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Global change is leading to warming, acidification, and oxygen
loss in the ocean. In the Southern California Bight, an east-
ern boundary upwelling system, these stressors are exacerbated
by the localized discharge of anthropogenically enhanced nutri-
ents from a coastal population of 23 million people. Here, we
use simulations with a high-resolution, physical–biogeochemical
model to quantify the link between terrestrial and atmospheric
nutrients, organic matter, and carbon inputs and biogeochem-
ical change in the coastal waters of the Southern California
Bight. The model is forced by large-scale climatic drivers and
a reconstruction of local inputs via rivers, wastewater outfalls,
and atmospheric deposition; it captures the fine scales of ocean
circulation along the shelf; and it is validated against a large
collection of physical and biogeochemical observations. Local
land-based and atmospheric inputs, enhanced by anthropogenic
sources, drive a 79% increase in phytoplankton biomass, a 23%
increase in primary production, and a nearly 44% increase in sub-
surface respiration rates along the coast in summer, reshaping
the biogeochemistry of the Southern California Bight. Seasonal
reductions in subsurface oxygen, pH, and aragonite saturation
state, by up to 50 mmol m−3, 0.09, and 0.47, respectively, rival or
exceed the global open-ocean oxygen loss and acidification since
the preindustrial period. The biological effects of these changes
on local fisheries, proliferation of harmful algal blooms, water
clarity, and submerged aquatic vegetation have yet to be fully
explored.

coastal eutrophication | human impacts | acidification and oxygen loss |
marine habitats | Southern California upwelling ecosystem

Human emissions of carbon dioxide (CO2) to the atmosphere
are driving global trends of warming, acidification, and oxy-

gen (O2) loss in the ocean (1), with deleterious consequences for
marine ecosystems (2). In coastal regions, these global impacts
overlap with the effects of anthropogenic nutrient inputs, par-
ticularly in shallow and enclosed bodies of water (3–5). Coastal
eutrophication is most prominent in regions with large agricul-
tural footprints and densely populated urban areas, where it has
been linked to changes in ecosystem structure (6, 7) and declines
in pH and O2 concentrations (8, 9) that exacerbate the global
trends (5, 10, 11).

In the California Current, a productive coastal region that sup-
ports important fisheries (12), wind-driven upwelling drives high
biological productivity during spring and summer, exposing shelf
waters to low-pH and low-O2 conditions (13, 14). This natural
variability makes the California Current exceptionally vulnera-
ble to acidification and O2 loss from global change (11, 15, 16).
Strong upwelling and vigorous surface currents might suggest
a minor role for coastal eutrophication in exacerbating these

stressors (17); however, here, we find that the effect of local
anthropogenically enhanced nutrient loads cannot be dismissed
in this upwelling system.

Human activities are particularly intense in the Southern Cal-
ifornia Bight (SCB), an open embayment located between the
Baja California Peninsula and Point Conception in the South-
ern California Current. This region hosts a variety of marine
communities and hotspots of biodiversity (e.g., ref. 18), many
of which benefit from environmental protection as Marine Pro-
tected Areas [MPAs (19)]. It is also home to a population of
more than 23 million people, distributed along the coastline
from Tijuana to Santa Barbara (20). Point and nonpoint source
discharges to the ocean from this population are partitioned
across 19 urban outfalls that discharge effluent from 23 wastew-
ater treatment plants and 75 rivers, which release, on aver-
age, 8 million m3 d−1 of nutrient-enriched water to the ocean.
These nutrient sources rival natural upwelling in magnitude in
the coastal waters of the SCB (21), roughly doubling available
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nitrogen within a coastal band of a few tens of kilometers, and
making the SCB vulnerable to coastal eutrophication.

The SCB also hosts long-running monitoring programs that
make it one of the best observed coastal ecosystems in the
world. Among them, the California Cooperative Oceanic Fish-
eries Investigations (CalCOFI) program (22) samples the Bight
quarterly each year, collecting hydrographic and biogeochemi-
cal measurements in coordination with the Southern California
Coastal Ocean Observing System. These observations are aug-
mented nearshore by quarterly surveys of water column and
benthic parameters conducted collaboratively since 1990 by pub-
licly owned treatment works (POTW) agencies as a part of their
regulatory monitoring requirements (21, 23, 24). Yet, despite
these intense monitoring efforts, and demonstrated improve-
ments in benthic habitat conditions since adoption of the Clean
Water Act, the influence of anthropogenic nutrient inputs on the
pelagic habitats of the SCB remains poorly quantified, because
observations cannot be used to disentangle the relative effects of
local pollution, climate change, and natural variability.

In this study, we narrow this gap by conducting an assessment of
the fate and consequences of anthropogenic nutrients discharged
in the SCB, showing a range of cascading effects that could
threaten marine ecosystems and biodiversity in the region. We
conduct a series of simulations with a regional high-resolution,
physical-biogeochemical model (Materials and Methods). The
model is forced by realistic atmospheric fields and oceanic bound-
ary conditions and by a new reconstruction of natural, non-point-
source, and point-source river and ocean outfall discharges (25).
We use a submesoscale-resolving configuration of the model, run
at a horizontal resolution of 0.3 km over the SCB. This configura-

tion is part of a suite of progressively finer-resolution simulations
that translate global climate and circulation patterns to the coastal
scales over which the release, dispersal, and biological utilization
of anthropogenically enhanced nutrients occur. We show results
from two hindcast simulations run for the period from January
1997 to December 2000.

The first simulation (CTRL) represents the regional biogeo-
chemical dynamics in the absence of terrestrial nutrient inputs;
the second (ANTH) includes inputs of dissolved inorganic and
organic nitrogen and phosphorus, silicate, iron, and inorganic and
organic carbon from rivers, wastewater outfalls, and atmospheric
deposition (Materials and Methods). While these inputs contain
both natural and anthropogenic sources, we estimate that 97%
of total coastal nitrogen inputs are derived from point sources
of treated wastewater effluent, while 2% are derived from non-
point sources (urban and agricultural runoff) in the region (25).
Thus, ANTH largely simulates the effects of nutrient and carbon
enrichment of the SCB caused by human activities. The model
is validated against in situ physical and biogeochemical observa-
tions from the Bight monitoring program, CalCOFI, and other
data sources, including satellite observations (26). This valida-
tion shows an excellent agreement of the ANTH simulation with
observations of nutrients, O2, carbon, phytoplankton, and their
dynamics. The period from January 1997 to December 2000 is
chosen in order to capture the effects of the 1997–1998 El Niño.

Observed and Simulated Coastal Eutrophication
Eutrophication manifests as an increase of primary production
above natural levels (27). While the bulk of the SCB is char-
acterized by mesotrophic conditions (net primary production

B CA

D E

Fig. 1. Effects on coastal eutrophication in the SCB. (A–C) Four-year averages (January 1997 to December 2000) of surface chlorophyll concentration (mg
Chl m−3) from remote sensing and in situ data (A; filled circles are CalCOFI and POTW agency observations, and color contours satellite data) and from the
ANTH and CTRL simulations respectively (B and C). (D) Simulated monthly climatology of surface phytoplankton biomass concentration (mmol C m−3) in the
0- to 15-km coastal band of the Los Angeles and Orange County regions. The anthropogenic simulation (ANTH) is shown in red, and the control simulation
with no terrestrial inputs (CTRL) in blue. Percent values on top of the bars show the change caused by anthropogenically enhanced inputs; pink numbers
show the absolute difference between the two simulations. (E) Simulated (ANTH in red and CTRL in blue) and observed (green) probability distribution
function of daily surface chlorophyll in the same area as A–C at 10-m depth.
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>100 g C m−2 y−1) (27) away from the coast, a band of high
chlorophyll can be observed along the shelf, extending from
the coast to about 15 km offshore (Fig. 1 A–C), as observed
in ref. 28. Comparison of the CTRL and ANTH simulations
shows that upwelling and mixing alone cannot maintain this
high-chlorophyll band without the inclusion of anthropogenically
enhanced terrestrial and atmospheric inputs represented in the
ANTH simulation. Our simulations indicate that the persistent
coastal high phytoplankton biomass in the SCB differs from the
classic upwelling paradigm that dominates large swathes of the
California Current further north (26). In the SCB, upwelling
typically takes place between March and the beginning of sum-
mer, with a peak in April (Fig. 1D), when, in the absence of
land-based and atmospheric inputs (CTRL), it would support
average phytoplankton concentrations as high as 7 mmol C m−3

(1.1 mg Chl m−3) 0 to 15 km from the shore. During the
rest of the year, average phytoplankton concentrations would
rarely exceed this threshold. In contrast, anthropogenically
enhanced nutrient inputs (ANTH) drive coastal high phyto-
plankton biomass that consistently exceed 6 mmol C m−3 (1.1 mg
Chl m−3) year-round, with mean peak values observed in March
on the order of 13 mmol C m−3 (2.2 mg Chl m−3) (Fig. 1D).

On average, anthropogenically-enhanced nutrient inputs
cause a nearly 2-fold increase in coastal (0–15 km) phytoplankton
biomass concentrations (SI Appendix, Table S2), as compared to
coastal upwelling alone. These nutrient sources further alter the
spatial distribution of phytoplankton along the coast, dramati-
cally increasing the occurrence of localized, high phytoplankton
biomass (Fig. 1 B and E). While the largest concentrations driven
by natural upwelling are observed north of Ventura and along
the Santa Barbara coast in the CTRL simulation (26), terrestrial
nutrients inputs drive persistent, or “chronic,” high phytoplank-
ton biomass (24) along the Los Angeles and Orange County
coastlines (Fig. 1 B and C). Here, high-chlorophyll episodes
exceeding 8 mg Chl m−3 are seen in the ANTH simulation, in
agreement with observations (Fig. 1E). This increase in the fre-
quency and intensity of high-biomass episodes is encapsulated
by the frequency distribution of chlorophyll in the SCB (Fig.
1E), which reveals a doubling of the number of events exceeding
2.2 mg Chl m−3 and a nearly 20-fold increase for events
exceeding 5 mg Chl m−3.

Nutrient Sources Driving Coastal Eutrophication
Comparison of the ANTH and CTRL simulations shows that
nitrogen enrichment drives the persistent coastal high phyto-

plankton biomass in the SCB (Fig. 2). Nitrogen is the primary
limiting nutrient in the SCB (29), supplied to coastal waters
by oceanic and terrestrial pathways. The oceanic circulation
transports nitrate into the euphotic zone via upwelling and
mixing. Terrestrial sources introduce a combination of nitrate,
ammonium, and organic nitrogen via three major routes: atmo-
spheric deposition, rivers, and submarine wastewater outfalls.
The combined input from these three pathways, including Mex-
ican transboundary flows to the Tijuana River watershed into
US coastal waters, during January 1997 to December 2000 was
188,000 kg N d−1 (SI Appendix, Table S1). This represents
an estimated 75-fold increase relative to the natural terrestrial
sources that would have occurred during the preindustrial period
(25). Dissolved inorganic nitrogen loads during the present day
have declined ∼7% from the historic simulation period, due
to nitrogen management that has occurred at several POTWs
to support potable water recycling (25). These changes can be
contextualized by considering a longer time series of POTW
inputs and regulation of ocean discharges. These coastal out-
falls have no nitrogen limits in discharge permits, while inland
river nitrate and ammonium criteria have generally kept dis-
solved inorganic nitrogen concentrations below 70 mmol m−3

(25). Organic nitrogen loads from large POTWs (effluent dis-
charge > 2.19 m3 s−1) have declined 73% since the early 1970s,
due to improved organic solids management and reduction in
biological oxygen demand. In contrast, total dissolved inorganic
nitrogen loads from these outfalls have increased 35% from
the 1970s to the current day, because of a regional population
increases of 66%, although individual outfalls have documented
declines since their peaks in the 1990s (SI Appendix, Fig. S3).
Natural, point, and nonsource inputs directly to Mexican coastal
waters are not included in this simulation. The relative con-
tribution of land-based and atmospheric nutrient sources is
shown in SI Appendix, Table S1. Atmospheric deposition and
riverine runoff are minor pathways for coastal nitrogen inputs
relative to ocean outfalls, representing around 5% and 10%,
respectively, of the total coastal nitrogen inputs. POTW outfalls
released approximately 142,000 kg N d−1 of inorganic nitro-
gen to coastal waters in the SCB between January 1997 and
December 2000, mainly as dissolved ammonium, the concentra-
tion of which exceeds nitrate by tenfold to hundredfold in treated
wastewater.

Submarine outfalls were designed to release wastewater as
nutrient-enriched plumes below the pycnocline (30). Because
they are fresher than ambient seawater, these plumes rise to

Fig. 2. (A) Subsurface (30 to 45 m) ammonium (NH+
4 ) concentration (mmol m−3) averaged during summer (June to August between 1997 and 2000)

from the ANTH simulation (background color contours) and in situ observations (colored dots), showing the location and dispersal of ammonium-enriched
wastewater plumes near the coast. Blue stars show the location of three large POTW outfalls. A detailed illustration of the coast-wide inputs is presented in
SI Appendix, Fig. S1. Oceanic regions shallower than 30 m in the Santa Monica and San Pedro shelves are shown in white in A. (B and C) Dissolved inorganic
nitrogen (nitrate plus ammonium, NO−

3 + NH+
4 , in mmol m−3) averaged during winter along a cross-shore section in the Santa Monica Bay, shown by the

solid black line in A, where B is the ANTH simulation and C is the CTRL simulation. Weak wintertime stratification allows shoaling of buoyant plumes and
mixing, exposing anthropogenically enriched waters to the surface, evident in B.
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neutrally buoyant depths of about 30 to 45 m (26, 31) and then
are swept along isobaths by the alongshore-flowing coastal cur-
rent (Fig. 2A). The model simulations show that this release
strategy is mostly effective in preventing nutrients from reach-
ing the surface during the stratified summer season. However,
wintertime cooling, intense winds, and submesoscale circulation
events periodically deepen the surface mixed layer to encom-
pass wastewater, exposing excess nutrients to the euphotic zone
(Fig. 2).

Under natural conditions, ammonium concentrations would
rarely exceed 1 mmol N m−3 in the euphotic layer, a small con-
centration compared to nitrate (SI Appendix, Fig. S4). However,
both observations and the ANTH simulation commonly show
ammonium concentrations greater than 5 mmol N m−3, with
values up to 15 mmol N m−3, near San Pedro and in the Santa
Monica Bay, two regions heavily affected by POTW outfalls (Fig.
2 A and B; SI Appendix, Fig. S4). These high ammonium con-
centrations cannot be reconciled with the natural nitrogen cycle
in the region and are evidence of the entrainment of buoyant
wastewater nitrogen in surface waters (Fig. 2B; SI Appendix, Fig.
S4). Nitrogen-enriched waters are further swept into the variable
nearshore northward current that flows past the Orange County
and Los Angeles coastlines and dispersed over a wider region
toward the central and northern SCB. In the southern SCB, the
Point Loma POTW outfall near San Diego releases wastewater
deep enough that it generally remains below the reach of win-
tertime mixing; however, we caveat that these simulations do
not include wastewater inputs directly to watersheds of Playas
Rosario and Ensenada in northern Baja California.

Biogeochemical Consequences of Eutrophication
Amplification of Coastal Productivity. Coastwide, phytoplankton
productivity integrated over the euphotic zone (0 to 40 m)
increases from an average of 88 mmol C m−2 d−1 0 to 15 km
from the shore in the CTRL simulation to 109 mmol C m−2 d−1

in the ANTH simulation—a 23% enhancement. The largest dif-
ferences between the simulations are observed in the San Pedro
and Santa Monica Bays, where productivity increases by 80% and
42%, respectively, due to large local inputs (SI Appendix, Table
S3). Beyond these hotspots, productivity increases broadly along

the coast (Fig. 3 A and B), driven by the interplay between local
sources and horizontal transport, from 50% along Los Angeles
and Orange County, to 22% in Orange County, and about 24%
in Southern San Diego. Productivity and phytoplankton biomass
increase significantly during winter and early spring, when mixing
exposes nutrient-enriched waters to the surface. The interaction
between subsurface nutrient buildup, vertical mixing, and sur-
face productivity is further illustrated by the response to oceanic
variability during the October 1997 to March 1998 El Niño (SI
Appendix, Fig. S6). At the peak of this event, the deepening
of the pycnocline and anomalously strong stratification reduced
the input of nitrate to surface waters by natural upwelling (SI
Appendix, Fig. S7). Although rapidly nitrified (32) (SI Appendix,
Fig. S8), anthropogenically derived ammonium became the main
source of inorganic nitrogen to surface waters, driving the largest
amplification of primary production and maintaining levels sim-
ilar to regular coastal upwelling events, despite the widespread
decrease in productivity offshore.

Increase of Organic Matter Export. Because of uptake of ammo-
nium from anthropogenic sources, the ANTH simulation shows
a 23% increase in new production coastwide in the upper layer
(0 to 40 m), where 30 to 40% of the total primary production
is supported by external nitrogen inputs, one-third of which is
from land-based sources (SI Appendix, Table S3). This increase
in new production is balanced by a similar increase in organic
matter export, which is enhanced coastwide by about 24% (Fig.
3D; SI Appendix, Table S4). This is achieved in the model by a
shift in phytoplankton assemblages, which become dominated by
large phytoplankton and diatoms. This ecological reorganization
facilitates production of large aggregates that intensify the flux
of sinking organic matter (Fig. 3D; SI Appendix, Table S4). In
parallel, subduction and lateral transport of nonsinking organic
matter are also enhanced in the ANTH simulation.

Enhanced O2 Loss and Acidification. Following eutrophication,
inorganic carbon uptake and O2 production increase significantly
in the surface waters of the SCB (SI Appendix, Table S3), driv-
ing increased rates of remineralization at depth. In summer,
the average respiration rate between 40 and 80 m increases

Fig. 3. Biogeochemical effects of land-based and atmospheric nutrient inputs in the SCB. (A) Surface chlorophyll enhancement (%) in the ANTH simulation,
relative to the CTRL simulation. (B) Alongshore surface chlorophyll (green line) and vertically integrated net primary production (0 to 80 m, black line)
enhancement (%). (C) Subsurface (40 to 80 m) respiration enhancement (%). (D) Alongshore subsurface (40 to 80 m) respiration and carbon export enhance-
ment (%). (E) Absolute alongshore O2 (mmol m−3; blue line) and pH (seawater scale; red line) changes at 50-m depth. Values show spring and summer
averages between January 1997 and December 2000. Alongshore values are the averages between the coast and 15 km offshore. Note the nonlinear x axis
in B and D. Names of counties and their boundaries are labeled in orange in A and C.
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coastwide by 44% (Fig. 3 C and D; SI Appendix, Table
S5), from about 6.4 mmol O2 m−2 d−1 in the CTRL to
9.3 mmol O2 m−2 d−1 in the ANTH simulation—a value compa-
rable to other coastal regions affected by rapid O2 loss (17).

Spatial variations in respiration rates mirror those in the phy-
toplankton biomass and productivity response to eutrophication
(SI Appendix, Table S5). During the stratified late spring and
summer periods, O2 concentrations increase slightly at the sur-
face and decrease at depth (40 m) by up to 50 mmol m−3

(55 mmol m−3 during El Niño) coastwide, with larger reductions
in regions most affected by outfall discharge (Los Angeles and
Santa Monica) (Fig. 4A; SI Appendix, Table S6). This O2 deficit is
removed during well-mixed fall and winter periods (Fig. 4B).

Similarly, nutrient uptake drives an increase in surface pH and
in the saturation state of aragonite (ΩAr ), a form of calcium
carbonate mineral used by a variety of shell-building organ-
isms, while decreasing those variables at depth (Fig. 4 B–D).
Subsurface acidification (Fig. 4F) follows seasonal and interan-
nual patterns similar to O2 loss (Fig. 4C) and is also generally
removed by a combination of winter mixing (SI Appendix, Fig.
S11) and gas exchange, which tends to equilibrate O2, and, at a
slower rate, CO2 with the atmosphere.

Nutrient-driven O2 loss and acidification were strongest dur-
ing the 1997–1998 El Niño because of the greater stratifica-
tion during the spring and summer months (SI Appendix, Fig.
S5). For example, ΩAr decreased by up to 0.63 (38%) dur-
ing El Niño versus 0.47 (28%) in the following period. Despite
this impact, stratification during El Niño kept ΩAr above 1.45
(200 mmol O m−3) at 40 m depth.

Changes in Coastal Emissions of Greenhouse Gases. The greater
uptake of inorganic carbon by photosynthesis drives an anoma-

lous CO2 flux from the atmosphere to the ocean in the ANTH
simulation, which is superimposed by those caused by global
changes in atmospheric CO2 and sea-surface temperature. Thus,
following eutrophication, coastal waters sequester an additional
1.55 × 1012 g C y−1 in the 0 to 15 km from the shore of the SCB
over the period between January 1997 and December 2000 (SI
Appendix, Table S7). However, this uptake is compensated by an
increase in emissions of N2O, a greenhouse gas approximately
300 times more powerful than CO2 (33). Increased remineral-
ization and direct inputs of ammonium, in particular from deep
outfalls, intensify nitrification at depth (SI Appendix, Fig. S8),
enhancing the formation of N2O, a byproduct of ammonium
oxidation. Throughout the summer, additional N2O accumu-
lates in subsurface layers, emerging at the surface during winter.
Surface N2O saturation reaches up to 135% in the ANTH sim-
ulation (SI Appendix, Fig. S9), driving the additional emission of
3.76 × 1010 g N2O y−1 (SI Appendix, Table S10) to the atmo-
sphere (7.53 × 109 g N2O y−1 in the Los Angeles region alone).

Implications for the Coastal Ecosystem
Effects on Fisheries and Vulnerable Habitats. Local shifts in O2

and carbon caused by terrestrial inputs coincides with global O2

loss and acidification trends that threaten a variety of marine
resources (34). In the California Current, these include shell-
forming organisms that are sensitive to reductions in pH and
ΩAr , e.g., calcifying zooplankton such as pteropods (35), ben-
thic echinoderms, crustaceans (36), mollusks (37), and detritus
feeders (38), plus a variety of fish and invertebrates that live at
the limit of their erobic habitat (39). Relatively small reductions
in O2, in combination with global warming and deoxygenation,
could drive habitat compression, population declines and exclu-
sion from the region (39), while reductions in pH and ΩAr could

A B

C D

E F

Fig. 4. (A and B) Changes in O2 (A) and ΩAr (B) caused by anthropogenically enhanced nutrient inputs (ANTH minus CTRL simulations) in the Santa Monica
Bay, along the cross-shore section marked with a black line in Fig. 2A averaged during spring–summer between years 1997 and 2000. (C and D) Time series
of one full year from February 1997 to February 1998 of O2 (C) and ΩAr (D) at 50-m depth averaged over the Los Angeles coast. The solid black line shows
the CTRL simulation and the colored lines the ANTH simulation. The difference between ANTH and CTRL is highlighted in yellow. (E and F) Average relative
O2 change (100 × [ANTH − CTRL]/CTRL) (E) and average absolute ΩAr change (ANTH − CTRL) (F) at 50-m depth in the Los Angeles coast. Eutrophication
increases O2 and ΩAr at the surface, due to enhanced photosynthesis, and decreases them below the surface, due to enhanced respiration.

Kessouri et al.
Coastal eutrophication drives acidification, oxygen loss, and ecosystem change in a major oceanic
upwelling system

PNAS | 5 of 8
https://doi.org/10.1073/pnas.2018856118

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2018856118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2018856118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2018856118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2018856118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2018856118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2018856118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2018856118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2018856118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2018856118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2018856118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2018856118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2018856118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2018856118/-/DCSupplemental
https://doi.org/10.1073/pnas.2018856118


negatively impact ecosystem dynamics (35, 36). From a tempo-
ral perspective, species that reside in the SCB experience the
greatest acidification from spring to summer, coinciding with the
most prolific reproductive and growing season, potentially induc-
ing the largest impact on vulnerable early-life stages. Because of
temporal and vertical habitat compression, the impact is likely
to be most severe in the 30- to 80-m layer of the water column
for pelagic calcifiers, such as pteropods, larval decapods, and
bivalves (Fig. 4A).

Anthropogenically enhanced nutrient inputs cause nearshore
reductions in ΩAr and pH of 0.11 and 0.012, on average, and
as high as 0.63 and 0.10, respectively (Fig. 4 and SI Appendix,
Tables S8 and S9). These changes would drive pH and ΩAr below
the thresholds for pteropod mild and severe dissolution, reduced
calcification, and compromised growth (40). They would also
impair growth of larval and juvenile oysters and mussel larvae,
for which ΩAr thresholds of 1.4, 1.8, and 2.0, respectively, have
been observed (41–44), and potentially induce crab exoskeleton
dissolution (36). Despite the localized nature of nutrient-induced
acidification, increased retention around POTW discharges, in
particular during the more quiescent summer period, could pro-
long exposure to unfavorable acidified conditions. Combined
acidification and O2 loss can further exacerbate habitat compres-
sion. While warming and O2 reduction may be sufficient to drive
significant erobic habitat loss (39), they should be examined in
combination with reductions in pH, in light of synergistic impacts
on early life stages [e.g., fish larvae, (45)]. Lastly, enhanced pho-
tosynthesis in the upper 30 m reduces the severity of ocean
acidification, potentially alleviating some negative impacts on
surface-dwelling species, not only directly via increased pH and
ΩAr (Fig. 4), but also indirectly via increased phytoplankton
biomass, which could confer a degree of resilience to acidifica-
tion by increasing prey availability and offsetting the metabolic
demands from acclimation to acidification (46). The strongest
effects of eutrophication overlap with several marine refuges
in the SCB, including national parks, national marine sanctuar-
ies, and state MPAs (SI Appendix, Fig. S1). Some of the largest
effects occur in state reserves such as Point Dume, north of the
Santa Monica Bay (MPA2 in SI Appendix, Fig. S1), and at Point
Vicente and Abalone Cove (MPA3 in SI Appendix, Fig. S1),
located off the Palos Verdes peninsula (SI Appendix, Tables S3,
S6, S8, and S9). At the latter site, the average surface chlorophyll
increases by nearly fivefold above natural values; primary pro-
duction and subsurface respiration double; and subsurface O2

and pH decrease by up to 54 mmol m−3 and 0.1 respectively.
Additional work is needed to investigate the consequences of
these combined changes for the marine ecosystem.

Effects on Water Clarity and Submerged Aquatic Vegetation. The
SCB hosts giant kelp and seagrass beds that improve water
quality, reduce coastal erosion, and provide refuges that fos-
ter biodiversity and fisheries. While anthropogenically enhanced
nitrogen inputs along the coast could augment growth, increased
phytoplankton biomass reduces water clarity and light availabil-
ity, potentially compressing viable habitats for these macroflora
(47, 48). We illustrate the effect of increasing water turbid-
ity on submerged aquatic vegetation by considering changes in
light penetration driven by eutrophication. Giant kelp growth
occurs at irradiance levels typically exceeding 1.8 W m−2 (49).
In the ANTH simulation, this light threshold shoals by about
8 m along the Los Angeles coast. More broadly throughout the
SCB, the euphotic depth (where irradiance is reduced to 1%
the surface value) shoals by 5 m on average and up to 17 m in
regions more strongly affected by eutrophication (SI Appendix,
Fig. S10). The interplay between nutrient increase and light
reduction remains a key uncertainty in evaluating the net effect
of coastal eutrophication on submerged aquatic vegetation in the
SCB (47).

Linkages to Harmful Algal Blooms. The ANTH simulation shows
a shift in biomass toward diatoms. This finding supports an
emerging hypothesis that anthropogenically enhanced nutrient
inputs may exacerbate the magnitude and frequency of harmful
algal blooms in the SCB. In this region, blooms of the toxigenic
diatom genus Pseudo-nitzschia are associated with upwelling of
cold, nutrient-rich waters, occurring from late winter to summer
(50). A marked difference exists between northern and southern
waters in the SCB, with maximum concentrations of the Pseudo-
nitzschia neurotoxin domoic acid in shellfish tissue observed from
late spring to fall north of Los Angeles, and from winter to spring
south of it (50). A series of Pseudo-nitzschia blooms observed
in coastal waters near Palos Verdes, Newport Beach, and San
Diego (51, 52) were not associated with upwelling events, and
no evidence of relationship between nutrients and rainfall was
found. The timing and location of these blooms are consistent
with the results from the ANTH simulation, where eutrophi-
cation hotspots are largely driven by subsurface anthropogenic
nitrogen sources, and tend to initiate earlier than wind-driven
upwelling. Further research is needed to establish a mechanis-
tic linkage between anthropogenic nutrient and carbon inputs
and the prevalence of harmful Pseudo-nitzschia blooms in the
region.

Conclusions and Implications for Management
Our findings indicate that anthropogenically enhanced nitrogen
inputs drive eutrophication in the SCB, exacerbating global acid-
ification and O2 loss, despite vigorous ocean circulation in the
region. The POTW outfalls that contribute the majority of these
inputs are designed to prevent the emergence of nutrient-laden
waters into the euphotic zone; however, our simulations indicate
that vigorous mixing and submesoscale currents (53) periodi-
cally expose wastewater plumes to the surface, fertilizing coastal
waters, and enhancing the production of organic matter and its
decomposition at depth (Fig. 3).

The magnitude of this contribution varies spatially and tem-
porally, depending on upwelling, stratification, and circulation.
During spring and summer, subsurface O2 loss and acidifica-
tion from local anthropogenic inputs can be comparable to, or
greater than, those expected from global climate change. For
example, land-based and atmospheric nutrient inputs reduce dis-
solved O2, pH, and ΩAr by up to 50 mmol m−3, 0.09, and 0.47
respectively, compared to global average reductions of approxi-
mately 5 mmol m−3, 0.1, and 0.5 driven by climate change and
the oceanic uptake of anthropogenic carbon (54, 55), which are
generally enhanced in coastal waters (11, 56, 57). For compari-
son, Earth system models project a decline of 18 mmol O2 m−3

in the CCS between 2000 and 2100 (39). As noted elsewhere (10,
58), the decline in seawater buffering capacity caused by anthro-
pogenic CO2 uptake exacerbates the pH and ΩAr reduction
caused by eutrophication, an effect that may be further ampli-
fied by local atmospheric CO2 emissions from the city of Los
Angeles (59).

That nutrient emissions from dense urban agglomerations can
drive significant biogeochemical changes has implications for
management strategies, particularly given the high cost of nutri-
ent nonpoint source control and wastewater-treatment-plant
upgrades. Additional science is needed to inform those strate-
gies, premier among which is translating the chemical changes
(Fig. 3) into biological responses. A growing body of research
indicates that calcifying plankton, shellfish, and crustaceans are
affected by the decline in the saturation state of calcium car-
bonate (35) and that the combined effects of reduced carbonate
ion, decreasing dissolved O2 and rising temperatures are causing
habitat compression for fish (39). However, biologically relevant
acidification and dissolved O2 water-quality criteria, with which
to assess the magnitude of those impacts, have not been yet
developed (60).
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There is also a need for additional model simulations that place
our findings into a broader context. For instance, the simulations
need to be extended to present-day nutrient loading and climate
to reflect changes over the last two decades. Attribution is needed
to quantify relative effects of point, nonpoint, and natural sources
on productivity, oxygen loss, and acidification, as the present sim-
ulations only differentiate the combined effects of land-based
and atmospheric nutrients. The effects of realistic management
options need to be quantified. In particular, policy conversations
should be further informed by simulations targeting the efficacy
of nutrient management versus other resource recovery options,
such as wastewater recycling or nutrient removal by kelp aqua-
culture, and how the outcomes of local actions compare to those
from investments in global CO2 reduction.

Materials and Methods
We use the Regional Ocean Modeling System, ROMS (61), coupled to the
Biogeochemical Elemental Cycling model, BEC (62). The model domain cov-
ers the SCB, from Tijuana to Pismo Beach (SI Appendix, Figs. S1 and S2).
The model configuration has a horizontal resolution of 300 m and a verti-
cal resolution of 60 σ-coordinate levels and represents the last of a series
of dynamical downscaling simulations (12, 4, 1, and 0.3 km, respectively,
SI Appendix, Fig. S2), in which progressively higher-resolution domains are
forced by boundary conditions from the next coarser-resolution domain.
Lateral boundary conditions come from the 1-km simulation (53), and sur-
face boundary conditions from an atmospheric simulation with the Weather
Research and Forecast model run at 6-km resolution (63). More information
on the model setup is provided in refs. 29 and 63. We run two simulations,
the first representing only the natural oceanic cycles of nutrients (CTRL), and
the second adding nutrient (NO−

3 , NO−
2 , NH+

4 , Si(OH)4, PO3−
4 , and Fe), inor-

ganic carbon, alkalinity, and dissolved organic matter (N, C, and P) inputs
from terrestrial anthropogenic sources (ANTH) (64). Both simulations include
the effects of anthropogenic global warming and atmospheric CO2 increase
as part of the boundary conditions. Terrestrial sources consist of POTW

outfalls, rivers, and atmospheric deposition. Wastewater effluent data are
based on permit monitoring databases, and river discharges on model sim-
ulations and monitoring data that capture both surface-water storm flow
and baseflow conditions (25). Outfalls and rivers are implemented as point
sources, following ref. 31. Atmospheric deposition is derived from the Com-
munity Multiscale Air Quality model and implemented following ref. 5.
The model is validated against a comprehensive database of physical and
biogeochemical observations (65) from the SCB and provides a realistic rep-
resentation of physical and biogeochemical cycles in the SCB (26). The model
code is available at 10.5281/zenodo.3988618 (66), the in situ data used for
model validation at 10.5281/zenodo.3988574 (67), and local land-based and
atmospheric nutrient input data at 10.5281/zenodo.4448224 (64). The statis-
tical analyses are applied on the 0–10 km coastal band along the following
subregions: Santa Barbara, Ventura, Santa Monica, San Pedro shelf, Orange
County, North and South San Diego. The Greater Los Angeles region covers
the 0–15 km coastal band from Point Dume to Laguna Beach and includes
the Santa Monica and San Pedro Bays. The distribution of the subregions is
illustrated in SI Appendix, Fig. S1

Data Availability. The model code, in situ data used for model valida-
tion, and local land-based and atmospheric nutrient input data are avail-
able at Zenodo (10.5281/zenodo.3988618, 10.5281/zenodo.3988574, and
10.5281/zenodo.4448224, respectively).
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