the phytoplankton (6.09 ± 1.30‰) and macrophytes (6.94 ± 1.06‰). The highest and most variable C:N ratios (28.81 ± 17.87) were observed for the macrophytes, more than two- and five-times the mean C:N ratio for the watershed end-member (12.69 ± 7.62) and marine phytoplankton (5.57 ± 1.66), respectively.




Figure 3 | Isospace plots showing all mixture data by season (greyscale) and main water body (shape) and the mean ± SD for the three end-members in (A)δ13C-POC – δ15N-PN, (B)δ15N-PN – C:N molar ratio, and (C)δ13C-POC – C:N molar ratio space. Rivers Inlet (triangles) includes stations UBC8, DFO5 and DFO2. Fitz Hugh Sound (squares) includes stations RVRS01, UBC7, FZH01 and FZH08. Kwakshua Channel (diamonds) includes stations Pruth, KC7 and KC10 and the Koeye Estuary (stars) is station KWY01.





3.3 Carbon and Nitrogen Content and Composition in Coastal Surface Waters

Across the 11 marine stations, the quantity and composition of POM in surface waters varied throughout the year. At stations in Fitz Hugh Sound, Kwakshua Channel and the Koeye Estuary, POC (Figure S2) and PN (Figure S3) concentrations were higher in spring (median: POC = 26.06 µM, PN = 4.11 µM) and summer (median: POC = 26.71 µM, PN = 3.79 µM) compared to the autumn (median: POC = 14.63 µM, PN = 2.28 µM) and winter (median: POC = 8.07 µM, PN = 1.40 µM; Table 1). In Rivers Inlet, seasonal variability in POC and PN concentrations was muted, but also differed depending on distance from the Wannock River. At the stations closest to the Wannock River (UBC8, DFO5), both POC (range = 4.02 to 49.60 µM; Figure S2) and PN (range = 0.81 to 6.80 µM; Figure S3) concentrations were consistently among the lowest observed with little seasonal variability (Table 1). Around 30 km from the Wannock River (DFO2), POC and PN concentrations began to change seasonally in step with stations outside of Rivers Inlet (Figures S2, S3). Low PN concentrations were also observed at UBC7 in Fitz Hugh Sound. Most (94%) C:N ratios were less than 10. Seasonal variability in C:N was not consistent between stations or water bodies (Table 1 and Figure S4). The lowest C:N ratios were typically observed in summer (stations FZH01, Pruth, KC10, RVRS01), whereas the highest C:N ratios (>10) were observed in all seasons and at stations throughout the region.

POC:chl a ratios were highly variable across the study area (range = 5 – 8420 g g-1; Figure S5; Table 1). Half or more winter POC:chl a measurements exceeded 200 g g-1 at the six stations for which winter data were available and throughout the rest of the year at stations DFO5 and UBC8 near the Wannock River. Perhaps surprisingly, POC:chl a in excess of 1000 g g-1 were more often observed in spring and summer. This may reflect that a larger number of samples were collected during those seasons (Table S5) and/or a relatively higher contribution of heterotrophic biomass that contains carbon, but not chlorophyll (Savoye et al., 2003).


Table 1 | Median [interquartile range] seasonal particulate organic carbon (POC) concentration, δ13C-POC, particulate nitrogen (PN) concentration, δ15N-PN, C:N molar ratio, chlorophyll a concentration and POC:chl a ratio, where winter is Dec-Feb, spring is Mar-May, summer is Jun-Aug, autumn is Sept-Nov.



Across each station, δ13C-POC was generally higher in the spring and summer than in the winter and autumn (Table 1 and Figure S6). Whereas high δ13C-POC persisted through the summer outside of Rivers Inlet, δ13C-POC was lower during summer at those stations closest to the Wannock River (-26.12 to -24.23‰). Median seasonal δ15N-PN values were relatively invariant throughout the year across all stations (4.20 –7.04‰; Table 1 and Figure S7). In general, greater δ15N-PN variability was observed in autumn and winter and throughout the year within Rivers Inlet.



3.4 Relative Contributions of Watershed and Marine Sources to the Surface Carbon Pool

The relative POM contributions from watershed, marine phytoplankton and macrophyte sources differed substantially by season (Figure 4). Across the stations for which winter data were available, modelling outputs indicated that watersheds were the primary source of organic matter within surface waters, accounting for between 53.4 and 77.6% of the POM pool. The highest watershed contributions were observed at stations close to the Koeye River (KWY01, 69.6%) and within Rivers Inlet (DFO2, 77.6%). Marine phytoplankton accounted for the remainder of wintertime POM (range: 22.2 - 46.3%), with macrophyte contributions accounting for less than 1% across all stations (Table S6).




Figure 4 | Relative contributions of watershed, marine phytoplankton and marine macrophytes to the surface (0-10 m) water particulate organic matter pool across 11 marine stations in the coastal northeast Pacific Ocean. Median values are shown for all contributions exceeding 0.05 (5%). Winter is defined as December through February, spring is March through May, summer is June through August and autumn is September through November. Median Bayesian credible intervals are shown. 95% credible intervals are presented in Table S6. Station symbols indicate major water bodies in the region: Rivers Inlet (triangles), Fitz Hugh Sound (squares), Kwakshua Channel (diamonds), and the Koeye Estuary (star). Centre map data: Google, TerraMetrics.



In spring, marine phytoplankton were by far the most important source of POM in surface waters, accounting for between 59.5 and 87.5% of POM. This is consistent with the period of time for which the highest chl a concentrations were observed (Table 1). Across all stations except for those in Rivers Inlet (UBC8, DFO5, DFO2), macrophytes were the second largest springtime contributor, accounting for up to 13.1% of POM.

In summer, marine phytoplankton contributed at least half of POM at all sites except UBC8 (39.5%). Summertime macrophyte and watershed contributions were similar at all sites except for those in Rivers Inlet, accounting for between 7.8 and 18.3% of POM (Figure 4; Table S6).

In autumn, marine phytoplankton still accounted for more than 50% of POM across all sites outside of the inlet. Watersheds contributed most of the remainder (range: 16.9-35.4%) outside of the inlet, with macrophyte contributions restricted to less than 5.0% of POM across all sites.

The three Rivers Inlet stations (UBC8, DFO5, DFO2) exhibited clear spatial and seasonal trends that differed from the rest of the stations (Figure 4). From spring through autumn, watershed contributions decreased with increasing distance from the Wannock River. In summer, watersheds accounted for roughly half of POM in surface waters at those stations closest to the Wannock River outlet (UBC8 and DFO5). In contrast to the rest of the region, watersheds continued to be the dominant source of POM in surface waters in autumn (52.6-72.3%). At UBC8 and DFO5, marine macrophyte communities had little bearing on the POM pool regardless of season. At DFO2, the Rivers Inlet station farthest from the Wannock River, macrophyte contributions exceeded 5% in spring and summer, but were still less than outside of the fjord.




4 Discussion

We used a dataset consisting of over 700 discrete measurements of POM chemical composition to show that watershed, marine phytoplankton, and macrophyte contributions to the surface water POM pool differed by season and location across oceanographic stations along the Central Coast of British Columbia, Canada. Marine phytoplankton were the dominant source of POM across the study area in the spring and all but two stations in the summer. Watersheds were the largest source of POM in the winter across all stations, detectable throughout the year, and of particular importance in the Rivers Inlet fjord ecosystem. Here we discuss these results in the context of the spatial and temporal dynamics of each of the major POM sources, possible food web implications, and the impact of predicted changes on land-ocean connectivity across the NPCTR.


4.1 Temporal Variability in POM Sources to Coastal Surface Waters of the NPCTR

Watershed contributions to the surface ocean POM pool were detectable throughout the year across the region, but were especially prominent during the winter months. Although POC concentrations were up to four-fold lower in winter than during the spring peak (Table 1 and Figure S2), watershed inputs were the primary source of POM across all stations in this complex coastal system through the winter. The timing of peak watershed contributions suggests that rain-dominated watersheds, and presumably rain-dominated exports from lower elevations of glacierized mountain watersheds in Rivers Inlet, were the primary source of wintertime POM to coastal waters (Figure 2B).

Marine phytoplankton dominated the surface POM pool throughout the region in spring (Figure 4), coincident with increasing incident light, the switch to upwelling-favourable winds, and the replenished inorganic nutrient pool [NO3-, PO4-, Si(OH)4] in surface waters (Wolfe et al., 2016). While the dominance of marine phytoplankton in surface waters during the spring and summer was unsurprising, their contribution also represented up to 46.3% of the wintertime POM pool in surface waters of the region. Along the Oregon shelf, wintertime marine phytoplankton production may equate to ~20% of the summer carbon fixation, fueled by riverine inputs of nutrients, iron, and organic matter (Wetz et al., 2006). In British Columbia, light is likely a more important factor limiting wintertime primary production than in the more southerly NPCTR waters of Oregon, where winter chl a concentrations (4 – 5.5 µg L-1; Wetz et al., 2012) far exceed those measured in this study (0.14 – 1.49 µg L-1).

Mixotrophic taxa like prasinophytes and cryptophytes may play an important seasonal role in the central and northern NPCTR, as they do further south in the Strait of Georgia (Del Bel Belluz et al., 2021). The ability to adopt both autotrophy and heterotrophy would make mixotrophic taxa particularly well adapted to the coastal waters of the NPCTR because of the seasonal variability in light and nutrients, the latter driven by both ocean dynamics and watershed exports. Higher surface inorganic nutrient concentrations following deep winter mixing are observed in the spring and favour autotrophy, whereas rain-dominated watershed exports of largely organic matter-associated nutrients peak in the autumn and winter (St. Pierre et al., 2021) and likely favour heterotrophy (McKie-Krisberg et al., 2015). POC:chl a of mixotrophs can be highly variable, with the ratios for some species falling below the 200 g g-1 that we used to define the marine phytoplankton end-member (e.g., 25 to 103 for Strombidium sp.; Putt, 1990), and others exceeding that threshold (e.g., 200 to 232 for Laboea strobila; Putt, 1990). Mixotrophic taxa contributions to the overall chl a pool is modest but non-trivial (up to 20%) in some environments (Stoecker et al., 2017), especially at times of the year with low chl a (e.g., up to 24% when chl a < 0.2 µg L-1; Putt, 1990). Confirming heterotrophic activity in natural microplankton communities, though, remains challenging (Stoecker and Lavrentyev, 2018). The marine phytoplankton end-member defined here therefore likely includes some though perhaps not all mixotrophic taxa.

Maximum marine macrophyte contributions to surface waters in Fitz Hugh Sound and Kwakshua Channel occurred during the summer in concert with peak growth rates for the macrophyte communities. This timing coincides with maximum kelp-derived detrital contributions to surface water POM pools along the west coast of Vancouver Island, driven by the shedding of summer growth (Ramshaw et al., 2017). In other coastal regions, turbulent mixing during storm events can transport seagrass detritus away from the beds (Thresher et al., 1992). Small and meso-scale oceanography are therefore especially important for determining macrophyte contributions to the POM pool (Ramshaw et al., 2017), and may explain why the highest macrophyte contributions (up to 18.3%) were determined at stations in Fitz Hugh Sound, which is more exposed and heavily influenced by offshore waters via Queen Charlotte Sound and Hakai Pass.



4.2 Fjords as Hotspots of Land-Ocean Ecosystem Connectivity

Seasonal phytoplankton, macrophyte, and watershed contributions to POM were relatively consistent between stations in Kwakshua Channel and Fitz Hugh Sound. However, the Rivers Inlet stations (UBC8, DFO5, DFO2) were more heavily influenced by watershed exports, including during the spring and summer, when phytoplankton were the dominant source of POM elsewhere. Rivers Inlet is one of the many fjords found across the northerly reaches of both the NPCTR and other CTR regions in Norway, Chile, and New Zealand (Bidlack et al., 2021). Fjords have a small surface area relative to that of their drainage basin and their connection to offshore waters are modulated by narrow openings and shallow sills. These characteristics strengthen the land-ocean connection and fjords have consequently been coined “aquatic critical zones” (Smith et al., 2015; Bianchi et al., 2020). While deep waters within Rivers Inlet are strongly affected by offshore waters that are exchanged across the sill (Jackson et al., 2018; Jackson et al., 2021), surface waters are more strongly tied to the water and materials exported from land (Hare et al., 2020). These dynamics have created coastal environments that are highly sensitive to processes occurring on land that ultimately affect exports to the coastal ocean and the uptake of land-derived materials in coastal food webs (Lafon et al., 2014). We note that seasonal hotspots of land-ocean connectivity may also occur in other locations along the NPCTR coast, especially in shallow estuaries downstream of medium to large rivers, as was observed in the autumn and winter months in the Koeye Estuary.



4.3 Additional POM Sources Not Accounted for and Future Model Refinements

There exist a few other potential sources of POM that were not explicitly accounted for within the mixing model, including deep waters remixed to the surface during storms, bacteria and archaea, and nano- and microzooplankton. Several autumn POM samples fell outside of the δ13C-δ15N space (Figure 3), largely because of high (>10.00‰) δ15N-PN values. These samples were all collected within a week-long period at the end of November 2016, suggesting that they may reflect a specific event along the coast. Indeed, δ15N-PN of these samples were similar to a small number of deeper (≥ 200 m) water samples collected in autumn and winter from stations FZH01 and KC10 (median δ15N-PN = 10.71‰, n = 3). The November 2016 sampling dates followed a large, prolonged rain event, a drop in the barometric pressure at sea level, and shifts in wind direction from north/northwesterly to south/southwesterly (Figure S8), all of which indicate unsettled conditions that may have led to the mixing of deep waters to the surface. Subsurface δ15N-PN values tend to be higher than their near surface counterparts due to enrichment in 15N during POM degradation and consumption by bacteria (Sigman and Casciotti, 2001). Although this small number of deep water samples were unique in their δ15N, they could not be distinguished from the other end-members based on δ13C and C:N. Their inclusion in the mixing model thus would have led to an overestimation of their contribution and a concomitant underestimation of the contribution of other sources.

Other potentially important contributors to the coastal POM pool that could not be explicitly accounted for were bacteria and archaea. Bacteria and archaea play an important role in the processing of POM, and may be especially prevalent in coastal waters that receive large fluxes of materials from land (Liénart et al., 2020). However, bacterial contributions to the bulk POM pool are extremely difficult to quantify because their stable isotope signatures tend to match their substrate, regardless of origin (Liénart et al., 2020). Instead, measurements like fatty acid biomarkers are required to identify bacteria from which their contributions to the bulk POM pool can be qualitatively inferred (Dalsgaard et al., 2003; Liénart et al., 2020). Given the ubiquity of bacteria and archaea, a microbial end-member would likely have reduced the contributions of each of the three defined end-members.

Nano- (2-20 µm) and microzooplankton (20-200 µm) may also be captured within the POM pool. They may be important conduits for terrestrial materials via bacteria and archaea to higher trophic levels (Aytan et al., 2018), and can affect the POM pool through grazing (Talmy et al., 2016). Model simulations suggest that microzooplankton lower the C:N ratio of the POM pool by preferentially respiring C-rich compounds (Talmy et al., 2016), though considerable interspecific differences exist (Golz et al., 2015). In coastal ecosystems affected by the Mississippi River, grazing by microzooplankton plays an important role in determining the fate of POM in coastal waters: higher grazing rates during peak primary production lead to reduced vertical export, whereas lower grazing rates outside of the bloom periods result in a greater fraction of primary production exported to depth (Redalje and Fahnenstiel, 1994). Within the coastal NPCTR, we might therefore expect contributions from microzooplankton to be lowest through the late autumn and winter and highest through the spring to early autumn, tracking primary production and overall availability of POM (Table 1). A nano- and microzooplankton end-member would have likely been very difficult to separate from the phytoplankton in δ13C - δ15N – C:N space, and assessing their contributions may have required the use of additional chemical markers (e.g., compound-specific stable isotopes).

We also acknowledge that there was likely significant seasonal variability in the end-members that could not be accounted for because of the small number of samples for marine phytoplankton (n = 2) and macrophytes (n = 3) during the winter months. For example, in Hood Canal in nearby Washington state, seasonal δ13C depletion as high as 8‰ have been observed for autotrophs in winter, such that they look isotopically much more similar to organic matter of terrestrial origin (Simenstad and Wissmar, 1985). This seasonal difference was largely attributed to an important role for freshwater dissolved inorganic carbon (DIC) as a carbon source in winter (Simenstad and Wissmar, 1985). How these seasonal transitions affect δ15N and C:N in autotrophs remain an open question. In a similar vein, spatial variability in the marine phytoplankton and macrophyte end-members was likely not fully captured by the use of aggregate end-members. This variability would reflect varying contributions from land (e.g., sites closer to large riverine inputs affected by freshwater DIC contributions as above) and the open ocean.

Because there was a much smaller number of glacierized (Wannock) river samples (n = 6) compared to those from rain-dominated watersheds (n = 100), we defined a single watershed end-member by combining samples from rain-dominated and glacierized watersheds. Notably, however, the six glacierized watershed samples had lower δ15N-PN and lower C:N than samples collected from the rain-dominated systems (Table S4). This likely reflects greater microbial contributions to the POM from glacial environments (Hood et al., 2009), a difference which could ultimately affect how these materials are processed in coastal waters (Fellman et al., 2010). One future refinement to the mixing model would therefore be to resolve the relative importance of different watershed types on the POM pool in coastal waters. This is especially important given the projected declines in glacial runoff for the region (Bliss et al., 2014), which would result in a transition from glacierized to snow- and rain-dominated watersheds with a concomitant reduction in the particulate fraction (Hood et al., 2020). Such a transition could have important implications for the biogeochemistry and ecology of coastal waters across the NPCTR, but especially for fjords like Rivers Inlet that are now strongly influenced by glacial meltwaters (Hood and Berner, 2009).



4.4 Fate of POM in Surface Waters of the NPCTR

One outstanding question is the role that source may play in determining the fate of POM in coastal waters. The two primary fates of POM are settling out of the water column and uptake by organisms. Remineralization and subsequent loss of carbon dioxide (CO2) to the atmosphere may result from either of these two pathways, though burial efficiency tends to be quite high within the NPCTR, especially within its fjords (Johannessen et al., 2003; Cui et al., 2016; Hage et al., 2020). Quantifying the atmospheric flux of CO2 from coastal systems and determining how it relates to cross-ecosystem (land-ocean, aquatic-atmosphere) fluxes is a priority area for future study and critical for understanding how these connections affect the carbon balance of coastal ecosystems.

POM settling out of the water column is an effective sink for organic carbon over geological time scales across many different coastal environments. Globally, organic carbon burial rates in fjords are 100-times the oceanic average primarily due to the large watershed inputs characteristic of these systems (Smith et al., 2015; Hage et al., 2020). Watershed contributions to benthic sediments in fjords therefore tend to scale with distance from riverine inputs (Prahl et al., 1994; Nuwer and Keil, 2005; Walsh et al., 2008), much as we observed in the surface waters of Rivers Inlet. In eelgrass beds of the Central Coast, around 41% of sedimentary organic carbon comes from land, with the remainder split between kelp (33%) and eelgrass (25%) (marine phytoplankton contributions not quantified; Prentice et al., 2019). Outside of these beds, contributions to sediments from macrophytes are likely diminished, though transport of detrital materials during storm events may result in some locations with sporadically higher macrophyte contributions. We note, however, that most studies considering source contributions to sediments investigate only two of the three sources quantified here at any given time, precluding a direct comparison to these results. Given the dynamics and diversity of coastal ecosystems across the NPCTR, we would expect there to be significant variability in source contributions to sediments across the region, even over short distances.

POM derived from marine phytoplankton is typically considered more available for uptake than watershed or macrophyte materials due to a higher relative nitrogen content (lower C:N ratio; see Table 1) and the size limitations of zooplankton feeding. Combined with the fact that phytoplankton can account for up to 87% of POM during seasons with the highest POC concentrations (Figure 4 and Figure S2), this likely supports a foundational role for phytoplankton in classic marine food webs in the NPCTR (e.g., phytoplankton-zooplankton-fish-whale). Terrestrial and other detrital materials may, however, be important direct subsidies to marine microbial communities (Wikner and Andersson, 2012), zooplankton (Vargas et al., 2011; Lafon et al., 2014), and other coastal invertebrates (Sakamaki and Richardson, 2008; Harding and Reynolds, 2014; Howe et al., 2017) that can contribute to higher trophic level organisms like fish and birds (Arimitsu et al., 2018). Despite the strong connection between land, nearshore environments, and marine surface waters demonstrated here, comparatively less is known about the relevance of cross-ecosystem subsidies to pelagic food webs (but see Arimitsu et al., 2018). Understanding the base of these food webs is critical given that pelagic waters of the coastal NPCTR are important spawning, nursery, and foraging habitat for species of local importance, like herring, eulachon, salmon, and orca.

Marine macrophyte contributions to pelagic food webs are likely highly variable, but have received relatively little attention, despite the prevalence of these communities along temperate coasts (e.g., Murphy et al., 2021). In Tasmania, for example, δ13C signatures and gut contents of young gadoid larvae indicated a diet largely based on seagrass detritus (Thresher et al., 1992). Winter storms were an important factor in the offshore transport of seagrass detritus in that system. In the Central Coast region of British Columbia, macrophytes accounted for less than 1% of the pelagic winter POM pool, suggesting a comparatively small role for macrophyte-derived POM in pelagic food webs during this season. However, detritus may be locally important in summer when they can make up to 18.3% of the surface water POM pool in areas like southern Fitz Hugh Sound and the Koeye Estuary, and in nearshore benthic environments like eelgrass beds (Prentice et al., 2019).



4.5 Future Perspectives on Land-Ocean Connectivity in the NPCTR

Across the NPCTR, climate change is predicted to fundamentally alter the connection between land and the coastal ocean by amplifying seasonal contrasts through increased winter but reduced summer rainfall (Radić; et al., 2015; Bidlack et al., 2021), increased landslide occurrence (Jakob and Lambert, 2009; Sobie, 2020), enhanced glacial melt in the near term but reduced glacial inputs in the longer term (Bliss et al., 2014; Huss and Hock, 2018), and greater incidence and severity of extreme marine and terrestrial heatwaves (Frölicher et al., 2018; Frölicher and Laufkötter, 2018; Perkins-Kirkpatrick and Lewis, 2020). On top of these changes, we must also consider the effects that logging and other land use practices have on the connection between land and the coastal ocean (e.g., via impacts on slope stability and the accumulation of woody debris under estuarine log storage areas; Sedell et al., 1991; Nahirnick et al., 2019). The ecological consequences of these changes and activities for the base of coastal food webs are poorly understood, but may include changing phytoplankton (Jackson et al., 2015) and macrophyte community composition and productivity (Murphy et al., 2021) and changes in the composition and amount of watershed-derived POM being exported to the coast (Hood et al., 2020).

Coastal marine ecosystems have traditionally fallen under the purview of marine planning and management, but should – by necessity – also be included in watershed planning and management processes, a holistic approach that recognizes that what happens on land has far reaching consequences. The fact that these changes are already occurring (e.g., Jackson et al., 2018; Johannessen et al., 2020; Traving et al., 2021) underscores the need to recognize coastal ecosystems as integrators of physicochemical processes and biological communities operating both on land and in the ocean. The extent of these changes highlights the need for concerted, long-term efforts to monitor freshwater and marine water quality against which future changes can be compared and understood. Although additional work is needed to understand whether/how these connections propagate to higher trophic levels, especially for pelagic species that spend extended periods of time in coastal areas (e.g., coho salmon), the results presented here suggest that ignoring the diversity of contributions to pelagic ecosystems may greatly underestimate the importance of ecosystem connectivity in coastal waters and the impacts of climate and other changes on coastal ecosystem health and function. Given that watershed and macrophyte contributions were consistently a part of – and at times even dominated – the organic matter pool in surface waters in this region, these connections are fundamental to these systems. These results emphasize that coastal waters need to be examined, stewarded, and managed as integrated land-ocean meta-ecosystems.
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