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Abstract
Land and ocean ecosystems are strongly connected and mutually interactive. As climate changes and other

anthropogenic stressors intensify, the complex pathways that link these systems will strengthen or weaken in
ways that are currently beyond reliable prediction. In this review we offer a framework of land–ocean couplings
and their role in shaping marine ecosystems in coastal temperate rainforest (CTR) ecoregions, where high fresh-
water and materials flux result in particularly strong land–ocean connections. Using the largest contiguous
expanse of CTR on Earth—the Northeast Pacific CTR (NPCTR)—as a case study, we integrate current under-
standing of the spatial and temporal scales of interacting processes across the land–ocean continuum, and
examine how these processes structure and are defining features of marine ecosystems from nearshore to off-
shore domains. We look ahead to the potential effects of climate and other anthropogenic changes on the
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coupled land–ocean meta-ecosystem. Finally, we review key data gaps and provide research recommendations
for an integrated, transdisciplinary approach with the intent to guide future evaluations of and management
recommendations for ongoing impacts to marine ecosystems of the NPCTR and other CTRs globally. In the
light of extreme events including heatwaves, fire, and flooding, which are occurring almost annually, this inte-
grative agenda is not only necessary but urgent.

Marine ecosystems are inextricably linked to the terrestrial
environment through bi-directional land–ocean connectiv-
ity. This connectivity predominantly operates in a seaward
direction through the delivery of freshwater and terrestrial
materials to the marginal oceans found along coastlines glob-
ally. In addition, coastal bathymetry structures ocean circula-
tion, affecting cross-and-along-shelf and upwelling or
downwelling currents (Washburn and McPhee-Shaw 2013).
Similarly, topographic relief on land influences near atmo-
spheric circulation and moisture transport, for example, oro-
graphic effects (Albano et al. 2020). These factors interact to
give marginal oceans distinct hydrodynamic and biogeo-
chemical properties, and make them global hotspots for
marine productivity, reflected in high primary producer bio-
mass and fisheries yields (Ware and Thomson 2005). How-
ever, among marine environments, marginal oceans are
uniquely vulnerable to human impacts, with approximately
40% of the human population living within 100 km of the
coast (Martínez et al. 2007). Globally the land–ocean meta-
ecosystem (Loreau et al. 2003) in marginal oceans is under
threat from the cumulative effects of climate change and
anthropogenic impacts associated with human settlement
and development (Lotze et al. 2006), which change and dis-
rupt critical land–ocean linkages, for example, the timing
and volume of freshwater and material flux (Scavia
et al. 2002; Ramesh et al. 2015; Fang et al. 2018). An inte-
grated understanding of land–ocean connections and feed-
backs is essential for predicting, managing and mitigating
impacts on marginal oceans, and preserving their essential
ecosystem functions (Ward et al. 2020; Bidlack et al. 2021).

Coastal temperate rainforest (CTR) regions of the world lie
in the path of westerly wind storm tracks and are character-
ized by exceptionally high freshwater (Neal et al. 2010;
Morrison et al. 2012; Hill et al. 2015) and material fluxes
(Oliver et al. 2017; Edwards et al. 2021). These fluxes
create particularly strong land–ocean connections (Cuevas
et al. 2019; Marshall et al. 2021). Examples of CTR-
influenced marginal oceans can be found on all continents
except Antarctica (Fig. 1; Alaback 1991; DellaSala 2011). The
coastal margins of many CTRs have complex, mountainous
coastlines dominated by fjords and island archipelagos, high
seasonality, high precipitation (often in the form of snow),
high runoff, and large stores of above- and below-ground
organic carbon. Together, these factors make for some of the
highest watershed yields of sediment, carbon, nitrogen,
phosphorus, and iron in the world (Oliver et al. 2017;
Edwards et al. 2021; St. Pierre et al. 2021). As a general rule,

CTR coastal margins span wide latitudinal ranges which,
together with their highly dissected and high-relief topogra-
phy, promotes spatial variability of microclimates, glaciation,
hydrology, plant communities, estuaries, and nearshore
marine ecosystems (Callaway et al. 2012). Such variability is
challenging to measure and averages over regional scales are
unlikely to accurately represent most locations.

To date, most of the hydrological land–ocean interface
research in CTR regions has focused on single, large river
plumes (Hickey et al. 2010; Kastner et al. 2018) and large gla-
cial watersheds and fjord systems (Vargas et al. 2011; Arimitsu
et al. 2018), in part because of the local importance of these
systems and their typically rapid response to climate change
(Svendsen 1995; Gonz�alez et al. 2013; O’Neel et al. 2015;
Bianchi et al. 2020). However, recent analyses have demon-
strated that, collectively, small watersheds (mean watershed
size of 118 km2) can contribute more than half of the freshwa-
ter volume transported from land-to-ocean in CTR regions
despite comprising only a fifth of the watershed area
(Morrison et al. 2012; Hill et al. 2015; O’Neel et al. 2015;
McNicol et al. 2023). It is therefore likely that small water-
sheds have a significant influence on coastal hydrodynamics
in these regions. Small CTR watersheds have also been shown
to have high dissolved organic carbon loads (Oliver
et al. 2017), in addition to high dissolved nitrogen and iron
(St. Pierre et al. 2021), and they may therefore play a dispro-
portionate role in regional land–ocean linkages. Importantly,
the timing and duration of seasonal discharge events from
small watersheds differ from large watersheds in CTR regions,
and this requires adjustments to existing conceptual frame-
works for marine ecosystem effects (Wheatcroft et al. 2010;
Basdurak et al. 2020). The local and cumulative effects of dis-
charge from small watersheds on CTR marine ecosystems
remain important knowledge gaps. A multi-scale conceptual
framework for CTR interface dynamics at the ecosystem level
would be an important step toward understanding these land–
ocean systems and how they respond to perturbations.

In this review we aim to advance the understanding of
marine ecosystems in high-discharge CTR ecoregions by bridg-
ing traditional land–ocean disciplinary divides and building a
common understanding of physical, biogeochemical, and eco-
logical processes. Making sense of marine ecosystem dynamics
in the presence of complex geographic and geochemical gradi-
ents along continental margins is challenging, yet important,
because of the acceleration of long-term climatic trends and
the expanding human footprint affecting these systems
(Kunkel et al. 2013; Ramesh et al. 2015). Using the largest
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contiguous expanse of CTR on Earth—the Northeast Pacific
CTR (NPCTR)—as a case study (Fig. 1), we integrate current
understanding of the spatial and temporal scales of interacting
processes across the land–ocean continuum, and examine
how these processes structure marine ecosystems from near-
shore to offshore domains. We do so through the lens of three
interconnected aspects of marine ecosystems—circulation
dynamics, biogeochemical cycling, and food webs—with
emphasis on the fate and effects of freshwater discharge and
its associated terrestrial materials. We first identify the key fea-
tures of the terrestrial and marine ecosystems of the NPCTR;
then summarize the major freshwater and material exports;
and finally trace their fate and ecosystem effects as they are
transported across marine habitats along gradients from the
nearshore to the inner coast, continental shelf, and off-shelf
open ocean regions. In doing so we advance a generalizable
conceptual framework of CTR systems, and then look ahead
to the potential effects of long-term environmental trends, cli-
mate and other anthropogenic changes in terrestrial systems
on CTR marine environments. Finally, we review key data
gaps and provide research recommendations that we hope will
guide future evaluation of ongoing impacts in the NPCTR and
other CTRs globally.

The Northeast Pacific coastal temperate rainforest
region
Terrestrial environment

An overview of the Northeast Pacific CTR (NPCTR)
ecoregion was provided in Bidlack et al. (2021), and here for
context we summarize key features relevant to the land–
ocean interface. The perhumid and seasonal NPCTR stretches
south from the Alsek River in Alaska to the Eel River in Cali-
fornia, spanning a distance of more than 2000 km, a latitudi-
nal extent of � 22�, and a gradient of climates from subpolar
to temperate (Fig. 2). Historically, mean annual air tempera-
ture at sea level increased roughly 6�C from north to south,
averaging 5.6�C at the northern end in Juneau, Alaska, and
11.6�C at the southern end of the region in Eureka,
California.

The NPCTR has the highest annual precipitation of any
ecoregion in North America (to > 5000 mm annually), largely
driven by moisture transport across the Pacific and orographic
effects (Bidlack et al. 2021). The presence of seasonally stored
snow and ice generally increases northwards to create a latitu-
dinal gradient in the relative runoff contribution of rain-domi-
nated (pluvial, with peak discharge during winter), snow-
dominated (nival, with peak discharge during spring and fall),

Fig. 1. Global distribution of coastal temperate rainforest indicating latitudinal range and areal extent (km2) based on DellaSala (2011).
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and glacial (peak discharge during late summer) coastal water-
sheds (Fig. 3). This gradient of watershed hydrology and cli-
mate imposes a seasonal outflow cycle that, in NPCTR
watersheds, is largely coupled to winter rainfall in the south
and increasingly coupled with spring/summer snow and ice
melt toward the north (Morrison et al. 2012). The NPCTR
watershed outflows merge with contributions from large con-
tinental watersheds that drain lands east of the NPCTR, char-
acterized by snow and ice melt driven spring/summer
“freshets.” In Alaska, tidewater glaciers directly connect the
terrestrial cryosphere to marine ecosystems; however, the
NPCTR is losing glacier mass at one of the highest rates glob-
ally (Gardner et al. 2013).

The coastal morphology of the NPCTR is diverse, and
watersheds interface with the coastal ocean across an array of
habitat types. The coastlines of California, Oregon, south and
central Washington, and northern Gulf of Alaska are relatively

linear and watersheds discharge into exposed shelf environ-
ments. By contrast, the coastlines of southern Alaska, British
Columbia, and the waters of Puget Sound, Washington, are
complex, deeply incised by fjords, and intermeshed with
channels and islands. Here the “inner coast” bathymetry can
be substantially deeper (up to > 700 m) than the continental
shelf (� 150 m), and the deep fjords, sills, and channels com-
plicate the hydrodynamic connection to the shelf. In such
complex environments, local processes including estuarine cir-
culation, tidal mixing, and local and regional winds play
important roles in coastal circulation and water modification
(Thomson 1981), and hence are important in mediating land–
ocean connections.

Prior to European contact and colonization, the NPCTR
had one of the highest densities of First Nations settlements
in North America (Wolf et al. 1995). First Nations maintained
and enhanced habitat diversity and ecosystem productivity

Fig. 2. (Left panel) Map of the Northeast Pacific showing the major ocean currents and circulation pathways, and primary hydrologic regime (pluvial,
nival—includes glacial melt—and hybrid) types of coastal watersheds from 1981 to 2010 following Bidlack et al. (2021). (Top right panel) Distribution
and areal extent (km2) of watersheds in the North Pacific Coastal Temperate Rainforest region. (Bottom right panel) Cumulative watershed area
vs. cumulative discharge using a composite of measured and modeled discharge (figure derived using data from McNicol et al. 2023).
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through management practices across the land–ocean sys-
tem (Turner 2007; Lepofsky and Caldwell 2013). Since
European colonization, the NPCTR has been modified
through industrial resource extraction in forests and oceans.
The impact of these activities has not been evenly distrib-
uted. Much of the southern to central NPCTR has been
extensively logged and this is reflected by subsequently
higher rates of watershed development (Wolf et al. 1995).
Urbanization is also greatest in the south to central NPCTR
resulting in higher human-driven degradation of estuarine
environments in this region compared to more northern
expanses of the NPCTR (Robb 2014). Associated with devel-
opment in the southern NPCTR has been extensive growth
of hydropower, impacting the connectivity of aquatic habi-
tats (Sheer and Steel 2006).

Oceanographic environment
The oceanographic environment of the NPCTR is complex.

The large-scale circulation of the northeast Pacific is dominated
by the eastward-flowing North Pacific Current (NPC) that bifur-
cates near the central latitude of the British Columbia coast into
the southward-flowing California Current and the northward-
flowing Alaska Current (Freeland 2006). The Davidson Current
flows northward along the coast toward British Columbia,
inside and counter to the California Current, intensifies and
reaches the surface during winter, and weakens and becomes
an undercurrent in summer (Thomson 1981). The Alaska
Current follows the shelf break, turns westwards in the north-
ern Gulf of Alaska along the Aleutian Shelf where it narrows
(� 50 km) and intensifies into the Alaska Stream. Shoreward of
the Alaska Current is the Alaska Coastal Current (ACC), a
northward-flowing coastal-trapped buoyancy boundary current
with a low salinity core (Royer 1982; Stabeno et al. 1995;
Weingartner et al. 2005; Stabeno et al. 2016), forming as far
south as northern California, in response to high freshwater
discharge (Mazzini et al. 2014). Offshore in the Gulf of Alaska,
the NPC, Alaska Current, and Alaska Stream bound the cyclonic
Alaskan Gyre which is itself an iron-limited, high-nutrient, low
chlorophyll environment (Martin et al. 1989; Boyd et al. 1998).
South of the NPC, the offshore waters are a low-nutrient, low-
chlorophyll environment.

The NPC bifurcation marks the transition from a strongly
upwelling-dominated shelf to the south to a strongly down-
welling-dominated shelf to the north (Whitney et al. 2005).
Upwelling occurs as far north as Vancouver Island in the
summer months in response to a seasonal shift to predomi-
nantly northwesterly winds, bringing nutrient- and carbon
dioxide-rich and oxygen-poor waters onto the shelf and
occasionally to the surface in the southern part of the
NPCTR (Feely et al. 2008). Summertime relaxation of down-
welling from northern BC to Alaska allows deep nutrient-
rich waters to be transported upward onto the continental
shelf by upwelling-favorable winds. However, in this region,
wind or tidal mixing is required to bring deep water to the

surface (Stabeno et al. 2004; Whitney et al. 2005). The
resulting elevated on-shelf macro- and micronutrient avail-
ability make the NPCTR shelf highly productive (Ware and
McFarlane 1989; Stabeno et al. 2004; Ware and Thom-
son 2005; Hickey and Banas 2008).

A feature of the Alaska Current-influenced coastal margin is
the regular formation of large (� 200 km diameter, 500 m
deep), long-lived (2–5 yr), anti-cyclonic (upwelling) eddies at,
from south to north, Haida Gwaii, Sitka, and Yakutat
(Crawford et al. 2007; Ladd et al. 2009). These eddies form on
the continental shelf and move slowly westwards (2–3 cm s�1)
into the Gulf of Alaska. An additional eddy system forms west-
ward of the Strait of Juan de Fuca, at the northern extent of
the California Current region. This Juan de Fuca Eddy is
strongly influenced by the Fraser River outflow, and drives Fra-
ser River waters westward across the shelf (MacFadyen
et al. 2008).

Freshwater and material inputs to the NPCTR marine
ecosystem
Freshwater inputs

Terrestrial inputs to the coastal ocean are constrained by
freshwater discharge and its biogeochemical constituents
(i.e., the dissolved and particulate materials that it transports),
although atmospheric dust can be a significant source of nutri-
ents (Young et al. 1991; Crusius et al. 2011). Three key param-
eters influence freshwater delivery to the coast: (1) watershed
geomorphology, including relief, which affects river flow
velocity and precipitation; (2) discharge volume, and (3) the
timing of seasonal events and transitions. Watersheds of the
NPCTR can be broadly divided into two categories: the vastly
larger systems originating east of the coastal mountains and
the small systems originating in the coastal mountains them-
selves (Fig. 2). Large drainage systems (> 9000 km2) crossing
the Cascade Mountain Range, such as the Columbia
(685,292 km2) and Fraser rivers (235,396 km2), have high
annual discharge (e.g., 211 km3 yr�1 for the Columbia and
112 km3 yr�1 for the Fraser) that peaks during spring–summer
snowmelt (Morrison et al. 2012; Shanley and Albert 2014). In
contrast, discharge from those watersheds constrained only to
the coastal margin contributes 60% of the discharge entering
the ocean, despite only occupying 22% of the contributing
area (McNicol et al. 2023). The exclusively coastal margin
watersheds have a mean watershed size of 118 km2 among
delineated watersheds > 20 km2 (McNicol et al. 2023) and are
more numerous (> 4000 reported for SE Alaska alone; Sergeant
et al. 2020). These small watersheds are typically pluvial or
nival, but some are also partially glacierized and have a char-
acteristic late-summer discharge peak due to melt (Morrison
et al. 2012; Sergeant et al. 2020; Giesbrecht et al. 2022). Due
to the steep topography of the NPCTR, specific discharge from
the thousands of small coastal watersheds is high. Collec-
tively, these watersheds make a disproportionate contribution
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to freshwater in the ocean, approximating the annual runoff
of the Mississippi River (Morrison et al. 2012; Hill et al. 2015).

Material inputs
This review focuses on terrestrial inputs of dissolved

inorganic carbon (DIC), organic carbon (OC), organic nitro-
gen (ON), macronutrients (nitrate—NO�

3 , silicate—Si(OH)4,
phosphate—PO3�

4 ), and dissolved and particulate iron (Fe).
These material inputs, along with hydrological cycles and
plume sizes are summarized in Fig. 3. NPCTR watersheds and
estuaries have large stocks of above- and below-ground OC
(Kauffman et al. 2020; Keith et al. 2009; McNicol et al. 2019),
and the high rainfall contributes to high concentrations of
dissolved organic carbon (DOC; < 0.45 μm in diameter) relative
to other ecoregions globally (D’Amore et al. 2015; Oliver
et al. 2017; St. Pierre et al. 2020; Edwards et al. 2021). One
modeling study suggests that the region is a global hotspot for
watershed yield of particulate organic carbon (POC), as well as
particulate organic nitrogen (PON) and phosphorus (Mayorga
et al. 2010). Little attention has been given to other freshwater
constituents. However, nitrogen and iron, which are poten-
tially limiting in shelf and offshore waters, are closely associ-
ated with organic matter (OM) exported from small
watersheds in the NPCTR (Sugai and Burrell 1984; Wetz
et al. 2006; Hood et al. 2009; Fellman et al. 2021; St. Pierre
et al. 2021).

The quantity and stoichiometry of inorganic nutrients
and OM exported to marine ecosystems in the NPCTR are
affected by watershed size and type, land cover (including
vegetation), and configuration (Hood and Scott 2008;
Fellman et al. 2014). For example, large watersheds, or water-
sheds with features such as lakes, dams, bogs or tidal

wetlands, have a higher potential than small watersheds
for retention and biogeochemical transformation of terres-
trial material prior to it reaching the coastal ocean
(Gustavson 1975; Voss et al. 2015). Water and material resi-
dence time in the small, steep watersheds that cover much of
the NPCTR is short and thus organic exports may include
rapid pulses of untransformed, highly labile (bioavailable)
OC and ON to the coastal ocean, particularly during storm
events (Thom et al. 2018b; Fellman et al. 2021). The presence
of land-terminating and tidewater glaciers strongly affects riv-
erine biogeochemical exports. Glacierized watersheds can be
intense physical and chemical weathering environments,
typified by highly labile sediment loads, high inorganic
nutrient exports (especially silica, phosphorus and iron), and
low but labile exports of dissolved organic matter (DOM)
derived from microbial activity (Anderson 2005; Whitney
et al. 2005; Hood and Scott 2008; Schroth et al. 2011). Glacial
discharge is also low in total alkalinity, which can simulta-
neously reduce calcium carbonate saturation states and either
enhance or reduce the coastal uptake of atmospheric CO2

depending on whether the glacier is land-terminating or tide-
water (Evans et al. 2014; Reisdorph and Mathis 2014; Pilcher
et al. 2018). One component of the land–ocean flux that we
do not consider here is submarine groundwater discharge,
which can represent a significant nutrient flux to the coastal
ocean (Klinger and Erickson III 1997; Lu et al. 2015;
Luijendijk et al. 2020; Santos et al. 2021). While surficial
flows may have higher DOM concentrations, DOM in ground
water discharge may be more labile (Inamdar et al. 2012).
While subject to data gaps across much of the study area,
recent research in the NPCTR suggests that submarine
groundwater may contribute up to an order of magnitude

Fig. 3. Summary of the physical, hydrological and biogeochemical properties of watershed types (glacierized, snowfed [nival], rainfed [pluvial], and large
continental), including the ocean extent of plumes across the nearshore, coastal transition, shelf and offshore zones. ACC, Alaska Coastal Current; SRP,
soluble reactive phosphorus; Si, silicate; Fe, iron; DIN, dissolved inorganic nitrogen; DON, dissolved organic nitrogen; DOM, dissolved organic matter.

Hunt et al. Temperate rainforest land–ocean meta-ecosystems

3066

 19395590, 2024, 12, D
ow

nloaded from
 https://aslopubs.onlinelibrary.w

iley.com
/doi/10.1002/lno.12724 by B

attelle M
em

orial Institute, W
iley O

nline L
ibrary on [30/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



more nitrate than rivers (Lecher et al. 2016), primarily from
the saline groundwater fraction driven by tidal action (Haag
et al. 2023).

Spatial and temporal scales of physical–ecological
interactions at the marine–terrestrial interface

The development of a conceptual framework for the role
of freshwater and its biogeochemical constituents in marine
ecosystem dynamics requires an approach that cuts across
disciplinary (physical oceanography, geochemistry, biology)
and domain (terrestrial, freshwater, estuarine, and marine)
conventions. Freshwater discharge directly impacts coastal
hydrodynamics and sediment processes through its effect on
water column density structure and circulation, while the
terrestrial materials transported by freshwater influences geo-
morphology, habitat complexity, biogeochemistry, produc-
tivity, and biotic diversity of coastal ecosystems. Below we
discuss the individual and interactive effects of freshwater
and material flux on marine ecosystem processes in the
NPCTR across four generalized marine spatial scales from the
continental coast to offshore. These terms have been vari-
ously defined in the literature for decades and here we select
from among those definitions to constrain the geographic
scope of this review:

1. Nearshore Zone: the area including the intertidal habitats
alongshore and out to where water, moderated by turbid-
ity, becomes too deep for light to penetrate and sustain
photosynthesis. It is inclusive of marine and estuarine habi-
tats, but stops at the furthest landward reach of saltwater
into an estuary and upriver; tidal freshwater zones of rivers
are very closely, aquatically connected to this zone (Borde
et al. 2020; Leck et al. 2009);

2. Coastal Transition Zone: the area extending from the seawa-
ter boundary of the Nearshore Zone to roughly a maximum
distance of 20 km from the outer exposed coast. The 20 km
boundary is based on the approximate outer edge of the
Riverine Coastal Domain, scaled annually to the Rossby
Radius (Carmack et al. 2015);

3. Shelf Zone: the area of the continental shelf extending
from the Coastal Transition Zone to where the continen-
tal shelf breaks (> 200 m deep) and slopes to the deep
ocean;

4. Offshore Zone: the area on the ocean side of the continental
shelf-break.

Land-derived contributions across these four zones are
expected to scale to watershed size and the strength of
freshwater influence, and the gradient of terrestrial material
attenuation. The removal, retention, transformation, and
transport of terrestrial materials through the Nearshore and
Coastal Transition zones ultimately depends on the combi-
nation of (a) watershed type (Giesbrecht et al. 2022);
(b) type and quality of terrestrial material (Bianchi 2011);

(c) biological, physical, and chemical attributes of the near-
shore and coastal environment (Carstensen et al. 2020);
and (d) discharge volume and timing (Wheatcroft
et al. 2010).

The nearshore and coastal transition zones
Freshwater

The Nearshore Zone (Fig. 4) is the zone that is the most
directly influenced by freshwater and terrestrial materials flux
and is a critical determinant of what terrestrial subsidies are
received by downstream marine habitats. While the physical
processes that govern the dynamics and mixing in large-scale
river plumes have been studied extensively (Horner-Devine
et al. 2015), less is known about plumes formed by freshwater
discharge from creeks and small rivers. For instance, Basdurak
et al. (2020) investigated the dynamics of very small plumes
using an idealized numerical model in which freshwater ini-
tially enters coastal water as an inertial jet, decelerates and
spreads due to its buoyancy, and is ultimately advected away
by tidal currents. Their model results found that for discharges
in the range from 0.1 to 30 m3 s�1, the spatial scales of such
plumes ranged from approximately 0.1–3 km from the dis-
charge point, thickness limited to a few tens of cm, with tem-
poral scales as short as 10–60 min. At their smallest discharge
scale (≤ 1 m3 s�1 and < 0.3 km plume diameter), plumes may
be associated with little or no salt intrusion, meaning that
there is no estuary. At medium scales (� 10 m3 s�1 and 1 km
plume diameter), plumes enter the marine environment as a
jet and show very little attachment to the coast. Plumes of this
size may therefore primarily act on surface waters. Along the
open coast, the fate of such small plumes is largely dependent
on wave forcing, which holds freshwater in the surf zone and
determines the rate of mixing and alongshore transport
(Wong et al. 2013; Kastner et al. 2018; Rodriguez et al. 2018).
Coastlines in fjords and inland waterways of the NPCTR are
protected from ocean swell, and the fate of freshwater dis-
charge is determined primarily by the momentum and buoy-
ancy of the outflow and ambient tidal currents.

At larger scales (> 30 m3 s�1 and 3 km plume diameter),
plumes have longer durations of weeks to months and the
sustained discharge drives larger scale estuarine circulation in
the Coastal Transition Zone (Horner-Devine et al. 2015;
Basdurak et al. 2020). Estuarine circulation, with outflowing
freshwater in the upper layers driving inflowing saline water
at depth, is a critical feature in most NPCTR fjords, contribut-
ing to seasonal deep-water renewal, replenishing oxygen and
nutrients, and maintaining connection with the Shelf Zone
(Etherington et al. 2007; Brandenberger et al. 2011; O’Neel
et al. 2015; Jackson et al. 2022). Large plumes are directly
influenced by the Coriolis Force and individually contribute
to the northward flowing ACC. The cumulative discharge
from small and large watersheds regionally affects seasonal
stratification and drives the poleward buoyancy current of the
ACC (Royer 1982; Carmack et al. 2015).
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Biogeochemistry
The biogeochemical footprint of freshwater plumes and

buoyancy currents in the marine environment will reflect the
hydrodynamic processes outlined above, in addition to the
influence of nearshore geomorphology, wind and tidal cur-
rents, and specific processes related to material types and bio-
logical demand.

Macronutrients: The terrestrial contribution of inorganic
macronutrients (NO�

3 , Si(OH)4, PO
3�
4 ) known to limit primary

production is spatially and temporally variable in the NPCTR
coastal ocean. Further, these contributions need to be consid-
ered in the context of a coastal system that has seasonally
high background macronutrient concentrations due to sum-
mer upwelling and/or winter mixing of deep water to the sur-
face. Freshwater inorganic macronutrient concentrations in
the NPCTR are typically low (NO�

3 < 2 μmol L�1, though up
to >10 μmolL�1 for the Fraser River (Voss et al. 2015); PO3�

4

< 0.1 μmol L�1), with the exception of silicate from the large
continental and glacial rivers (Si(OH)4 > 40 μmol L�1) which
can exceed marine concentrations (Harrison et al. 1991; Whit-
ney et al. 2005; Fellman et al. 2021; St. Pierre et al. 2021). This
pattern in nutrient dynamics is a common feature of CTR
regions (Lafon et al. 2014; Cuevas et al. 2019), though differ-
ences in the loading of macronutrients can result from contra-
sting lithology, vegetation cover, precipitation regimes, and
temperature along watersheds (Conley et al. 2006; Voss
et al. 2015). An example of vegetation effects is elevated nitro-
gen export (NO3

� and dissolved organic nitrogen—DON)
from Red Alder (Alnus rubra) stands in disturbed watersheds in
the southern NPCTR (Compton et al. 2003), and in naturally
alder dominated watersheds in Alaska (Shaftel et al. 2012).
However, in general, freshwater discharge dilutes nitrate and
phosphate in surface waters, though it can make a significant
contribution to the marine silicate budget.

Fig. 4. Conceptual diagram of key processes occurring at the land–ocean interface in the North Pacific Coastal Temperate Rainforest across the near-
shore, coastal transition, shelf, and offshore zones. ACC, Alaska Coastal Current.
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Freshwater discharge can also indirectly affect inorganic
nutrient concentrations through its impact on local circula-
tion. Estuarine circulation entrains nutrients into surface
waters and can support elevated primary productivity
(Harrison et al. 1991; Etherington et al. 2007). A dynamic
unique to marine terminating glaciers, of which there are sev-
eral dozen in the NPCTR, is that deep nutrient entrainment
by buoyant subsurface meltwater during the summer months
enhances the supply of nutrients to the sea surface (O’Neel
et al. 2015). Fjords with marine-terminating glaciers have been
demonstrated to have higher primary productivity than those
with land-terminating glaciers, contributing to enhancements
at higher trophic levels and increased fisheries catch rates in
these systems (Meire et al. 2017).

Iron: Terrestrial-origin iron flux to the NPCTR ocean is high.
While iron is typically not considered limiting in Nearshore
and Coastal Transition zones (Strom et al. 2006), given the
occurrence of deep waters with limited substrate connection,
it is possible that some Coastal Transition Zone regions of the
CTR are susceptible to seasonal iron limitation, which may be
offset by inputs of terrestrial iron. The processes affecting the
transport of iron to the Shelf and Offshore zones are impor-
tant considerations in the productivity of those regions. Sedi-
mentation removes particulate iron from the water column,
and the processes governing sedimentation and the fate of
this iron, as well as the dissolved fraction, are discussed further
below.

Inorganic carbon and ocean acidification: Inorganic carbon
transported from land to Nearshore and Coastal Transition
zones by rivers, streams, and groundwater originates from res-
piration in forest, agricultural, and freshwater ecosystems, bed-
rock weathering, and cement dissolution or lime application
in developed or agricultural landscapes (e.g., Regnier
et al. 2013). The aqueous inorganic carbon system encom-
passes the partial pressure of CO2 (pCO2), dissolved inorganic
carbon (DIC = [CO2] + [HCO3

�] (bicarbonate ion) + [CO3
2�]

(carbonate ion)), total alkalinity (TA = [HCO3
�] + 2 �

[CO3
2�] + minor acid-neutralizing compounds), and hydro-

gen ions (H+, measured as pH, referred to as “acidity”)
(Dickson et al. 2007). Sources of CO2, such as respiration, yield
H+ and are thus acidifying, whereas HCO3

� and CO3
2�

derived from chemical weathering processes provide buffering
capacity. The influence of freshwater dilution on seawater bio-
geochemistry and acidification thus depends on the inorganic
carbon composition of influent freshwater, particularly the
ratio of acidifying to acid-neutralizing carbon species (Evans
et al. 2014; Bianucci et al. 2018; Pilcher et al. 2018; Xue and
Cai 2020).

NPCTR rivers show considerable variability in TA, with
median values spanning � 500–1950 μmol L�1 in the Colum-
bia and Fraser rivers; median values of 480–1420 μmol L�1 in
rivers flowing into the Salish Sea; and median values as low as
200 μmol L�1 in small mountainous rivers on Vancouver
Island (Evans et al. 2013; Voss et al. 2014; Bianucci

et al. 2018). TA inputs vary seasonally, depending on precipi-
tation and runoff across watershed types (Voss et al. 2014). By
way of comparison, in the Chilean CTR, low seawater TA
(< 1800 μmol L�1) and DIC (< 200 μmol L�1) are associated
with freshwater dilution near melting glaciers (Vargas
et al. 2018), with similarly low TA observed in glacial meltwa-
ter in southeast Alaska (Evans et al. 2014). Despite this dilu-
tion effect, TA inputs across NPCTR rivers sum to represent a
global temperate hotspot of chemical weathering flux to the
ocean, including � 2.6 Tg yr�1 from the Fraser and Columbia
rivers and a similar flux from smaller NPCTR rivers (Hartmann
et al. 2009; Mayorga et al. 2010).

Dynamic NPCTR carbonate chemistry is driven by freshwa-
ter DIC and TA inputs in combination with upwelling, seawa-
ter intrusion on tidal to seasonal timescales, local metabolism
(photosynthesis: respiration), and the influence of global
ocean acidification (OA), which is the oceanic uptake of
anthropogenic CO2 that decreases calcium carbonate satura-
tion states (Ω) and pH (increased acidity) (Feely et al. 2012;
Duarte et al. 2013; Vargas et al. 2017; Lowe et al. 2019). Near-
shore and coastal ecosystems in the NPCTR are particularly
vulnerable to OA, because the northeastern Pacific Ocean has
naturally high DIC levels and upwelling brings deep CO2-rich
water into coastal and estuarine environments (Feely
et al. 2008; Ianson et al. 2016; Broull�on et al. 2020). Large
fluxes of low alkalinity freshwater and glacial meltwater in the
northern NPCTR can combine with high remineralization
rates of terrestrial and marine OM, which adds DIC, to
decrease nearshore and coastal Ω by increasing the DIC:TA of
seawater and reducing seawater buffering capacity (Evans
et al. 2014; Reisdorph and Mathis 2014; Siedlecki et al. 2017;
Hare et al. 2020). However, glacial melt can decrease Ω while
retaining relatively high pH and low pCO2, making the effects
of glacial discharge on coastal buffering capacity and acidifica-
tion complex and sometimes counterintuitive (Evans
et al. 2014; Pilcher et al. 2018); these factors contribute to a
variable carbonate chemistry, with a range of overall (pHT) of
7.17–8.56, Ωaragonite values of 0.25–4.0, and Ωcalcite values of
0.39–5.08 (Feely et al. 2008; Evans et al. 2013; Evans
et al. 2014; Reisdorph and Mathis 2014; Chan et al. 2017;
Evans et al. 2022; Alin et al. 2024).

In fjords, bathymetry and circulation strongly influence
bottom water oxygen and carbonate chemistry dynamics,
with glacially formed sills limiting bottom water flushing and
resulting in strong hypoxia and acidification in areas with
restricted circulation (Feely et al. 2010; Ianson et al. 2016).
South of the Salish Sea, fjords are absent, and corrosive events
(Ω < 1) are associated with upwelling of deep low CO2 waters
onto the shelf during boreal spring and summer (Feely
et al. 2016). Where glacial sills or wider continental shelves
retain water masses, remineralization hotspots result in the
formation of corrosive conditions (Siedlecki et al. 2016; Hare
et al. 2020). Observations of deep coastal and fjordal waters of
the NPCTR show pCO2 values of 180–3460 μatm, pHT of 7.13–
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8.30, Ωaragonite values of 0.23–2.69, and Ωcalcite values of 0.37–
4.28 (Feely et al. 2008; Feely et al. 2010; Feely et al. 2016; Hare
et al. 2020; Evans et al. 2022). Other CTRs with fjords, sea-
sonal upwelling and river runoff, or wide continental shelves,
likely also experience respiration-enhanced subsurface acidifi-
cation conditions (and possibly hypoxia) influenced by terres-
trial inputs; however, the intensification of acidification and
hypoxia in NPCTR and Chilean CTR subsurface environments
is likely strongest due to the combination of upwelling and
subsurface water masses in the eastern Pacific Ocean that are
low in oxygen and high in DIC relative to other CTR regions
and are the source of deep-water masses to these CTR coastal
environments.

Organic matter: Significant modification of terrestrial mate-
rials can occur in tidal freshwater river floodplains and estuar-
ies, particularly if retention of particulate organic matter
(POM) occurs through sedimentation, decomposition, burial,
and biotic assimilation (Morris et al. 2016; Crump et al. 2017;
Diefenderfer et al. 2021). Sedimentation rates on tidal flats
and nearshore wetland ecosystems (tidal forests, marshes,
seagrass) within the NPCTR are high, and may be sufficient to
keep pace with rising sea level during the Holocene to date
(Peterson and Vanderburgh 2018; Borde et al. 2020; Poppe
and Rybczyk 2022) though insufficient to counteract the sud-
den near-term effects of a subduction-zone earthquake on
coastal land elevations (Atwater et al. 2001; Brand et al. 2023).
Tidal wetlands in the southern NPCTR have been shown to
store 217–1064 Mg C ha�1, depending on ecosystem type
(Kauffman et al. 2020), and in submerged aquatic beds of eel-
grass (Zostera marina) in British Columbia � 41% of the sedi-
ment OC is estimated to originate from terrestrial sources
(Prentice et al. 2019). A substantial amount of terrestrial OM is
therefore thought to be retained in nearshore sediments and
tidal wetlands. While much of this terrestrial material is in the
form of small particulates, tidal habitats also retain fallen trees
(Hood 2023) which increase local habitat complexity, alter
water and material flows, and likely affect the aquatic food
web by providing substrate for invertebrate habitat (Simenstad
et al. 2003; Diefenderfer and Montgomery 2009).

In contrast to depositional estuaries described above, much
terrestrial material is transported by freshwater from the many
small, steep watersheds of the NPCTR directly to the pelagic
waters of the Nearshore Zone without being entrained in
coastal wetlands. Data on the export of POM from small
mountainous rivers in the southern NPCTR show that fluxes
are episodic and occur predominantly during winter storms
(Goñi et al. 2013; Thom et al. 2018b). In the northern NPCTR,
watershed sediment fluxes are heavily influenced by glacial
erosion, and sediment and particulate OC yields are positively
correlated with watershed glacial coverage (Hood et al. 2020).
Landslides can also mobilize significant amounts of OC to the
ocean either directly or via freshwater transport (Vascik
et al. 2021; Geertsema et al. 2022; Hage et al. 2022). Ulti-
mately, and in consideration of many factors such as geology

governing the substrate and overall slope, the extent to which
this material is transferred through the Coastal Transition
Zone depends on watershed size, with larger watersheds
transporting substantial amounts of material as far offshore as
the Shelf Zone during the summer months (Prahl et al. 1994;
Walsh et al. 2008; Wu et al. 2009).

Watershed yields of DOC and DON in the NPCTR can be
exceptionally high, exceeding 30,000 kg km�2 yr�1 for DOC
(Oliver et al. 2017) and 300 kg km�2 yr�1 for DON in some
small, coastal watersheds (Fellman et al. 2021; St. Pierre
et al. 2021). High protein-like DOM fluorescence has been
associated with DOM contributions from glacial meltwaters in
CTR nearshore ecosystems (Hood et al. 2009; Marshall
et al. 2021). In the Chilean CTR of Patagonia, terrigenous
humic- and protein-like substances comprise up to 60% of
DOM in glacial fjords (Gonz�alez et al. 2019). Terrestrial- and
freshwater-origin fatty acids are another important constituent
of nearshore DOM, and their quantity scales with the terres-
trial DOM contribution (Vargas et al. 2011). DOM may have
greater cross-shelf transport potential than particulate POM,
however, DOM rates of sedimentation through flocculation
and remineralization through microbial heterotrophy may be
high (Fellman et al. 2010; Wikner and Andersson 2012).
Salinity-induced flocculation is an important removal mecha-
nism of DOM and its associated metals (including Fe) and
nutrients (N, P, SiO2) in nearshore waters (Sholkovitz 1976;
Sholkovitz 1978). However, the characterization and fate of
this DOM, in the Nearshore Zone and beyond, remain poorly
resolved. This is particularly true for processes occurring in
association with small plumes which are extremely difficult to
study with typical oceanographic approaches.

The presence of deep fjords and deep incised channels in
the coastal geomorphology adds an additional layer of com-
plexity to the processing of terrestrial materials. Fjords are
global hotspots of OC burial, a consequence of large material
fluxes from land to sea due to glacial erosion and frequently
low oxygen levels that slow remineralization (Smith
et al. 2015; Ramirez et al. 2016; Bianchi et al. 2020). It is esti-
mated that temperate fjords account for 11–12% of terrestrial
OC burial in continental margin sediments globally (Nuwer
and Keil 2005). In the NPCTR, terrestrial contributions
account for between 95% of total OC in sediments at the head
of fjords to less than 30% at the sill (Nuwer and Keil 2005;
Walsh et al. 2008). Similarly, in the coastal temperate
rainforest of Chilean Patagonia, terrestrial origin material can
constitute 50–90% of OC content in sediments within conti-
nental fjords (Silva et al. 2011; Lafon et al. 2014).

Such high rates of OC deposition within fjords promote
both biological and chemical oxidation at depth, especially in
those systems separated from the shelf by a shallow sill. Shal-
low sills limit exchange with oceanic water and hypoxic or
anoxic bottom waters are consequently a seasonal feature of
many (though not all) fjords of the NPCTR (Feely et al. 2010;
Brandenberger et al. 2011; Jackson et al. 2022) and other CTRs
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in the southern hemisphere (Silva and Vargas 2014). Low oxy-
gen conditions can create hotspots of the oxidoreductive pro-
cesses required for the regeneration of limiting macro- (NO�

3 ,
PO3�

4 ) and micronutrients (Fe) to overlying and offshore
waters (Smethie 1987), and limit OM remineralization,
playing into the role of fjords as sinks for terrestrial (and
marine) OC (Timothy and Soon 2001).

After initial sediment and OC deposition in the Nearshore
Zone, remobilization can occur through dynamic and simulta-
neous forcing from land (seasonal and/or event-based
flooding), the atmosphere (winds, precipitation), and the
ocean (waves, currents, tides). The intense wave energies asso-
ciated with storm events may discourage deposition and reten-
tion, and facilitate dispersal away from the Coastal Transition
Zone (Wheatcroft et al. 1997; Hill et al. 2000). For instance,
the wintertime peak in freshwater input and suspended sedi-
ment delivery into an evolving tidal flat in Willapa Bay,
Washington (Borde et al. 2003), was one to two orders of mag-
nitude greater than in summer, but wind and wave-generated
shear stresses prevented sediment accumulation (Boldt
et al. 2013). Local geomorphology and the presence of sub-
merged vegetation and wood contribute to remobilization
dynamics by determining the energy and direction of hydro-
logical flows (Gambi et al. 1990; Boldt et al. 2013; Novak
et al. 2020). In addition to tidal, seasonal, and interannual
dynamics, episodically (at � 200–800 yr intervals) the tidal
wetlands throughout the NPCTR are submerged by coseismic
subsidence events, causing local mortality among plant com-
munities and contributing rapid and substantial terrestrial
subsidies to the nearshore ocean (Atwater et al. 2001; Peterson
et al. 2020; Brand et al. 2023).

Shelf and offshore zones
Freshwater

The largest watershed discharging into the NPCTR is that
of the Columbia River, and the associated freshwater plume
significantly influences circulation and stratification across the
Coastal Transition and Shelf zones (Hickey et al. 2010).
The connection of other large continental and medium-sized
watersheds to the shelf is dependent to a large extent on the
coastal geomorphology and distance to shelf. The plumes of
many of the large and medium watersheds discharging into
the fjords and archipelagos of the inner coast mix into the sur-
face ocean long before reaching the Shelf Zone (Hare
et al. 2020). At larger scales, the cumulative freshwater dis-
charge of small to large watersheds contributes to the coastal-
trapped buoyancy boundary current, referred to as the ACC in
Alaska, which is narrowest (� 10 km) in winter when down-
welling predominates, and widest (> 50 km) in summer when
downwelling relaxes or upwelling prevails (Weingartner
et al. 2005).

Freshwater from the NPCTR is transported off the shelf and
into the Offshore Zone by processes that include large anti-
cyclonic Haida, Sitka, and Yakutat eddies (Fig. 3). These eddies

can travel > 1000 km offshore and comprise up to 10% of the
area of the Alaska Gyre (Crawford et al. 2007). Secondary
pathways of freshwater transport to the offshore include
entrainment of shelf water from the northern Gulf of Alaska
by the returning circulation of the Alaska Gyre (Lam
et al. 2006; Weingartner et al. 2009) and topographically ste-
ered cross-shelf jets (Peña et al. 2019). Gap winds, flowing
through channels from the coast mountains, cause cooling and
reoxygenation down to 100 m in some fjords (Jackson
et al. 2023) and reach up to � 200 km away from the coast, con-
tributing to offshore transport (Ladd and Cheng 2016). In the
Offshore Zone, freshwater plays a limited role in seasonal stratifi-
cation, which is dominated by the balance between wind
mixing and summer heating (Henson 2007). As discussed below,
an important contribution of freshwater to the Offshore Zone is
the delivery of iron to this iron-limited high-nutrient low chlo-
rophyll region (Johnson et al. 2005).

Biogeochemistry
Macronutrients: Despite typically low inorganic nutrient

concentrations within freshwater in the NPCTR, with the
exception of silicate, large river plumes indirectly influence
macronutrient dynamics in the Shelf Zone. The strength of
the estuarine outflow established by Fraser River discharge
transports nutrient-rich deep water onto the continental shelf
(MacFadyen et al. 2008). The nitrate from this outflow
accounts for almost half of the primary productivity on the
Vancouver Island shelf, a third of productivity on the Wash-
ington shelf, and a fifth of the productivity on the Oregon
shelf during the upwelling season (Davis et al. 2014).

Iron: The high concentrations of dissolved and bioavailable
particulate iron in the Coastal and Shelf zones are inversely
related to salinity, reflecting their freshwater/terrestrial source
(Wetz et al. 2006; Cullen et al. 2009; Wu et al. 2009; Lippiatt
et al. 2010). Iron that is bound to particulate materials can
contribute to significant repositories in shelf sediments (Roy
et al. 2013). The proportion of iron in the dissolved fraction
increases across the shelf as particulate material is lost, but the
concentration decreases as it is taken up by phytoplankton
(Strom et al. 2006) and bound to ligands (Kondo et al. 2021).

During winter, downwelling traps freshwater and associ-
ated iron in the Coastal Transition and Shelf zones and forces
bottom water off the shelf and into the Offshore Zone
(Lippiatt et al. 2010). Bottom water can be iron-enriched due
to entrained sediments and the flux of reduced iron from sedi-
ment pore waters (Cullen et al. 2009). Sediment-derived iron
may be reintroduced to the surface in the Coastal Transition
and Shelf zones by storm-driven deep mixing events (Crusius
et al. 2017). In the southern NPCTR, periodic relaxation of
downwelling allows iron rich freshwater to move over the
shelf where enhanced winter phytoplankton production can
occur (Wetz et al. 2006).

In the upwelling regions of the NPCTR, surface freshwater-
associated iron may be distributed more broadly across the

Hunt et al. Temperate rainforest land–ocean meta-ecosystems

3071

 19395590, 2024, 12, D
ow

nloaded from
 https://aslopubs.onlinelibrary.w

iley.com
/doi/10.1002/lno.12724 by B

attelle M
em

orial Institute, W
iley O

nline L
ibrary on [30/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



shelf toward the Offshore Zone during summer upwelling
periods. On the shelf, iron from sediment pore waters can be
reintroduced to the water column through sediment
resuspension, and transported to the surface during strong
upwelling periods (Johnson et al. 1999) or other deep mixing
events (Crusius et al. 2017). Importantly, upwelled water from
off the shelf has relatively low (< 1 nM L�1) iron concentra-
tions (Martin and Gordon 1988). Iron in the sediments is key
to elevated shelf bottom-water iron concentrations, and iron
concentrations in shelf waters are positively correlated with
shelf width (Cullen et al. 2009). Terrestrial inputs may there-
fore be a significant source of iron to the Coastal and Shelf
zones of the NPCTR (Chase et al. 2002).

The large anti-cyclonic eddies propagating from NPCTR
shelves play an important role in delivering iron to the
Offshore Zone. When first formed, Haida Eddies have iron
concentrations two orders of magnitude higher than offshore
waters (Johnson et al. 2005). As they age and decay, rising iso-
pycnals at the center of the eddy continue to deliver deep iron
to the surface and even after 16 months they can have
iron concentrations 1.5–2 times higher than the surrounding
waters (Whitney and Robert 2002; Johnson et al. 2005;
Crawford et al. 2007). It is estimated that Haida eddies alone
contribute 5–50% of the dissolved iron in the upper 1000 m
of the southeastern Gulf of Alaska (Johnson et al. 2005).

Eddies are not the only means of terrestrial iron transport
to the offshore zone. Southward recirculation of water from
the northern Alaska shelf transports iron, macronutrients, and
freshwater into the Gulf of Alaska, and these contributions
have been related to increased production in the Offshore
Zone (Lam et al. 2006). An additional source of iron to off-
shore waters is dust, particularly from fine glacial sediments
from the NPCTR (Boyd et al. 1998). While this has received
limited attention, it has been estimated that iron flux from
glaciofluvial dust is comparable to the iron flux from coastal
formed eddies (Cullen et al. 2009; Crusius et al. 2011).

Inorganic carbon: Shelf and Offshore Zones in the NPCTR
generally have relatively low buffering capacities (high Revelle
factors), low pH (high acidity), and low calcium carbonate sat-
uration states (Ω)—despite having relatively low anthropo-
genic CO2 inventories—although conditions may be less
severe than those closer to shore as a result of diminished
freshwater influence (Feely et al. 2004; Sabine et al. 2004;
Jiang et al. 2015; Gruber et al. 2019; Jiang et al. 2019; Franco
et al. 2021). However, in areas with broader continental
shelves, retention zones can result in particularly acidified
conditions forming at depth due to remineralization of OM
(Feely et al. 2010; Bianucci et al. 2011; Siedlecki et al. 2015).

Organic matter: POM is rapidly lost from small plumes and
not expected to leave the Nearshore Zone, but large continen-
tal river plumes can transport POM across the Coastal Transi-
tion Zone to the Shelf and Offshore zones (Prahl et al. 1994;
Walsh et al. 2008; Wu et al. 2009). Estimates for the
Washington continental margin are that terrestrial material

contributed � 60% to shelf sediments, � 30% to slope sedi-
ments, and ≤ 15% to basin sediments (Prahl et al. 1994; Walsh
et al. 2008). Continental shelf canyons are known to be
important conduits for terrestrial material from the continen-
tal shelf to the deep ocean (Puig et al. 2014). The significance
of these terrestrial material inputs to pelagic and benthic food
webs in the NPCTR is unknown, but evidence from other CTR
regions indicates that terrestrial material can play an impor-
tant role in structuring benthic communities (Leduc
et al. 2020).

The dissolved fraction of terrestrial OM flux remains in the
water column longer than particulates (Strom et al. 2006; Wu
et al. 2009; Lu et al. 2015). DOM is depleted through a combi-
nation of microbial and photochemical degradation, losing
the more labile components and becoming modified to the
extent that the DOM source (terrigenous vs. autochthonous)
can become difficult to identify (Lu et al. 2015). Modification
of both particulate and dissolved terrigenous OM represents
one of the important obstacles to identifying, tracing, and
quantifying their contributions to marine ecosystems.

How land–ocean discharge affects ecosystem dynamics in
the NPCTR
Influence of freshwater on species distribution and
ecosystem composition

Freshwater exposure is a strong driver of marine commu-
nity composition through its effect on osmotic stress experi-
enced by biota, and therefore affects organism distributions in
the NPCTR. For example, echinoderms, major grazers
in NPCTR Nearshore Zone ecosystems, are particularly intoler-
ant of low salinities, and freshwater outflows therefore play an
important role in structuring local food webs (Held and Har-
ley 2009; Iken et al. 2010). Eelgrass, which has several impor-
tant roles in the Nearshore Zone throughout the NPCTR, is
strongly influenced by freshwater outflows, with productivity
declining with decreasing salinity (Kentula and DeWitt 2003).
However, many biota at the marine-freshwater interface are
euryhaline or highly mobile, and thus able to either tolerate
or avoid large fluctuations in salinity. The interplay between
the temporal dynamics of freshwater exposure (e.g., tidal
cycles, flash floods, freshets) and organism tolerance and
mobility leads to mutable communities in both pelagic
(Breckenridge et al. 2020) and benthic habitats (Chapman and
Brinkhurst 1981). Small creeks along the nearshore may have
overlapping plumes, enabling estuarine species to move from
one system to another via these bridging estuaries, for exam-
ple, so-called “nomad” Coho salmon (Tschaplinski 1988;
Koski 2009). Salinity is also an important driver of microbial
community composition (Herlemann et al. 2011; Fortunato
et al. 2012; Herlemann et al. 2016; Logares et al. 2018) and
function, for example, methanogenesis (RoyChowdhury
et al. 2018), though functional redundancy among taxa may
also result in similar metabolic potential from river to ocean
(Fortunato and Crump 2015). Freshwater, particularly from
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glacierized watersheds, is often colder than seawater, season-
ally influencing nearshore communities through temperature
and turbidity. Invertebrate and fish communities may vary
between estuaries influenced by cold, turbid, glacier-fed water-
sheds vs. warmer, clearwater systems without glaciers in their
headwaters (Levings 2016; Whitney et al. 2017).

Freshwater discharge affects circulation and drives density
stratification, both of which are important determinants of
phytoplankton production and community composition in
the NPCTR through their influence on nutrient and light
availability. Nutrients entrained by estuarine circulation asso-
ciated with larger watersheds promote primary production in
the Coastal Transition and Shelf zones, though there is a tra-
deoff with turbidity driven light limitation (Hickey and
Banas 2008; Masson and Peña 2009). In fjord ecosystems,
freshwater discharge timing and strength determines bloom
timing, production, and retention through effects on stratifi-
cation, mixing layer depth, and advection (Wolfe et al. 2015).
The freshwater content of the Coastal Transition and Shelf
zones is an important factor in summer stratification in these
regions. High freshwater content can lead to persistent sum-
mer stratification, macronutrient depletion in the euphotic
zone, and decreased primary production (Thomson
et al. 2012; McKinnell et al. 2014). This relates to the “Optimal
stability window” proposed by Gargett (1997) for the north-
eastern Pacific, where production is controlled by the tradeoff
between light and nutrients associated with mixed layer
depth. Overall, the influence of freshwater on production is
substantial, but dependent on discharge volume and turbidity,
setting, and season.

Influence of terrestrial material flux on marine food webs
Strong cross-shelf gradients in freshwater influence and

nutrient availability are reflected in gradients in phytoplank-
ton community structure (cell size, species composition, bio-
mass) and function (growth rate, nutrient utilization)
(Bruland et al. 2001; Strom et al. 2006; Cuevas et al. 2019). In
the Gulf of Alaska, nearshore phytoplankton communities are
typically dominated by large (> 20 μm) centric and pennate
diatoms with high growth rates, while offshore communities
are largely composed of small (< 5 μm), slow-growing flagellate
and Syneccochocus species (Strom et al. 2006). Differences in
phytoplankton communities have been attributed to nutrient
availability, fueled in part by terrestrial sources driving clear
nearshore-offshore gradients in macro- (NO3

�, PO4
3, Si(OH)4)

and micronutrients, for example, Fe (Strom et al. 2006; Chase
et al. 2007). Nitrate limitation may also control the standing
stock of eelgrass and green algae (e.g., Ulva fenestrata) in the
Nearshore Zone (Thom and Albright 1990).

Whereas phytoplankton of the Coastal Transition Zone
and mid-shelf may be more likely to be limited by nitrogen
(Strom et al. 2006), iron limitation predominates in the Off-
shore Zone of the NPCTR from the Gulf of Alaska (Martin
et al. 1989) to the northern California Current (Till

et al. 2019). The flux of iron from terrigenous sources there-
fore has a significant bearing on offshore primary production
(Chase et al. 2007). Although anti-cyclonic eddies comprise
only 10% of the area of the Gulf of Alaska, they contain more
than half of the region’s phytoplankton biomass and up to
80% in spring (Crawford et al. 2007). The smaller cells charac-
teristic of offshore communities have a higher surface area-to-
volume ratio, conferring a competitive advantage under
chronic iron limitation.

Autotrophic production can be locally impacted by high
particulate loads due to light limitation. In the highly turbid
inner coast plumes associated with snow melt and glacially
influenced systems, phytoplankton chlorophyll maxima are
shallow and typically peak at intermediate turbidity levels
(Harrison et al. 1991; Etherington et al. 2007; Murray
et al. 2015). Reduced light can lead to increased cellular
photopigment concentrations to sustain high levels of pri-
mary production in moderately terrestrially impacted waters
(Paczkowska et al. 2019; Paczkowska et al. 2020). However,
this physiological compensation cannot overcome reduced
light availability in highly turbid waters, resulting in a change
in community composition to more mixotrophic or heterotro-
phic protists. This community shift influences zooplankton
food sources and can negatively impact mesozooplankton bio-
mass. Light attenuation influences the vertical distributions of
zooplankton, which tend to be more surface-orientated in low
light conditions, and consequently the spatial distribution of
higher trophic levels, for example, fish and avian predators
(Arimitsu et al. 2012; Renner et al. 2012). At NPCTR latitudes,
water clarity is also a critical factor in meeting annual light
requirements for eelgrass growth and long-term survival
(Thom et al. 2008; Thom et al. 2018a). Eelgrass provides an
important nearshore habitat for juvenile Pacific salmon
(Oncorhynchus spp.; Kennedy et al. 2018), juvenile Pacific cod
(Gadus macrocephalus; Dean et al. 2000), spawning Pacific her-
ring (Clupea pallasii; Shelton et al. 2014), and Dungeness crab
(Metacarcinus magister), among many other species
(Mumford 2007). Natural turbidity levels in the NPCTR can
therefore shape the occurrence, composition, and production
of primary producers, and the organisms dependent on them
for food and habitat.

Terrestrial OM plays an important role in structuring
marine microbial community composition and activity. While
the ability to utilize low molecular weight OM is widespread
among microbial heterotrophic taxa, the ability to degrade
complex high molecular weight or highly aromatic OM is
found in only a subset of taxa (Bianchi 2011; Logue
et al. 2016). In the NPCTR, the composition of DOM entering
streams and rivers from the land varies seasonally and
depends on watershed characteristics (Fellman et al. 2009;
Oliver et al. 2017; Fellman et al. 2020). In southeast Alaska
streams, DOM is more labile in the spring than later in the
summer (Fellman et al. 2009). In both the NPCTR (Fellman
et al. 2010) and in the Chilean CTR (Marshall et al. 2021), the
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higher proteinaceous component of glacierized DOM is
generally thought to be more labile in marine waters than
humic-rich DOM exported from coastal wetlands and forested
watersheds; however, marine microbes have been shown to be
adept at degrading humic DOM (Kisand et al. 2008). In coastal
waters of the NPCTR, microbial cell counts across small, high
DOM plumes increased with rainfall-heightened terrestrial
DOM exports, suggesting microbial communities adapted to
using terrestrial DOM (St. Pierre et al. 2020). In that study,
streams consistently had lower cell counts than marine sam-
ples, so the observed increase could not be attributed purely to
a flux of freshwater microbes into the nearshore environment.
Contrary to expectations, marine microbial populations
appear to utilize a larger fraction of the terrestrial DOM pool
than freshwater microbial populations in the NPCTR (Fellman
et al. 2010), in line with chemostat experiments in the
Wadden Sea (Kisand et al. 2008). An important factor in
the utilization of more recalcitrant (less bioavailable) terrestrial
materials may be priming by labile marine DOM
(Bianchi 2011; Seidel et al. 2015).

In the Baltic Sea, high terrestrial DOM input has been
linked to an increased ratio of bacterial to phytoplankton pro-
duction (Wikner and Andersson 2012; Andersson et al. 2018;
Degerman et al. 2018). Given the substantial terrestrial DOM
input to the NPCTR, it is highly likely that bacterial produc-
tion is similarly amplified in this environment (Finke
et al. 2017). Microzooplankton are necessary trophic interme-
diaries between bacteria and higher trophic levels, conferring
a potentially significant role of this functional group in CTR
marine food webs (Sommer et al. 2002; Paczkowska
et al. 2020). These heterotrophic food web pathways may be
strongest during the winter, when autochthonous primary
production is limited and rainfed watershed runoff is highest.

POM, part of which is derived from flocculating DOM, is
accessible to direct consumption by filter feeders, such as zoo-
plankton and bivalve mollusks, and deposit feeders, and also
contributes indirectly to food webs via breakdown and
recycling through the microbial loop (Moore et al. 2004).
POM in the estuarine turbidity maxima of the Columbia River
Estuary have been shown to be hotspots of microbial produc-
tion (Crump and Baross 1996; Herfort et al. 2017), contribut-
ing to the role of estuaries as “bioreactors” (Crump et al. 2017)
and coastal filters (Bouwman et al. 2013; Carstensen
et al. 2020). This POM sustains unique microbial communities
compared to particle-free water samples in the estuary, as
observed in other aquatic systems, which are likely adapted to
complex OM degradation (Bell and Albright 1981; Luef
et al. 2007; Ochs et al. 2010).

Although the relative importance of direct vs. indirect tro-
phic pathways, including the microbial loop, has not been
established, dietary tracers have been used to estimate the
contribution of terrestrial material to marine ecosystems.
Stable isotopes and fatty acid analyses have shown that terres-
trial carbon can contribute 20–50% of the body carbon in

zooplankton (copepods) along the CTR of Chilean Patagonia
(Vargas et al. 2011), with up to 61% of zooplankton fatty acids
being derived from vascular plants (Lafon et al. 2014).
Although highly variable, terrestrial material dietary quality is
typically considered to be low due to low nitrogen content
and lack of essential fatty acids (Moore et al. 2004; Harfmann
et al. 2019) required for organism physiological health. How-
ever, Harfmann et al. (2019) found that a mixed phytoplank-
ton/terrestrial material diet (1:3 carbon ratio) enhanced the
survival of the copepod Eurytemora affinis relative to a diet of
only phytoplankton. Terrestrial material can therefore
represent an important supplementary food source for
zooplankton.

Relatively few studies have attempted to measure terrestrial
material contributions to higher trophic level marine con-
sumers in CTR regions, with stable isotope analysis of bulk tis-
sues being the most common approach. Estimates of
terrestrial material contributions to consumer biomass range
from 2% to 44%, including oysters, fish and seabirds
(Romanuk and Levings 2005; Conway-Cranos et al. 2015;
Arimitsu et al. 2018). This variation between studies likely
reflects local environmental conditions such as landform
(e.g., deep fjord vs. shallow estuary) which can affect sedimen-
tation and habitat for alternative OM sources (e.g., saltmarsh,
eelgrass); hydrology which can affect sedimentation rates and
substrate types; and species examined (Hyndes et al. 2014). It
is important to note that stable isotope analysis of bulk tissues
can be confounded by a variety of factors (e.g., organism phys-
iological state, body size, trophic level, species specific trophic
enrichment factors). Increasingly, food web ecologists are
using compound-specific (e.g., amino and fatty acid) stable
isotope analyses, providing much greater resolution of feeding
relationships (Whiteman et al. 2019). Other new tools include
metagenomics, recently used to estimate substantial terrestrial
material uptake by the estuarine copepod Eurytemora affinis
(Harfmann et al. 2019). Application of such approaches will
further advance understanding of terrestrial material trophic
pathways.

Ocean acidification
Acidified (and hypoxic) conditions naturally occur in the

NPCTR, but are worsening due to climate change and will likely
be exacerbated as a result of changing hydrological and biogeo-
chemical dynamics in the NPCTR (Barth et al. 2024; Feely
et al. 2024). This has direct and indirect implications for marine
and anadromous species. For example, pink and coho salmon
exposure to acidified conditions that are currently found in
some NPCTR environments may impair appropriate predator-
avoidance behavior during freshwater and early ocean life
phases (Ou et al. 2015; Williams et al. 2019). Economically
important Dungeness, Tanner, and red king crab experience
survival, growth, calcification, and dissolution impacts as a
result of larval–juvenile life stage exposure to current or near-
future OA conditions in the NPCTR (Long et al. 2013;
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Bednaršek et al. 2020). Shellfish, including Pacific oysters
(Crassostrea gigas) and mussels (Mytilus galloprovincialis), mani-
fest larval shell development defects in response to Ωaragonite

levels currently present in the Salish Sea and experience more
energetically expensive calcification under acidifying condi-
tions (Waldbusser et al. 2015a; Waldbusser et al. 2015b). Indi-
rect food web effects of OA include impaired larval
development and survival of euphausiids (krill), an important
food source for fish and seabirds in the region, and severe disso-
lution effects on pteropods (pelagic snails) under current condi-
tions in the Salish Sea (McLaskey et al. 2016; Bednaršek
et al. 2021). Acidified conditions can also disrupt acid–base bal-
ance in fish and favor the growth of harmful algal taxa (Haigh
et al. 2015). Further, many species, such as Dungeness crab and
pteropods, experience particularly strong physiological impacts
of exposure to combinations of stressors including increased
temperature, hypoxia, and OA, with impacts varying across life
stages (Bednaršek et al. 2021; Berger et al. 2021). However,
while freshwater influence on coastal carbonate chemistry in
the NPCTR may exacerbate ongoing OA, some marine organ-
isms inhabiting river-influenced areas appear to have evolved
to compensate for the metabolic costs of low pH, high pCO2

conditions through phenotypic plasticity and processes of
“local adaptation,” (e.g., Aguilera et al. 2016; Vargas et al. 2017;
Saavedra et al. 2018; Osma et al. 2020).

Climate change and other anthropogenic impacts on
land–ocean connections in the NPCTR
marginal ocean

Moving stepwise through the spatial and temporal scales of
land–ocean interactions in the NPCTR reveals that freshwater
and its associated materials are the defining feature of this
marine domain. Freshwater flux impacts coastal circulation
and horizontal connectivity among habitats, is a key parame-
ter in stratification and hence vertical connectivity, affects
sedimentary processes including wetland deposition and
accretion, and controls the distribution of biota based on
salinity and temperature tolerance. Terrestrial inorganic and
organic material fluxes are essential ingredients in ocean pri-
mary production and heterotrophic microbial production,
which support pelagic and benthic food webs and drive the
biogeochemical processes that control nutrient recycling, oxy-
gen levels, and carbonate chemistry. The effects of freshwater
and terrestrial materials on the marine ecosystem are evident
across the Nearshore, Coastal Transition, Shelf, and Offshore
zones. The dominant effects shift between zones, reflecting
the transformation, retention, and removal of materials, and
scaled impacts of freshwater on hydrodynamics, from plumes
to coast-wide circulation. Freshwater and material inputs are
similarly important to ecosystem structure and function in
the oceans of other CTR regions (Fig. 1), including the role of
freshwater in circulation (Stanton 1976; MacKenzie
et al. 1988; Simpson et al. 1993; Atkinson et al. 2002), and

terrestrial materials in ocean biogeochemistry (MacKenzie
et al. 1988; Frigstad et al. 2013; Vargas et al. 2016), primary
productivity, plankton community composition (Gonz�alez
et al. 2010; Vargas et al. 2012; Cuevas et al. 2019), and subsi-
dies to marine food webs (McLeod and Wing 2009; Vargas
et al. 2011). This makes marginal oceans in CTR regions
uniquely vulnerable to stressors acting on the adjacent terres-
trial environment. Figure 5 identifies important land–ocean
pathways susceptible to change in CTR systems and below we
discuss change driven by climate and other anthropogenic
stressors with respect to the key elements related to watershed
processes and coastal hydrodynamics-biogeochemistry. In
addition, we underscore the significance of extreme events
in amplifying changes in land–ocean connections. It is impor-
tant to note that many of these changes are already underway
(Beamer et al. 2017; Hood et al. 2020; Jackson et al. 2023).

Watershed processes—Freshwater delivery and quality
Climate change is forecast to continue to dramatically

change the quality of freshwater and its delivery to the
NPCTR ocean (Fig. 5). In the Cascade Mountains region of
the Columbia River basin, air temperatures have increased by
1.2 to 1.4�C since 1895, and under RCP 4.5 and 8.5 will
increase by about 2–4.5�C more over current temperatures by
2100 (Halofsky et al. 2022) and the annually averaged water
temperature of the Columbia River basin has increased
by � 2.2�C since the 1850s (Scott et al. 2023). The Colum-
bia’s largest tidal tributary has warmed at � 1.1�C per cen-
tury over the same period, has stopped freezing, and cold
water days (< 2�C) now only occur rarely (Talke et al. 2022).
Winter warming is promoting a shift to rain-dominated pre-
cipitation, contributing to a seasonal shift of discharge to
increased winter flow (Morrison et al. 2002; McAfee
et al. 2014; Riche et al. 2014). In British Columbia, in the
next 20–50 yr overall discharge is predicted to increase
by � 10% in all months except June to August when dis-
charge is projected to decrease by up to 10% (Morrison
et al. 2014). Similarly, in southeast Alaska winter discharge is
forecast to increase 1–3-fold by 2080 (Shanley and
Albert 2014). Decreased snowpack and high rates of ice loss
(Rounce et al. 2023) are resulting in a decline of snowmelt
runoff, with a similar decline in glacial runoff expected
(Moore et al. 2009; Bliss et al. 2014; Huss and Hock 2018). In
combination with earlier snow melt timing (Musselman
et al. 2021), shortening of the high flow season (Morrison
et al. 2002), and drier summer months, summer drought is
increasing throughout the NPCTR (Mote and Salathé 2010;
Lader et al. 2020). This intensification of the seasonal hydro-
logical cycle affects the volume, timing, and duration of
freshwater and associated materials delivery to the coast.

Hydrodynamics and biogeochemistry of the NPCTR ocean
Changes in the hydrological cycle are directly linked to

coupled hydrodynamic-biogeochemical processes in the
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NPCTR ocean (Fig. 5). The increase in total freshwater dis-
charge, and intensification of seasonality, is enhancing den-
sity stratification in the ocean, favoring earlier spring
phytoplankton blooms but weakening vertical nutrient
exchange through the summer which can reduce total annual
phytoplankton production (Yin et al. 1997; Weingartner
et al. 2005; Thomson et al. 2012). Observations already show
a decline in the salinity of coastal surface waters in British

Columbia since records began in the 1940s (Chandler 2021).
Changes in spring phytoplankton bloom timing can create a
mismatch with zooplankton life cycles, impacting zooplank-
ton recruitment (Tommasi et al. 2013) and dependent con-
sumers (Schweigert et al. 2013). Intensification of summer
stratification, in addition to reducing production, favors
smaller phytoplankton species and flagellates, and
mixotrophic and heterotrophic communities (Harrison

Fig. 5. Overview of climate change and other anthropogenic impacts on the land–ocean system in the North Pacific Coastal Temperate Rainforest
region. Arrows within text bubbles indicate direction of change (see Table for supporting literature).
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et al. 1983; Sommer et al. 2002; Vargas et al. 2012), altering
food web structure and nutritional dynamics (Finkel 2007;
Winder et al. 2017; Lerner et al. 2022; McLaskey et al. 2022).
Stratified conditions are also conducive to blooms of some
harmful algal taxa (Esenkulova et al. 2021); however, harmful
taxa are diverse both taxonomically and in response to physi-
cal and chemical conditions (Paerl and Otten 2013; Dodrill
et al. 2023), and further research is required to understand
their response to change in CTR regions. The cumulative
effect of increased freshwater discharge should strengthen the
Alaska Coastal Current (ACC) and along-shelf connectivity in
the NPCTR coastal ocean, while the cross-shelf extent of the
ACC may become more dynamic due to the predicted intensi-
fication of upwelling and downwelling (Foreman et al. 2011).
Intensification of winter downwelling will promote the forma-
tion of eddies, which increase the transport of freshwater and
associated materials such as iron into the Offshore Zone,
strengthening cross-shelf connectivity and offshore primary
production.

In the short-term, enhanced glacier melting will increase
the supply of labile DOC to fjords (Milner et al. 2017). Higher
OC exports are likely to lead to increased heterotrophic pro-
duction and intensification of microbial food web pathways
(Wikner and Andersson 2012). Oxygen in British Columbia
deep fjord water has decreased by 20% over the past 70 yr
(Jackson et al. 2021), possibly leading to increased frequency
of die-offs of deep-water fauna (including some species that
are tolerant of low oxygen) behind sills, as seen in Howe
Sound and Saanich Inlet in British Columbia (Levings 1980;
Chu and Tunnicliffe 2015). While some of this decline is
related to oceanic processes—for example rising temperatures
decreasing oxygen solubility and increasing remineralization
rates (Jackson et al. 2021), long water residence time in fjords
(Farmer and Freeland 1983), and bathymetry (Thomson
et al. 2017)—increased material inputs from the land may
have also been a factor through enhancement of
remineralization in deep waters. The projected increase in
inputs from land-terminating glacier melt is expected to
increase future alkalinity input from glacial discharges and
may somewhat compensate other drivers of coastal acidifica-
tion (Siedlecki et al. 2017; Pilcher et al. 2018). In the long term
(> 10 yr), reduced glacial runoff will decrease overall sediment
and nutrient yields to the coastal ocean, though OC contribu-
tions are likely to increase (Fellman et al. 2014).

Drier summers are associated with an increase in the occur-
rence and intensity of wildfires (Halofsky et al. 2020) and
occurrence of forest pests (Davis et al. 2013). Wildfires can sig-
nificantly increase watershed flux of metals (Magliozzi
et al. 2024) and OC, ON, and inorganic nutrients (Spencer
et al. 2003; Stephan et al. 2012; Aguilera and Melack 2018;
Granath et al. 2021; Barron et al. 2022), with the potential to
impact coastal water quality. Macro and micronutrient addi-
tions to the ocean also occur through ash deposition (Coward
et al. 2022; Hamilton et al. 2022), and this can enhance

microbial production (Ladd et al. 2023). Smoke from fires can
have a substantial environmental footprint. The extensive
wildfires in Australia in 2019 and 2020 yielded a smoke plume
that moved eastwards across the Tasman Sea to New Zealand,
causing a widespread phytoplankton bloom due to iron addi-
tion (Li et al. 2021; Tang et al. 2021). Snow darkening in
New Zealand increased snowmelt by � 0.41 � 0.2 cm day�1

during the southern summer, equivalent to the effect of
a � 1.8�C increase in air temperature (Pu et al. 2021). In the
NPCTR, enhanced deposition of black carbon from wildfires
would increase melt rates on the icefields that mantle coastal
mountain ranges (Kaspari et al. 2015; Nagorski et al. 2019).
Similar to wildfires, tree mortality due to forest pests changes
soil hydrology and biogeochemistry, increasing nutrient load-
ing in impacted watersheds (Clow et al. 2011), and may syner-
gistically increase the frequency and size of wildfires (Woo
et al. 2024). The projected increase in wildfire and forest pest
prevalence can therefore be expected to have strong and var-
ied effects on the land–ocean system in the NPCTR.

Anthropogenic land-use change also modifies the magni-
tude and composition of material exported from watersheds
(Aufdenkampe et al. 2011). Forested watersheds have higher
DOC and lower DIC yields than agricultural or grassland
watersheds, while agricultural land exports more DIN (Barnes
and Raymond 2009; Kindler et al. 2011; Pérez et al. 2015;
Curra-S�anchez et al. 2022). Within forested watersheds, log-
ging activity can increase the flux of DOC, DIN, and DON to
receiving watersheds (Kreutzweiser et al. 2008). Urbanization
and industrialization significantly impact freshwater and
materials flux. Impervious surfaces alter freshwater flow
regimes (Levin et al. 2020), and stormwater and wastewater
have significantly increased freshwater material loads, includ-
ing DIC and DIN concentrations, compared to forested and
agricultural watersheds, contributing to coastal eutrophication
(Brandenberger et al. 2008; Barnes and Raymond 2009; Savage
et al. 2010; Curra-S�anchez et al. 2022). Furthermore, high alka-
linity (� 2000 μmol L�1) of point sources (wastewater treat-
ment plants and industrial outfalls) associated with increasing
urbanization are predicted to alter net landscape fluxes of buff-
ering vs. acidifying inorganic carbon to coastal waters with
implications for calcifying organisms (Bianucci et al. 2018;
Moore-Maley et al. 2018).

Critical to the response of CTR oceans to land-use and asso-
ciated changes to freshwater and material inputs is the health
of the estuaries and wetlands that are the engine of the coastal
filter, where retention and transformation of terrestrial mate-
rials occurs (Carstensen et al. 2020; Ward et al. 2020). Conver-
sion of these habitats allows more terrestrial material to reach
the Coastal Transition Zone. This promotes increased hetero-
trophy in the pelagic environment and sediments, reducing
oxygen and shifting the balance of nutrient cycling away from
the coastal interface habitats, and increasing nearshore turbid-
ity with associated reduction in light penetration and primary
productivity of phytoplankton and submerged aquatic
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vascular plants and algae (Thom et al. 2008; Blain et al. 2021).
Furthermore, loss of the estuary and wetland filters exacer-
bates eutrophication and changes nutrient stoichiometry. This
can enhance phytoplankton production and shift phytoplank-
ton species composition, respectively, with an array of ecosys-
tem implications, including hypoxia, altered food web
pathways and nutrition (Howarth and Marino 2006; Peñuelas
et al. 2013; Winder et al. 2017), and harmful algal blooms
(Paerl and Otten 2013).

Although anthropogenic impacts on NPCTR estuaries and
wetlands are diverse and widespread (Emmett et al. 2000;
Kehoe et al. 2021), robust estuarine restoration programs can
reverse declines in the key services provided by these interface
habitats (Christie et al. 2018; Woo et al. 2021; Littles
et al. 2022; Hall et al. 2023). However, restoration programs
and coastal planning need to take into account sea level rise
as an important hydrodynamic factor in coastal change. The
magnitude of relative sea level rise in the NPCTR is highly spa-
tially variable due to tectonics, water withdrawals, glacial iso-
static rebound (Miller et al. 2018), and atmospheric cycles
affecting ocean temperature (Han et al. 2015; Wang
et al. 2019). Rates of sea level rise in the NPCTR were very low
between 1990 and 2010, but are projected to increase (Han
et al. 2015; Oppenheimer et al. 2019), threatening estuarine
and coastal wetland habitat, particularly in the southern por-
tion of the NPCTR. This is exacerbated by shoreline armoring
that limits scope for inland habitat migration (Dethier
et al. 2016), dams that settle sediment and limit the buffering
capacity of estuaries against erosion (Templeton and Jay
2013), habitat loss through land reclamation, and erosion
associated with increasing storm surge (Kennish 2001;
Soontiens et al. 2016).

Extreme events
Against the background of long-term climate change and

pervasive anthropogenic impacts, the NPCTR is becoming
increasingly affected by extreme events, intensifying the
changes outlined above and leading to more dynamic land–
ocean connections (Fig. 5). Climate change is driving an
increase in the intensity and frequency of droughts and
extreme precipitation events, such as those associated with
atmospheric rivers and synoptic weather patterns that trans-
port moisture from low to high latitudes (Radi�c et al. 2015;
Payne et al. 2020; Sharma and Déry 2020). For example, a
November 2021 atmospheric river event in British Columbia
led to an unseasonably extreme discharge event of the Fraser
River equivalent to the summer freshet (Gillett et al. 2022). An
increase in the occurrence of rain-on-snow events will further
contribute to an increase in short duration extreme discharge
events (Trubilowicz and Moore 2017; Musselman et al. 2018).
Extreme precipitation events enhance the mobilization and
delivery of terrestrial materials to the ocean (Fellman
et al. 2009; Johannessen et al. 2017; Johannessen et al. 2019),
including through landslides and debris flows (Jakob and

Lambert 2009; Gariano and Guzzetti 2016; Vascik et al. 2021;
Geertsema et al. 2022), and especially in drought, fire- and for-
est pest-affected landscapes (Smith et al. 2011; Harris
et al. 2015). Altered timing and magnitude of terrestrial inputs
due to extreme events can also affect primary production
levels and in turn influence the severity and duration of hyp-
oxia and acidification events in coastal and estuarine ecosys-
tems (Alin et al. 2024; Barth et al. 2024).

Similarly, heatwaves are expected to increase in frequency
and intensity (Oliver et al. 2018), which can amplify change
in NPCTR land–ocean interaction dynamics, for example, via
increased and earlier snow melt, and increased freshwater and
particle flux events (Johannessen et al. 2019; Gillett
et al. 2022). In addition, heat waves impose direct physiologi-
cal stress on NPCTR organisms in both terrestrial and aquatic
ecosystems, leading to changes in communities that reflect
the winners and losers in the face of extreme conditions
(Raymond et al. 2022). The June 2021 heatwave experienced
in the northeast Pacific region (Philip et al. 2021) had far-
reaching effects, including increased rates of glacial melt, wild-
fires, massive die-off of intertidal biota, and destabilized soils
causing fatal debris flows and flooding in parts of the region
with the extreme autumnal atmospheric river event that
followed (Gillett et al. 2022). Marine heatwaves can amplify
the response of the marine ecosystem to long-term warming-
driven changes, speeding up biogeographic range shifts and
biomass declines that will change the functional ecology of
the NPCTR, potentially impacting essential ecosystem services
at the land–ocean interface (Cheung et al. 2015; Cheung and
Frölicher 2020).

Recommendations for future research
We have outlined key internal processes (Fig. 4) and atten-

dant external stressors acting on the land–ocean interface sys-
tem (Fig. 5). Most of these stressors are already occurring and
increasing, and are projected to be amplified under future cli-
mate scenarios. While the current state of knowledge allows
stressors to be identified, several key gaps limit our under-
standing of potential consequences for marine ecosystems
(Table 1). Filling these knowledge gaps in the NPCTR and
other CTR regions requires new approaches that emphasize
land–ocean connections and encourage integration across dis-
ciplines. Below, we highlight four directions intended to sup-
port these aims.

Fill the nearshore and coastal transition zone
knowledge gap

Nearshore processes related to the fate of freshwater and
terrestrial material inputs are still poorly constrained in CTR
environments, in large part due to lack of observations in
these spatially heterogeneous zones. The Nearshore Zone, and
to a lesser extent the Coastal Transition Zone, are habitats that
typically fall outside of the sampling remit of the
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oceanographic surveys that are the basis of coastal water char-
acterization and observation. The inclusion of Nearshore and
Coastal Transition zone biogeochemical processes into
research about cross-shelf coastal dynamics is needed to
develop a more complete and integrated understanding of
land–ocean interactions in CTR regions. One of the challenges
with doing so is the higher-resolution spatial and temporal
features that must be sampled to resolve the processes and
interactions occurring in these zones. For example, small

plumes exist at scales of centimeters (vertically), not typically
measured by standard oceanographic methods. Yet, locally
and collectively at regional scales, small-scale processes that
are temporally variable may be critical to the fate of materials
transported by these small watershed outflows, and their role
in coastal ecosystems. The development and application of
new methods is required to resolve small plume dynamics, for
example, moorings, drones (aerial and underwater), high-
resolution satellite imagery, autonomous surface vessels,

Table 1. Knowledge gaps and associated key questions in coastal temperate rainforest (CTR) land–ocean systems.

Knowledge gap Key questions

Role of small watersheds in

CTR marine ecosystems

How do watershed characteristics predict the composition of material contributed to the coastal ocean?

What are the marine biogeochemical processes that determine that fate of materials emanating from small

watersheds?

How do marine biogeochemical processes scale, spatially and temporally, with watershed and plume size?

What are the cumulative effects of small watersheds on coastal ecosystems?

How do changing inputs of terrestrial material alter coastal biogeochemistry (e.g., hypoxia, acidification)?

Freshwater carbonate

system

How does the freshwater carbonate system vary across the full range of CTR watershed types?

How do contrasting land uses and geological characteristics of river basins determine the timing and composition of

river runoff and influence coastal ocean carbonate chemistry?

How does the interplay between river discharges and coastal upwelling influence the spatial/temporal variability

regime in carbonate chemistry?

Role of terrestrial

micronutrients in CTR

marine ecosystems

Are deep nearshore, coastal transition, and shelf zone habitats in CTR regions seasonally iron-limited?

What is the role of terrestrially derived iron in nearshore, coastal transition, and shelf zone primary production?

Role of terrestrial

macronutrients in CTR

marine ecosystems

What are the spatial and temporal patterns of marine macronutrient(s) limitation in CTR regions, and in nearshore

and coastal transition zones in particular?

How does freshwater macronutrient delivery contribute to limitation/replenishment in the marine environment?

Balance of autotrophy vs.

heterotrophy in CTR

marine ecosystems

How does the composition of terrestrial material effect autotrophy/heterotrophy ratios?

What are the spatial and temporal scales of autotrophy/heterotrophy ratios associated with terrestrial material flux?

What are the nutritional implications of autotrophy/heterotrophy ratios for marine food webs, for example, essential

fatty acid production, energy transfer efficiency, food chain length?

Transport and food web

uptake of terrestrial

organic matter

What approaches can be used to trace and quantify terrestrial material contributions to marine food webs despite its

transformation during trophic transfer?

What is the spatial and temporal variability of terrestrial subsidies to the marine ecosystem?

What are the nutritional implications of terrestrial materials for marine biota, for example, provision of essential fatty

acids and micronutrients?

Evolutionary consequences

of land–ocean

connections

What are organism dependencies across life stages and life history events on freshwater and terrestrial materials flux

in CTR regions?

How will organisms adapted to CTR land–ocean connections be affected by change?

The effects of extreme

events

What are the individual and synergistic effects of extreme events such as wildfire, landslides, and flooding on the

quantity, quality, and timing of terrestrial material exported to the marine environment?

What are the short- and long-term effects of extreme land–ocean connection events on marine biogeochemistry

and ecosystems in CTR regions?

Effects of anthropogenic

stressors on the land–

ocean system

What are the individual and synergistic effects of intensive human activities including forestry, agriculture,

aquaculture, hydropower, dredging, industrialization, urbanization and associated shoreline development on

land–ocean connections?

Hidden land–ocean

connections

What is the contribution of saline and fresh submarine groundwater discharge to micro and macronutrients in the

CTR coastal ocean?

What is the role of shelf canyons in transporting terrestrial materials to the deep ocean in CTR regions?
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surface-mounted multi-probe data loggers (e.g., temperature,
salinity, macronutrients, chl-a), and hydrodynamic modeling,
as well as new approaches that link information collected
across different spatial scales, from point source to coast-wide,
such as nested models. Resolving the biogeochemical pro-
cesses and signatures in small watersheds and their associated
plumes is needed to understand their role in CTR ecosystems
and guide responsible management and land-use planning for
these features that contribute more than half of the freshwater
reaching the coastal ocean in the NPCTR.

Biogeochemical processes at the land–ocean interface
Expanded research is needed to better understand the pro-

cesses that govern the transport, transformation, retention
and removal of freshwater and terrestrial material in Near-
shore, Coastal Transition, Shelf and Offshore zones, and their
effects on the marine ecosystem. There is a particular need for
research on unconstrained inputs to CTR marine ecosystems,
foremost among which are submarine groundwater discharge
and its controlling factors in watershed geology and hydrol-
ogy, and wildfire effects through modification of freshwater
biogeochemistry, material flux, and ash deposition. Micro-
cosm and mesocosm experiments are one approach to testing
hypotheses in a controlled environment to better understand
terrestrial material processing and its effect on the marine eco-
system (e.g., uptake of terrestrial DOC/DON by marine bacte-
ria). Experimental systems, real or modeled, can also be used
to explore how predicted changes in CTR ecosystems
(e.g., increased freshwater flows, acidification, increased tur-
bidity) are likely to impact biota, from individuals
(e.g., physiology, behavior, growth) to communities (e.g., food
web pathways, competitive interactions, functional proper-
ties). Opportunities exist for natural experiments through
engagement with restoration efforts, for example, dam
removal (Morley et al. 2020) and wetland restoration (Littles
et al. 2022), that build understanding of essential land–ocean
linkages and their roles at the habitat and community level.
Experimental case studies need to be complemented by obser-
vational programs that can resolve the effects of short- to
long-term change on the land–ocean system (Alin et al. 2024).

One area of particular importance is the balance of autotro-
phy vs. heterotrophy in CTR marine ecosystems. The large
input of terrestrial OM to CTR marginal oceans favors hetero-
trophic bacterial production over autotrophic production
(Dagg et al. 2004; Wikner and Andersson 2012), and this is
expected to increase under ongoing climate change and other
human impacts. This has consequences for the marine food
web, including shifting energy flow toward potentially less
efficient microbial pathways and reducing production of
essential fatty acids necessary for the health of higher trophic
level organisms. However, the relative contributions of autot-
rophy and heterotrophy associated with terrestrial inputs to
the marine ecosystem, and how these contributions scale
across the shelf, remain poorly understood and could be

addressed through the incorporation of more omics- and natu-
ral or experimental stable-isotope-based approaches.

Harmonize measurements across domains and disciplines
Comparable measurements of terrestrial, freshwater, and

marine ecosystem properties are a necessary step toward an
integrative understanding of land–ocean interactions. From a
biogeochemical perspective, oceanographers often focus on
macronutrients. Doing so can bias understanding of coastal
food webs toward inputs affecting autotrophic production,
while ignoring significant microelement and OM contribu-
tions. Basic surveys at the land–ocean interface should
include measurements of turbidity, water temperature, dis-
solved oxygen, total dissolved nitrogen, ammonium, DOC,
POC, and iron (Fe), in addition to the major macronutrients
and fatty acids. Though it is acknowledged that some of
these measurements may be more challenging to make in
marine waters due to lower concentration and analytical
salinity effects, they are necessary to fully resolve ecosystem
processes in coastal waters (Ward et al. 2020). Harmonization
of measurements also requires standardization of methods
used. Establishing a common suite of measurements across
marine and freshwater, and method standardization, would
benefit from workshops and working groups that connect
researchers across domains and disciplines. Importantly, data
suitable to answer some of the research questions
highlighted in Table 1 may already exist in unpublished
datasets, and collaborative initiatives would provide a forum
to discuss and share these data. Adoption of FAIR data
principals—Findability, Accessibility, Interoperability, and
Reusability—across land–ocean research domains would sup-
port integrated knowledge development in future initiatives
(Wilkinson et al. 2016).

Conduct integrated land-to-ocean field surveys that draw
on diverse knowledge types

Transdisciplinary collaborative surveys have the potential
to link scientists in terrestrial freshwater, coastal, and marine
research disciplines (e.g., geomorphology, hydrology, biogeo-
chemistry, ecology) through simultaneous integrative
watershed-to-shelf surveys. With careful sampling design and
timing, such surveys could vastly increase understanding of
the land–ocean continuum, including key environmental fac-
tors describing stepping stone regions or “control points”
(Bernhardt et al. 2017) where heightened transport, transfor-
mation, retention, and removal of materials occurs. Such a
meta-ecosystem approach acknowledges the strength of the
connections between land and ocean in CTR regions. Data
collected in integrated surveys could feed back into marine
ecosystem models that are explicitly developed to incorporate
terrestrial inputs. Taking steps in this direction will foster posi-
tive feedback between models, experiments, and field surveys,
and support crossing the land–ocean disciplinary divide. Such
integration could be further enhanced through the inclusion
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of traditional ecological knowledge and indigenous world
views that already embody an understanding of interconnec-
tedness across the land–ocean continuum (Wolf et al. 1995;
Thornton 2017; Enyew et al. 2021; Tulloch et al. 2024).

Conclusions
In writing this review, our intention was to advance a

conceptual understanding of the unique physical, chemical,
and biological processes occurring at the land–ocean inter-
face in CTR regions, and their roles in structuring marine
ecosystem dynamics. Although we specifically use the
NPCTR as a model system, the defining characteristics, pro-
cesses, and future challenges are applicable and relevant to
CTR systems globally. To date, global research around land–
ocean interactions and emerging conceptual frameworks
have focused on the largest watersheds draining into low-
latitude subtropical and tropical oceans (30� S to 30� N).
However, CTR regions differ from low-latitude regions in
many fundamental aspects, both terrestrial and marine. Sea-
sonality is intense and this governs discharge and material
transport cycles, incident light, and productivity in both
terrestrial and aquatic environments. Watersheds are
diverse, varying in their contributions of rain, snow, and
ice to discharge volume, timing, gradients, and energy. Fur-
thermore, small coastal watersheds contribute dispropor-
tionately to total discharge volume. Importantly, the
temperate and subarctic oceans that CTR regions empty
into differ from the oligotrophic low-latitude oceans of
tropical and subtropical rivers in being largely eutrophic.
This has often been cited as a reason for terrestrial inputs
being more important in low-latitude marine ecosystems;
however, it is clear from the evidence presented in this
review that freshwater and terrestrial materials are a critical
ingredient in the structure and function of marine ecosys-
tems in CTR regions. The spatial and temporal scales of
land–ocean interactions in CTR regions vary from those of
tiny freshwater plumes to the cumulative effects of freshwa-
ter and material fluxes across the Nearshore to Offshore
zones. While the importance of terrestrial inputs to CTR
marine ecosystems is apparent, critical knowledge gaps
remain, which must be filled so as to advance an integrated
understanding of the CTR meta-ecosystem. An integrated,
transdisciplinary approach is necessary to understand and
predict CTR marine ecosystem responses to climate change
combined with other anthropogenic stressors. Such research
efforts will provide critical and urgent information to better
inform adaptation to climate change, land-use practices that
support functionality of the land–ocean meta-ecosystem, and
management responses to the extreme events—including
heatwaves, fire, and flooding and their downstream impacts—
that are occurring almost annually and impacting valued bene-
fits from recreation to fisheries.

Data availability statement
There are no new data associated with this publication. It is

based on assessment of the literature or previously published
data sources.
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Bednaršek, N., G. Pelletier, A. Ahmed, and R. A. Feely. 2020.
Chemical exposure due to anthropogenic ocean acidifica-
tion increases risks for estuarine calcifiers in the Salish Sea:
Biogeochemical model scenarios. Front. Mar. Sci. 7: 580.
doi:10.3389/fmars.2020.00580

Bednaršek, N., and others. 2021. Integrated assessment of
ocean acidification risks to pteropods in the northern high
latitudes: Regional comparison of exposure, sensitivity and
adaptive capacity. Front. Mar. Sci. 8: 671497. doi:10.3389/
fmars.2021.671497

Bell, C. R., and L. J. Albright. 1981. Attached and free-floating
bacteria in the Fraser River estuary, British Columbia,
Canada. Mar. Ecol. Prog. Ser. 6: 317–327. doi:10.3354/
meps006317

Berger, H. M., and others. 2021. Seasonality and life history
complexity determine vulnerability of Dungeness crab to
multiple climate stressors. AGU Adv. 2: e2021AV000456.
doi:10.1029/2021AV000456

Bernhardt, E. S., J. R. Blaszczak, C. D. Ficken, M. L. Fork, K. E.
Kaiser, and E. C. Seybold. 2017. Control points in ecosys-
tems: Moving beyond the hot spot hot moment concept.
Ecosystems 20: 665–682. doi:10.1007/s10021-016-0103-y

Bianchi, T. S. 2011. The role of terrestrially derived organic
carbon in the coastal ocean: A changing paradigm and the
priming effect. Proc. Natl. Acad. Sci. 108: 19473–19481.
doi:10.1073/pnas.1017982108

Bianchi, T. S., and others. 2020. Fjords as aquatic critical zones
(ACZs). Earth Sci. Rev. 203: 103145. doi:10.1016/j.
earscirev.2020.103145

Bianucci, L., K. L. Denman, and D. Ianson. 2011. Low oxygen
and high inorganic carbon on the Vancouver Island shelf.
J. Geophys. Res. Oceans 116: C07011. doi:10.1029/
2010JC006720

Bianucci, L., and others. 2018. Sensitivity of the regional
ocean acidification and carbonate system in Puget Sound to
ocean and freshwater inputs. Elementa 6: 22. doi:10.1525/
elementa.151

Bidlack, A. L., and others. 2021. Climate-mediated changes to
linked terrestrial and marine ecosystems across the North-
east Pacific coastal temperate rainforest margin. Bioscience
71: 581–595. doi:10.1093/biosci/biaa171

Blain, C. O., S. C. Hansen, and N. T. Shears. 2021. Coastal
darkening substantially limits the contribution of kelp to
coastal carbon cycles. Glob. Chang. Biol. 27: 5547–5563.
doi:10.1111/gcb.15837

Bliss, A., R. Hock, and V. Radi�c. 2014. Global response of gla-
cier runoff to twenty-first century climate change.
J. Geophys. Res. Earth 119: 717–730. doi:10.1002/
2013JF002931

Boldt, K. V., C. A. Nittrouer, and A. S. Ogston. 2013. Seasonal
transfer and net accumulation of fine sediment on a muddy
tidal flat: Willapa Bay, Washington. Cont. Shelf Res. 60:
S157–S172. doi:10.1016/j.csr.2012.08.012

Borde, A. B., H. L. Diefenderfer, V. I. Cullinan, S. A.
Zimmerman, and R. M. Thom. 2020. Ecohydrology of wet-
land plant communities along an estuarine to tidal river
gradient. Ecosphere 11: e03185. doi:10.1002/ecs2.3185

Borde, A. B., R. M. Thom, S. Rumrill, and L. M. Miller. 2003.
Geospatial habitat change analysis in Pacific northwest
coastal estuaries. Estuaries 26: 1104–1116. doi:10.1007/
BF02803367

Bouwman, A. F., and others. 2013. Nutrient dynamics, transfer
and retention along the aquatic continuum from land to
ocean: Towards integration of ecological and biogeochemi-
cal models. Biogeosciences 10: 1–22. doi:10.5194/bg-10-1-
2013

Boyd, P. W., and others. 1998. Atmospheric iron supply and
enhanced vertical carbon flux in the NE subarctic Pacific: Is
there a connection? Global Biogeochem. Cycles 12: 429–
441. doi:10.1029/98GB00745

Brand, M. W., and others. 2023. Impacts of a Cascadia subduc-
tion zone earthquake on water levels and wetlands of the
lower Columbia River and estuary. Geophys. Res. Lett. 50:
e2023GL103017. doi:10.1029/2023GL103017

Brandenberger, J. M., E. A. Crecelius, and P. Louchouarn.
2008. Historical inputs and natural recovery rates for heavy
metals and organic biomarkers in Puget Sound during the
20th century. Environ. Sci. Technol. 42: 6786–6790. doi:
10.1021/es703099c

Brandenberger, J. M., P. Louchouarn, and E. A. Crecelius.
2011. Natural and post-urbanization signatures of hypoxia
in two basins of Puget Sound: Historical reconstruction of
redox sensitive metals and organic matter inputs. Aquat.
Geochem. 17: 645–670. doi:10.1007/s10498-011-9129-0

Breckenridge, J., E. Pakhomov, S. Emry, and N. Mahara. 2020.
Copepod assemblage dynamics in a snowmelt-dominated

Hunt et al. Temperate rainforest land–ocean meta-ecosystems

3082

 19395590, 2024, 12, D
ow

nloaded from
 https://aslopubs.onlinelibrary.w

iley.com
/doi/10.1002/lno.12724 by B

attelle M
em

orial Institute, W
iley O

nline L
ibrary on [30/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.chemgeo.2009.06.018
https://doi.org/10.1007/s11270-022-05844-x
https://doi.org/10.1007/s11270-022-05844-x
https://doi.org/10.1038/s41598-024-54476-0
https://doi.org/10.1038/s41598-024-54476-0
https://doi.org/10.1029/2019JC015737
https://doi.org/10.1002/2016WR020033
https://doi.org/10.3389/fmars.2020.00580
https://doi.org/10.3389/fmars.2021.671497
https://doi.org/10.3389/fmars.2021.671497
https://doi.org/10.3354/meps006317
https://doi.org/10.3354/meps006317
https://doi.org/10.1029/2021AV000456
https://doi.org/10.1007/s10021-016-0103-y
https://doi.org/10.1073/pnas.1017982108
https://doi.org/10.1016/j.earscirev.2020.103145
https://doi.org/10.1016/j.earscirev.2020.103145
https://doi.org/10.1029/2010JC006720
https://doi.org/10.1029/2010JC006720
https://doi.org/10.1525/elementa.151
https://doi.org/10.1525/elementa.151
https://doi.org/10.1093/biosci/biaa171
https://doi.org/10.1111/gcb.15837
https://doi.org/10.1002/2013JF002931
https://doi.org/10.1002/2013JF002931
https://doi.org/10.1016/j.csr.2012.08.012
https://doi.org/10.1002/ecs2.3185
https://doi.org/10.1007/BF02803367
https://doi.org/10.1007/BF02803367
https://doi.org/10.5194/bg-10-1-2013
https://doi.org/10.5194/bg-10-1-2013
https://doi.org/10.1029/98GB00745
https://doi.org/10.1029/2023GL103017
https://doi.org/10.1021/es703099c
https://doi.org/10.1007/s10498-011-9129-0


estuary. Estuaries Coasts 43: 1502–1518. doi:10.1007/
s12237-020-00722-3

Broull�on, D., and others. 2020. A global monthly climatology
of oceanic total dissolved inorganic carbon: A neural net-
work approach. Earth Syst. Sci. Data 12: 1725–1743. doi:10.
5194/essd-12-1725-2020

Bruland, K. W., E. L. Rue, and G. J. Smith. 2001. Iron and mac-
ronutrients in California coastal upwelling regimes: Impli-
cations for diatom blooms. Limnol. Oceanogr. 46: 1661–
1674. doi:10.4319/lo.2001.46.7.1661

Callaway, J. C., A. B. Borde, H. L. Diefenderfer, V. T. Parker,
J. M. Rybczyk, and R. M. Thom. 2012. Pacific coast tidal
wetlands, p. 103–116. In D. P. Batzer and A. H. Baldwin
[eds.], Wetland habitats of North America: Ecology and
conservation concerns. Univ. of California Press. doi:10.
1525/9780520951419-010

Carmack, E., P. Winsor, and W. Williams. 2015. The contigu-
ous panarctic riverine coastal domain: A unifying concept.
Prog. Oceanogr. 139: 13–23. doi:10.1016/j.pocean.2015.
07.014

Carstensen, J., and others. 2020. Factors regulating the coastal
nutrient filter in the Baltic Sea. Ambio 49: 1194–1210. doi:
10.1007/s13280-019-01282-y

Chan, F., and others. 2017. Persistent spatial structuring of
coastal ocean acidification in the California current system.
Sci. Rep. 7: 2526. doi:10.1038/s41598-017-02777-y

Chandler, P. C. 2021. Sea surface temperature and salinity
observed at shore stations and weather buoys along the
B.C. coast in 2020, p. 40–43. In J. L. Boldt, A. Javorski, and
P. C. Chandler [eds.], State of the physical, biological
and selected fishery resources of Pacific Canadian marine
ecosystems in 2020. Canadian technical reports in fisheries
and aquatic science. https://waves-vagues.dfo-mpo.gc.ca/
library-bibliotheque/41067113.pdf

Chapman, P. M., and R. O. Brinkhurst. 1981. Seasonal
changes in interstitial salinities and seasonal movements of
subtidal benthic invertebrates in the Fraser River estuary, B.
C. Estuar. Coast. Shelf Sci. 12: 49–66. doi:10.1016/S0302-
3524(81)80117-X

Chase, Z., A. van Geen, P. M. Kosro, J. Marra, and P. A.
Wheeler. 2002. Iron, nutrient, and phytoplankton distribu-
tions in Oregon coastal waters. J. Geophys. Res. Oceans
107: 38-1–38-17. doi:10.1029/2001JC000987

Chase, Z., P. G. Strutton, and B. Hales. 2007. Iron links river
runoff and shelf width to phytoplankton biomass along
the U.S. west coast. Geophys. Res. Lett. 34: L04607. doi:10.
1029/2006GL028069

Cheung, W. W. L., R. D. Brodeur, T. A. Okey, and D. Pauly.
2015. Projecting future changes in distributions of pelagic
fish species of Northeast Pacific shelf seas. Prog. Oceanogr.
130: 19–31. doi:10.1016/j.pocean.2014.09.003

Cheung, W. W. L., and T. L. Frölicher. 2020. Marine
heatwaves exacerbate climate change impacts for fisheries

in the northeast Pacific. Sci. Rep. 10: 6678. doi:10.1038/
s41598-020-63650-z

Christie, P., D. Fluharty, H. Kennard, R. Pollnac, B. Warren,
and T. Williams. 2018. Policy pivot in Puget Sound: Lessons
learned from marine protected areas and tribally-led estua-
rine restoration. Ocean Coast. Manag. 163: 72–81. doi:10.
1016/j.ocecoaman.2018.05.020

Chu, J. W. F., and V. Tunnicliffe. 2015. Oxygen limitations on
marine animal distributions and the collapse of epibenthic
community structure during shoaling hypoxia. Glob.
Chang. Biol. 21: 2989–3004. doi:10.1111/gcb.12898

Clow, D. W., C. Rhoades, J. Briggs, M. Caldwell, and W. M.
Lewis. 2011. Responses of soil and water chemistry to
mountain pine beetle induced tree mortality in Grand
County, Colorado, USA. Appl. Geochem. 26: S174–S178.
doi:10.1016/j.apgeochem.2011.03.096

Compton, J. E., M. R. Church, S. T. Larned, and W. E. Hogsett.
2003. Nitrogen export from forested watersheds in the Ore-
gon coast range: The role of N2-fixing red Alder. Ecosystems
6: 773–785. doi:10.1007/s10021-002-0207-4

Conley, D., M. Sommer, J. D. Meunier, D. Kaczorek, and L.
Saccone. 2006. Silicon in the terrestrial biogeosphere,
p. 13–28. In V. Ittekkot, D. Unger, C. Humborg, and N. Tac
An [eds.], The silicon cycle: Human perturbations and
impacts on aquatic systems. Island Press.

Conway-Cranos, L., and others. 2015. Stable isotopes and
oceanographic modeling reveal spatial and trophic connec-
tivity among terrestrial, estuarine, and marine environ-
ments. Mar. Ecol. Prog. Ser. 533: 15–28. doi:10.3354/
meps11318

Coward, E. K., K. Seech, M. L. Carter, R. E. Flick, and V. H.
Grassian. 2022. Of sea and smoke: Evidence of marine dis-
solved organic matter deposition from 2020 Western
United States wildfires. Environ. Sci. Technol. Lett. 9: 869–
876. doi:10.1021/acs.estlett.2c00383

Crawford, W. R., P. J. Brickley, and A. C. Thomas. 2007. Meso-
scale eddies dominate surface phytoplankton in northern
Gulf of Alaska. Prog. Oceanogr. 75: 287–303. doi:10.1016/j.
pocean.2007.08.016

Crump, B. C., and J. A. Baross. 1996. Particle-attached bacteria
and heterotrophic plankton associated with the Columbia
River estuarine turbidity maxima. Mar. Ecol. Prog. Ser. 138:
265–273. doi:10.3354/meps138265

Crump, B. C., and others. 2017. Quantity and quality of par-
ticulate organic matter controls bacterial production in the
Columbia River estuary. Limnol. Oceanogr. 62: 2713–2731.
doi:10.1002/lno.10601

Crusius, J., A. W. Schroth, J. A. Resing, J. Cullen, and R. W.
Campbell. 2017. Seasonal and spatial variabilities in north-
ern Gulf of Alaska surface water iron concentrations driven
by shelf sediment resuspension, glacial meltwater, a
Yakutat eddy, and dust. Global Biogeochem. Cycles 31:
942–960. doi:10.1002/2016GB005493

Hunt et al. Temperate rainforest land–ocean meta-ecosystems

3083

 19395590, 2024, 12, D
ow

nloaded from
 https://aslopubs.onlinelibrary.w

iley.com
/doi/10.1002/lno.12724 by B

attelle M
em

orial Institute, W
iley O

nline L
ibrary on [30/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1007/s12237-020-00722-3
https://doi.org/10.1007/s12237-020-00722-3
https://doi.org/10.5194/essd-12-1725-2020
https://doi.org/10.5194/essd-12-1725-2020
https://doi.org/10.4319/lo.2001.46.7.1661
https://doi.org/10.1525/9780520951419-010
https://doi.org/10.1525/9780520951419-010
https://doi.org/10.1016/j.pocean.2015.07.014
https://doi.org/10.1016/j.pocean.2015.07.014
https://doi.org/10.1007/s13280-019-01282-y
https://doi.org/10.1038/s41598-017-02777-y
https://waves-vagues.dfo-mpo.gc.ca/library-bibliotheque/41067113.pdf
https://waves-vagues.dfo-mpo.gc.ca/library-bibliotheque/41067113.pdf
https://doi.org/10.1016/S0302-3524(81)80117-X
https://doi.org/10.1016/S0302-3524(81)80117-X
https://doi.org/10.1029/2001JC000987
https://doi.org/10.1029/2006GL028069
https://doi.org/10.1029/2006GL028069
https://doi.org/10.1016/j.pocean.2014.09.003
https://doi.org/10.1038/s41598-020-63650-z
https://doi.org/10.1038/s41598-020-63650-z
https://doi.org/10.1016/j.ocecoaman.2018.05.020
https://doi.org/10.1016/j.ocecoaman.2018.05.020
https://doi.org/10.1111/gcb.12898
https://doi.org/10.1016/j.apgeochem.2011.03.096
https://doi.org/10.1007/s10021-002-0207-4
https://doi.org/10.3354/meps11318
https://doi.org/10.3354/meps11318
https://doi.org/10.1021/acs.estlett.2c00383
https://doi.org/10.1016/j.pocean.2007.08.016
https://doi.org/10.1016/j.pocean.2007.08.016
https://doi.org/10.3354/meps138265
https://doi.org/10.1002/lno.10601
https://doi.org/10.1002/2016GB005493


Crusius, J., A. W. Schroth, S. Gass�o, C. M. Moy, R. C. Levy,
and M. Gatica. 2011. Glacial flour dust storms in the Gulf
of Alaska: Hydrologic and meteorological controls and their
importance as a source of bioavailable iron. Geophys. Res.
Lett. 38: L06602. doi:10.1029/2010GL046573

Cuevas, L. A., F. J. Tapia, J. L. Iriarte, H. E. Gonz�alez, N. Silva,
and C. A. Vargas. 2019. Interplay between freshwater
discharge and oceanic waters modulates phytoplankton
size-structure in fjords and channel systems of the Chilean
Patagonia. Prog. Oceanogr. 173: 103–113. doi:10.1016/j.
pocean.2019.02.012

Cullen, J. T., M. Chong, and D. Ianson. 2009. British Colum-
bian continental shelf as a source of dissolved iron to the
subarctic northeast Pacific Ocean. Global Biogeochem.
Cycles 23: GB4012. doi:10.1029/2008GB003326

Curra-S�anchez, E. D., and others. 2022. Contrasting land-uses
in two small river basins impact the colored dissolved
organic matter concentration and carbonate system along a
river-coastal ocean continuum. Sci. Total Environ. 806:
150435. doi:10.1016/j.scitotenv.2021.150435

D’Amore, D. V., C.-L. Ping, and P. A. Herendeen. 2015. Hydro-
morphic soil development in the coastal temperate
rainforest of Alaska. Soil Sci. Soc. Am. J. 79: 698–709. doi:
10.2136/sssaj2014.08.0322

Dagg, M., R. Benner, S. Lohrenz, and D. Lawrence. 2004.
Transformation of dissolved and particulate materials on
continental shelves influenced by large rivers: Plume pro-
cesses. Cont. Shelf Res. 24: 833–858. doi:10.1016/j.csr.
2004.02.003

Davis, J. M., C. V. Baxter, E. J. Rosi-Marshall, J. L. Pierce, and
B. T. Crosby. 2013. Anticipating stream ecosystem
responses to climate change: Toward predictions that incor-
porate effects via land—Water linkages. Ecosystems 16:
909–922. doi:10.1007/s10021-013-9653-4

Davis, K. A., and others. 2014. Estuary-enhanced upwelling of
marine nutrients fuels coastal productivity in the
U.S. Pacific northwest. J. Geophys. Res. Oceans 119: 8778–
8799. doi:10.1002/2014JC010248

Dean, T. A., L. Haldorson, D. R. Laur, S. C. Jewett, and A.
Blanchard. 2000. The distribution of nearshore fishes in
kelp and eelgrass communities in Prince William sound,
Alaska: Associations with vegetation and physical habitat
characteristics. Environ. Biol. Fishes 57: 271–287. doi:10.
1023/A:1007652730085

Degerman, R., R. Lefébure, P. Byström, U. Båmstedt, S.
Larsson, and A. Andersson. 2018. Food web interactions
determine energy transfer efficiency and top consumer
responses to inputs of dissolved organic carbon.
Hydrobiologia 805: 131–146. doi:10.1007/s10750-017-
3298-9

DellaSala, D. A. 2011. Temperate and boreal rainforests of the
world: Ecology and conservation. Island Press.

Dethier, M. N., and others. 2016. Multiscale impacts of
armoring on Salish Sea shorelines: Evidence for cumulative

and threshold effects. Estuar. Coast. Shelf Sci. 175: 106–
117. doi:10.1016/j.ecss.2016.03.033

Dickson, A. G., C. L. Sabine, and J. R. Christian. 2007. Guide
to best practices for ocean CO2 measurements. PICES Spe-
cial Publication 3, 191 pp.

Diefenderfer, H. L., A. B. Borde, and V. I. Cullinan. 2021.
Floodplain wetland channel planform, cross-sectional mor-
phology, and sediment characteristics along an estuarine to
tidal river gradient. J. Geophys. Res. Earth 126:
e2019JF005391. doi:10.1029/2019JF005391

Diefenderfer, H. L., and D. R. Montgomery. 2009. Pool
spacing, channel morphology, and the restoration of tidal
forested wetlands of the Columbia River, U.S.A. Restor.
Ecol. 17: 158–168. doi:10.1111/j.1526-100X.2008.00449.x

Dodrill, T. N., Y. Pan, and T. D. Peterson. 2023. River dis-
charge mediates extent of phytoplankton and harmful algal
bloom habitat in the Columbia River estuary (USA) during
North Pacific marine heat waves. Estuaries Coasts 46: 166–
181. doi:10.1007/s12237-022-01129-y

Duarte, C. M., and others. 2013. Is ocean acidification an
open-ocean syndrome? Understanding anthropogenic
impacts on seawater pH. Estuaries Coasts 36: 221–236. doi:
10.1007/s12237-013-9594-3

Edwards, R. T., and others. 2021. Riverine dissolved organic
carbon and freshwater export in the eastern Gulf of Alaska.
J. Geophys. Res. Biogeo. 126: e2020JG005725. doi:10.1029/
2020JG005725

Emmett, R., and others. 2000. Geographic signatures of north
American west coast estuaries. Estuaries 23: 765–792. doi:
10.2307/1352998

Enyew, E. L., M. P. Poto, and A. Tsiouvalas. 2021. Beyond bor-
ders and states: Modelling ocean connectivity according to
indigenous cosmovisions. Arctic Rev. 12: 207–221. doi:10.
23865/arctic.v12.3290

Esenkulova, S., K. D. Suchy, R. Pawlowicz, M. Costa, and I. A.
Pearsall. 2021. Harmful algae and oceanographic conditions
in the Strait of Georgia, Canada based on citizen science
monitoring. Front. Mar. Sci. 8: 725092. doi:10.3389/fmars.
2021.725092

Etherington, L., P. Hooge, E. Hooge, and D. Hill. 2007. Ocean-
ography of Glacier Bay, Alaska: Implications for biological
patterns in a glacial fjord estuary. Estuaries Coasts 30: 927–
944. doi:10.1007/BF02841386

Evans, W., B. Hales, and P. G. Strutton. 2013. pCO2 distribu-
tions and air–water CO2 fluxes in the Columbia River estu-
ary. Estuar. Coast. Shelf Sci. 117: 260–272. doi:10.1016/j.
ecss.2012.12.003

Evans, W., G. T. Lebon, C. D. Harrington, Y. Takeshita, and A.
Bidlack. 2022. Marine CO2 system variability along the north-
east Pacific inside passage determined from an Alaskan ferry.
Biogeosciences 19: 1277–1301. doi:10.5194/bg-19-1277-2022

Evans, W., J. T. Mathis, and J. N. Cross. 2014. Calcium carbon-
ate corrosivity in an Alaskan inland sea. Biogeosciences 11:
365–379. doi:10.5194/bg-11-365-2014

Hunt et al. Temperate rainforest land–ocean meta-ecosystems

3084

 19395590, 2024, 12, D
ow

nloaded from
 https://aslopubs.onlinelibrary.w

iley.com
/doi/10.1002/lno.12724 by B

attelle M
em

orial Institute, W
iley O

nline L
ibrary on [30/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1029/2010GL046573
https://doi.org/10.1016/j.pocean.2019.02.012
https://doi.org/10.1016/j.pocean.2019.02.012
https://doi.org/10.1029/2008GB003326
https://doi.org/10.1016/j.scitotenv.2021.150435
https://doi.org/10.2136/sssaj2014.08.0322
https://doi.org/10.1016/j.csr.2004.02.003
https://doi.org/10.1016/j.csr.2004.02.003
https://doi.org/10.1007/s10021-013-9653-4
https://doi.org/10.1002/2014JC010248
https://doi.org/10.1023/A:1007652730085
https://doi.org/10.1023/A:1007652730085
https://doi.org/10.1007/s10750-017-3298-9
https://doi.org/10.1007/s10750-017-3298-9
https://doi.org/10.1016/j.ecss.2016.03.033
https://doi.org/10.1029/2019JF005391
https://doi.org/10.1111/j.1526-100X.2008.00449.x
https://doi.org/10.1007/s12237-022-01129-y
https://doi.org/10.1007/s12237-013-9594-3
https://doi.org/10.1029/2020JG005725
https://doi.org/10.1029/2020JG005725
https://doi.org/10.2307/1352998
https://doi.org/10.23865/arctic.v12.3290
https://doi.org/10.23865/arctic.v12.3290
https://doi.org/10.3389/fmars.2021.725092
https://doi.org/10.3389/fmars.2021.725092
https://doi.org/10.1007/BF02841386
https://doi.org/10.1016/j.ecss.2012.12.003
https://doi.org/10.1016/j.ecss.2012.12.003
https://doi.org/10.5194/bg-19-1277-2022
https://doi.org/10.5194/bg-11-365-2014


Fang, X., X. Hou, X. Li, W. Hou, M. Nakaoka, and X. Yu.
2018. Ecological connectivity between land and sea: A
review. Ecol. Res. 33: 51–61. doi:10.1007/s11284-017-
1549-x

Farmer, D. M., and H. J. Freeland. 1983. The physical oceanog-
raphy of fjords. Prog. Oceanogr. 12: 147–219. doi:10.1016/
0079-6611(83)90004-6

Feely, R. A., B. R. Carter, S. R. Alin, N. Bednaršek, and D.
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