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Coastal ecosystems provide numerous important ecological ser-
vices, including maintenance of biodiversity and nursery grounds
for many fish species of ecological and economic importance.
However, human population growth has led to increased pollu-
tion, ocean warming, hypoxia, and habitat alteration that threaten
ecosystem services. In this study, we used long-term datasets of
fish abundance, water quality, and climatic factors to assess the
threat of hypoxia and the regulating effects of climate on fish
diversity and nursery conditions in Elkhorn Slough, a highly
eutrophic estuary in central California (United States), which also
serves as a biodiversity hot spot and critical nursery grounds for
offshore fisheries in a broader region. We found that hypoxic
conditions had strong negative effects on extent of suitable fish
habitat, fish species richness, and abundance of the two most
common flatfish species, English sole (Parophrys vetulus) and
speckled sanddab (Citharichthys stigmaeus). The estuary serves
as an important nursery ground for English sole, making this spe-
cies vulnerable to anthropogenic threats. We determined that es-
tuarine hypoxia was associated with significant declines in English
sole nursery habitat, with cascading effects on recruitment to the
offshore adult population and fishery, indicating that human land
use activities can indirectly affect offshore fisheries. Estuarine hyp-
oxic conditions varied spatially and temporally and were alleviated
by strengthening of El Nifio conditions through indirect pathways, a
consistent result in most estuaries across the northeast Pacific. These
results demonstrate that changes to coastal land use and climate
can fundamentally alter the diversity and functioning of coastal
nurseries and their adjacent ocean ecosystems.
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Over a third of Earth’s human population is concentrated
along coastal margins (1), and much of the planet is de-
pendent on the many functions and services provided by coastal
ecosystems. Coastal ecosystems face multiple threats that include
habitat loss and modification through urban development, in-
tensification of agriculture and subsequent eutrophication, cli-
mate change, and overfishing, all of which decrease ecosystem
functioning and diminish the ecological and economic value of
continental shelves around the world (2-6). The effect of mul-
tiple stressors, such as climate change and hypoxia, over spatial
and temporal scales relevant to the diversity and function of coastal
systems is poorly understood. Furthermore, there are very few
predictions on how climate change will interact with other anthro-
pogenic threats to influence ecosystem functioning and services.
Certain critical functions and services of coastal ecosystems,
such as estuaries, are potentially affected by anthropogenic
threats. These services include supporting biodiversity (7) and
the provision of nursery habitat for species, where estuaries can
contribute disproportionately to offshore fisheries productivity
(8, 9). The nursery function, in particular, could be affected by a
suite of anthropogenic stressors, manifesting in declines to off-
shore fisheries production. Along the California Current, factors
potentially influencing the coastal nursery function include climatic
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effects, such as El Nino and upwelling (10-12), as well as an-
thropogenic factors operating on multiple scales, such as ocean
warming on ocean basin scales (12-14), or anthropogenic nu-
trient loading on local to regional scales. The latter can drive the
depletion of oxygen from the water column, hypoxia, with neg-
ative consequences to aquatic life (2, 14-17).

Using a highly altered, albeit regionally important estuarine
ecosystem, we examined how anthropogenically induced hypoxia
influences vital ecosystem services, such as the maintenance of
biodiversity and nursery function, and investigated whether cli-
mate indirectly drives these ecosystem services through the
modulation of hypoxia. By determining the climatic drivers of
hypoxia and its association with fish diversity and nursery func-
tion, we are able to show the linkages between human stressors,
climate, and ecosystem services.

Study System: Anthropogenic Stress Threatening a Valuable
Nursery and Biodiversity Hot Spot

Elkhorn Slough is an estuary on the central California coast that
is representative of temperate estuaries worldwide facing mul-
tiple anthropogenic threats. Although it has a relatively small
area, Elkhorn Slough provides important juvenile habitat for
several species of cultural, ecological, and commercial impor-
tance, which include marine mammals and birds (18), sharks
(19), and commercially important flatfish (20). Additionally, it is
the only major estuary along 350 km of coastline, making it an
important system for supporting regional biodiversity. Finally,
Elkhorn Slough has a rare combination of long-term fish, water
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quality, and regional climatic and oceanographic datasets that
span 40y in the estuary and >20 y in the adjacent offshore region,
making it possible to test the relationship between anthropogenic
stressors, climate, and ecosystem services, specifically fish diversity
and the estuarine nursery function. Systems like Elkhorn Slough,
where it is possible to examine climate and anthropogenic in-
fluences on ecosystem services over meaningful spatial and tem-
poral scales are essential for making predictions on the effects of
anthropogenic stressors in a changing climate.

Despite its importance as a nursery and biodiversity hot spot,
the estuary is threatened by anthropogenic stressors, most no-
tably enhanced nutrient loading. Elkhorn Slough has some of the
highest recorded nutrient loading in temperate estuaries world-
wide (21, 22), a consequence of a highly agricultural landscape
surrounding the estuary. This nutrient loading has created eu-
trophic and hypoxic conditions in the estuary (22-24), which are
among the most severe in the United States (Fig. S1). Conse-
quently, spatially and temporally variable hypoxic conditions
develop in the estuary (24, 25), a condition that is known to
cause declines in fish populations through reduced survival,
growth, and reproduction (3, 15, 16, 26).

As an indicator of biodiversity, we quantified fish species rich-
ness. As an indicator of nursery function of the estuary, we focused
on the two most abundant flatfish species in the estuary, English
sole (Parophrys vetulus) and speckled sanddab (Citharichthys
stigmaeus) (present in 29.3% and 45.8%, respectively, in sur-
veys from 1970 to 2010; n = 371). The juvenile life history stage
for both English sole (19-250 mm) (27) (MEikhorn Slough = 55.9 =
29.7 SD) and speckled sanddab (20-90 mm) (27) (HEikhorn Slough =
73.4 + 22.1 SD) was the most common life history stage caught in
surveys (95.3% and 69.1%, respectively), emphasizing the nurs-
ery role of the estuary. Both species are known to use estuaries
as nurseries (20, 28); for English sole, the majority leave estu-
aries as age-0 (<1y; ~120 mm) juveniles (29) and nearly all leave
by age 1 (<2 y; ~180 mm) (28). English sole is a commercially
important fish, and it has been estimated that ~50% of adults
caught in the offshore Monterey Bay region used Elkhorn
Slough as juveniles (20). Elkhorn Slough is also at the southern
end of the range for English sole (30), making it potentially more
susceptible to both hypoxia and temperature stress.

Results and Discussion

Impaired Water Quality Drives the Loss of Nursery Function and Fish
Diversity. Hypoxia had negative consequences for the mainte-
nance of fish diversity and nursery function for flatfish. The
negative effects of hypoxia on fish have been demonstrated, yet
studies on hypoxic effects are usually on short timescales (hours
to <10 y) or are not spatially and temporally explicit (16, 17).
Here, we present results from 40 y of monitoring that suggests
that the effects of anthropogenic nutrient loading and hypoxia on
fish are variable through time and space. We define hypoxia as
any dissolved oxygen (DO) value that drops below mean DO
conditions (Pgikhorn Siough = 8.23 mgL™"), a similar value
reported in the literature (16), where it has been reported that
even minor declines in DO have been found to alter species
responses, especially for many fish that will avoid areas of de-
pleted DO. Furthermore, we used the mean DO condition in the
estuary to define hypoxic conditions as fish may respond to
changes in local conditions more than thresholds defined from
other systems.

Presence of our two target flatfish species was positively cor-
related with greater DO conditions in Elkhorn Slough, indicating
that hypoxia can negatively affect habitat quality in the flatfish
nursery. Sequential logistic regression revealed that of all potential
predictor variables [temperature, upwelling, El Nifio Southern
Oscillation (ENSO), Pacific Decadal Oscillation (PDO), salinity,
and sampling effort], DO was the only factor that consistently
correlated with flatfish presence (Table S1). The two target flatfish
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species demonstrated significant declines as a function of de-
creasing DO based on logistic regression (Fig. 1 and Table S1),
suggesting a general negative effect of low DO on fish presence in
two habitat types: deep channels (~2-10 m in depth) and shallow
margins (<2 m in depth). Temperature was also consistently in-
cluded in the best-fit models using Akaike information criterion
(AIC) (Table S1); however, the direction of the correlation varied
from positive to negative and was often marginally significant (P =
0.05-0.10) (Table S1). Climate and oceanographic drivers (up-
welling, ENSO, and PDO) were also significant predictors in the
logistic regression models; however, there were few consistent
patterns among species in both deep-channel and shallow-margin
habitats, suggesting that local habitat conditions, such as DO, are
more important factors influencing flatfish presence in the estuary.
Deep-channel surveys indicated that speckled sanddab presence
was also positively correlated with El Nino conditions (Table S1).
On the other hand, presence of English sole was positively cor-
related with increased upwelling (Table S1), and this pattern was
consistent for both deep-channel and shallow-margin habitats,
indicating upwelling could be driving the recruitment of English
sole to the estuary.

We determined the spatial extent of flatfish habitat quality in
the estuary by modeling flatfish presence as a function of DO.
We targeted DO because it was the strongest and most consis-
tent predictor of flatfish presence based on the logistic re-
gressions described above. The lower section of the main channel
of Elkhorn Slough provided the highest quality habitat for flat-
fish (Fig. S2) based on higher levels of DO and the strong pos-
itive relationship between DO and fish presence. Flatfish habitat
quality, as defined by DO levels, generally worsened outside of
the lower main channel of the estuary. Peripheral areas of the
estuary where tides were restricted by water control structures
were the poorest habitat for flatfish in the estuary, due to more
frequent and intense hypoxic conditions (24). Also, difficulty in
fish passage through water control structures could compound
the effects of severe hypoxia. Spatial patterns of the predicted
probability of flatfish presence identified by habitat modeling
(Fig. S2) corresponded to areas with low-to-moderate eutro-
phication from a previous study (24). These results indicated that
hypoxia can have negative effects on fish habitat extent and
potentially the nursery function for flatfish in the estuary.

The logistic regression model and the spatial modeling of
predicted probabilities were validated using a 2005 spatially ex-
plicit survey of 16 water quality (Fig. S24) and fish (Fig. S3) (31)
sampling stations around Elkhorn Slough (Table S2). The lo-
gistic regression analysis of flatfish presence indicated that the
probability of flatfish occurrence decreases with decreased DO
(P = 0.040). Sites that were more hypoxic and behind water
control structures were devoid of flatfish during the 2005 surveys.
The threshold for absence was ~4 mgL™' DO (Fig. S2) in
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Fig. 1. Logistic regression analysis of the predicted probability of occur-
rence for two species of flatfish as function of DO concentration (in milli-
grams per liter) for deep-channel (dotted line) (n = 169) and shallow-margin
(solid line) (n = 78) habitats for English sole and speckled sanddab. See Table
S1 for logistic regression results.
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daytime DO samples; DO levels are typically much lower at
nighttime, and anoxic conditions occur commonly in tidally re-
stricted sites in Elkhorn Slough (24). This value was consistent
with the lower threshold from the logistic regressions at long-
term fish sampling locations (Fig. 1 and Fig. S24) and is also
consistent with previous studies documenting flatfish density de-
clines occurring below 3 mgL™" DO (32, 33). These results also
suggest that negative hypoxic effects to flatfish are compounded by
additional stressors, in this case habitat alterations through water
control structures.

The flatfish nursery and suitable fish habitat in Elkhorn Slough
is dynamic in time and space as revealed by a dissolved oxygen
anomaly (DOA) (SI Methods), which identified periods of hyp-
oxia and normoxia in nonartificially restricted areas of the es-
tuary (Fig. 24, Fig. S2, and Table S3). During periods of
normoxia, English sole abundance increased by 367% (P =
0.034; Fig. 2B) and fish species richness increased by 49% (P =
0.029; Fig. 2D). Although there was no significant difference in
normoxic and hypoxic periods for speckled sanddab (P = 0.175),
there was a trend of greater abundance during normoxic periods
(Fig. 2C).

During periods of normoxia, fully tidal areas in the upper half
of the estuary become suitable flatfish nursery habitat and sup-
ported greater fish species richness compared with hypoxic pe-
riods (Table S3). Therefore, fish diversity and flatfish nursery
habitat are only provided for in one-half of the estuary during
hypoxic periods, but nearly the entire estuary is available during
normoxia. During periods of normoxia, there were no significant
differences between the upper and lower estuary for species
richness (P = 0.153) and both English sole (P = 0.561) and
speckled sanddab (P = 0.305) abundances, indicating the upper
estuary is suitable habitat for fish when conditions are favorable
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Fig. 2. (A) Time series of the 3-mo moving average of the DOA (in milli-
grams per liter + 0.38 SD). (B-D) Results from an independent-samples t tests
comparing English sole and speckled sanddab abundance and fish species
richness between hypoxic and normoxic periods using data from deep-
channel survey data pooled from both the upper and lower estuary (see
Table S3 for statistical results and sample sizes). (E-G) Results from both
paired-samples t tests comparing differences in the lower and upper estuary
on fish parameters during hypoxia and normoxia, respectively (see Table S3
for statistical results and sample sizes); and independent-samples t tests
comparing the hypoxic and normoxic periods on fish parameters for both
the lower and upper estuary, respectively (see Table S3 for statistical results
and sample sizes). Differences in letters indicate significant differences (P <
0.10). All error bars represent +1 SE.
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(Fig. 2 E-G and Table S3). However, significant differences
between the upper and lower estuary emerged during hypoxic
conditions, as significantly fewer species (P = 0.005), English sole
(P = 0.018), and speckled sanddab (P = 0.042) used the upper
estuary (Table S3). Additionally, there were no significant dif-
ferences between hypoxic and normoxic conditions in the lower
estuary for species richness and English sole and speckled
sanddab abundances (all P > 0.10; Fig. 2 E-G and Table S3).
However, there were significantly lower species richness (P =
0.002) (51.8% reduction) and abundance of English sole (P =
0.068) (93.3% reduction) and speckled sanddab (P = 0.054)
(82.0% reduction) in the upper estuary during hypoxic condi-
tions compared with normoxic conditions (Table S3). Based on
our spatial models of available flatfish habitat in the estuary (Fig.
S2), we estimated that the estuary-wide decline of fish associated
with hypoxia could result in an average annual loss of ~7,000
speckled sanddabs and ~18,000 English sole, the latter of which
could translate to a substantial loss of recruitment to the offshore
adult population with consequences to the overall population
and fishery, thus decreasing the nursery function for flatfish in
the estuary.

Indeed, periods of hypoxia corresponded to declines in the
offshore English sole population (Table S4). The majority of
juvenile English sole recruit to the offshore adult population
after their first or second year in the nursery (34), so we pre-
dicted that the 80% decline in juvenile English sole abundance
observed in Elkhorn Slough during hypoxic years (Fig. 2B) would
translate to a significantly reduced abundance in offshore catch
in the following year. As predicted, cross-correlation analysis
detected a 1-y lag effect on the offshore recruitment of English
sole based on National Marine Fisheries Service (NMFS) trawl
surveys in the Monterey Bay region (Fig. S4). Increases in the
nursery hypoxia (measured as the number of hypoxic months
according to the DOA), were correlated with lower English sole
recruitment (recruits per hectare, 2003-2011) in this fishery-in-
dependent dataset. Using the 1-y lag correlation, we modeled the
relationship between nursery hypoxia (measured as the number
of hypoxic months according to the DOA) and DO in the off-
shore region using multiple regression with two independent and
overlapping NMFS surveys, one from 1989 to 2004 and the other
from 2003 to 2011. We were interested in offshore DO because it
too went hypoxic in English sole habitats during the 1989-2011
study period (UMmonterey Bay = 2.66 = 0.88 SD). Nursery hypoxia
was the sole predictor of offshore adult English sole recruitment
in Monterey Bay in both independent trawl surveys (Fig. 34):
1989-2004 (P = 0.099, R* = 0.534) and 2003-2011 (P = 0.075,
R? = 0.385), and these relationships were negative (Table S4).
There are two potential mechanisms driving the poor recruit-
ment to the offshore population following hypoxic periods in the
nursery: either hypoxia in the estuary caused increased mortality
or it spurred movement to areas of poorer nursery quality (e.g.,
nearshore or offshore), resulting in decreased growth and sur-
vival rates. Using a fishery-dependent dataset (1989-2011), we
modeled the relationship between the English sole fishery (using
residual landings to correct for effort) and nursery hypoxia along
with several other factors known to drive fish populations: off-
shore DO, ENSO, PDO, North Pacific Gyre Oscillation (NPGO),
and upwelling. Nursery hypoxia was a significant predictor of
declines in the English sole fishery (P = 0.006; Fig. 3B), but in-
creased upwelling (P = 0.023) was also a significant predictor
that correlated with decreases in English sole landings (full
model: P = 0.011, R? = 0.299; Table S4). Taken together, these
results suggest that negative effects of hypoxia on the coastal
nursery function are strongest on new recruits in the offshore
region, and the combination of nursery hypoxia and unfavorable
offshore conditions, such as low DO, that occur with strong
upwelling can lead to declines in the English sole fishery.
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Fig. 3. Regression models showing the significant contributors to (A) En-
glish sole adult recruitment to the offshore Monterey Bay population using
two independent surveys (n = 6 and 9), and (B) English sole landings with
effort (year) removed (n = 23). Observed data (circles) are included to compare
with model projections. Nursery hypoxia was negatively correlated with En-
glish sole recruits and fishery landings (A and B), and upwelling was only
negatively correlated with fishery landings (B); see Table S4 for model results.

Moderating Influences of Climate on Coastal Eutrophication, Hypoxia,
and Nursery Function. By causing variation in precipitation and
runoff, climate can be a powerful moderator of coastal hypoxia
stress from anthropogenic nutrient loading (3, 35, 36). There was
high variation in hypoxic and normoxic conditions in Elkhorn
Slough from 1988 to 2012 (Fig. 24). This result indicated addi-
tional drivers are also modulating hypoxia in addition to the ex-
ponential increase in nutrient loading documented in Elkhorn
Slough over the last four decades (22).

Structural equation modeling (SEM) (SI Methods) identified
mean annual salinity as the key correlate of the annual lower
limit of DO in the upper estuary (p = 4.85 mg-L™"; +0.51 SD;
Fig. S24 and Fig. 44). Path analysis revealed that increases in El
Nifo conditions, including increased precipitation and decreased
salinity, were associated with reduced hypoxic conditions in the
upper estuary. These relationships were most likely due to in-
creased flushing rates in the estuary (24). In the lower estuary
(Fig. S24), several factors including increased upwelling inten-
sity, occurring primarily as springtime events (37), along with
salinity, temperature, and solar radiation, all correlated nega-
tively with DO (Fig. 4B). However, the annual lower limit in the
lower estuary (p = 5.81; +0.51 SD) rarely approached the

A Upper Estuary B
ENSO/EI Nifio Intensity
5o

4 mg-L™" threshold for flatfish, indicating that upwelling and
factors associated with dry conditions (high salinity, temperature,
and solar radiation) lowered DO, but probably not enough to
cause severe deleterious effects to fish.

The results of the SEM suggest that low salinity as well as
lower upwelling indices, factors both driven by El Nifio, had a
positive effect on the oxygen condition of the estuary. Increases
in El Nifo intensity result in increased local precipitation along
with warmer ocean waters; the latter can relax upwelling in-
tensity (38, 39). An increase in the frequency and intensity of El
Nifio events could mitigate Elkhorn Slough’s hypoxic condition
and thus support flatfish in two ways: (i) increased precipitation
(as indicated by decreases in salinity) increases the flushing of
the estuary, which has been shown to decrease eutrophication in
hypoxic estuaries (40); and (if) relaxation of local upwelling that
brings hypoxic water from the deep sea over the continental shelf
during intense upwelling years (37, 41), although this effect was
not detected in our analysis. It should be noted that, despite
hypoxia occurring in both the lower and upper estuary, the greatest
declines to fish occurred in the upper estuary (Fig. 2 E-G) and
could be due to a combination of factors, which include more
frequent and severe hypoxia (Fig. S2), higher temperatures (24),
and fewer refugia due to shallower depths in the upper estuary.

Finally, we hypothesized that if severity in estuarine hypoxia is
mediated by large-scale climatic factors, such as El Nifio, then
patterns in hypoxic conditions should be consistent in estuaries
across the entire northeast Pacific. Using paired-samples ¢ tests
comparing hypoxia in El Nifio (ENSO index, >0.5) and neutral
non-El Nifio (ENSO index, —0.5 to 0.5) years (SI Methods), we
found significant negative associations with El Nifio and severity
of hypoxic conditions in estuaries across the northeast Pacific
(P = 0.018; £(15) = 2.609; Fig. 4C), indicating that cyclical climatic
patterns are indeed strong predictors of hypoxia severity. El Nifio
conditions measured from 1997 to 2009 were associated with
improved oxygen conditions in five of the six estuaries we in-
vestigated. In our analysis, the only estuary, Padilla Bay, Wash-
ington, that did not indicate positive effects from El Nino
conditions is located inland ~200 km from the exposed outer
coast, and is likely not as exposed to upwelling-driven hypoxia as
the other five estuaries with mouths opening directly or closer to
the outer coast. Furthermore, Padilla Bay is situated in an area
of Puget Sound that does not receive high precipitation (and
increased flushing) during El Nifio years (42). Conversely, the
estuary that experienced the greatest DO differences due to El
Nifio was San Francisco Bay, where DO sensors were situated
along a deep channel near the coastal mouth of the estuary.
Future El Nifio conditions may be especially important for es-
tuaries in the southern range as they experience more severe

Solar Radiation Precipitation
070 (Re=0.47)
Salinity
Temperature (R2 = 0.49)

063
DO (10" %)

0.38

(R? = 0.54)

Upwelling

Lower Estuary C Northeast Pacific
ENSO/EI Nifio Intensity 10
[ENeoe e mersy | .
° °
| Solar Radiation | Precipitation | 8 8
2% ° .8
(S| 2% ’
Salinity Nitrate S o
4
039 125 W045 e & H
Wind DO (107 %) £ ® El Nifio
0.3 (R2=0.77) - s @ non-El Nifio

o

-0.47

Upwelling

30 40 50 60
Latitude

Fig. 4. Drivers of hypoxia in (A and B) Elkhorn Slough and (C) northeast Pacific estuaries. (A and B) Path analysis from results of SEM (S/ Methods) showing
the direct and indirect drivers of lower DO (i.e., degree of hypoxia measured in annual 10th percentile) in upper (A) (n = 15, xz =5.76, df =6, P = 0.45) and
lower (B) (n = 10, x> = 6.90, df = 10, P = 0.74) Elkhorn Slough, respectively. Solid lines indicate significant correlations (P < 0.10); dashed lines indicate in-
significant correlations (P > 0.10); line widths are proportional to regression coefficients, and only paths with significant effects on DO and their corre-
sponding coefficients and R® are shown. Black lines indicate positive correlations and red lines indicate negative correlations. Gray lines were significant
correlations that were not used in the final model because their paths did not lead to DO. (C) Hypoxia in northeast Pacific estuaries of the United States as a
function of latitude and El Nifio (n = 3) and non-El Nifio (n = 3) years (S/ Methods). Each point represents the mean among stations at each estuary.
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hypoxia (Fig. S1) likely due to higher temperatures, a condition
that has been predicted to increase due to climate change (14).

Conclusion

Our results demonstrate that climate variation drives ecosystem
resilience to anthropogenic threats. Here, we provide the first
evidence (to our knowledge) linking hypoxia in estuaries with a
reduction in flatfish nursery habitat, fish species richness, and
offshore fisheries production, and demonstrate how ENSO cycles
drive hypoxic conditions in estuaries to mediate anthropogenic
nutrient loading. We have demonstrated that anthropogenic
threats to available fish habitat in one small, albeit important,
estuary can have consequences for a larger region and adjacent
ecosystems, and that climate interacts with these threats to in-
fluence ecosystem services. In this case, El Nifio alleviated stress
to the system by improving oxygen conditions.

Determining how climate change will affect threatened coastal
ecosystems is a difficult challenge facing researchers and resource
managers (43, 44) but one that is enhanced by the availability of
long-term monitoring datasets (10, 11, 41). Our results offer in-
sight as to how climate change may impact the effects of anthro-
pogenic nutrient loading, which is a threat that is likely to persist
given Earth’s human population growth in coastal environments
(1). Here, the effect of climate change is dependent on the di-
rection of change, the context of other stressors, and the life his-
tory and physiological tolerances of the species of concern. For
example, if El Nifio conditions are predicted to intensify with
climate change, then this could enhance certain ecosystem ser-
vices through the suppression of upwelling, increased flushing,
improved oxygen conditions, and enhanced diversity and nursery
function of northeast Pacific estuaries that suffer from hypoxia
resulting from anthropogenic nutrient loading. However, if cli-
mate change results in moderate El Nifo conditions and up-
welling in the northeast Pacific intensifies, as predicted (45, 46),
then it could result in poor oxygen conditions in coastal zones,
especially when combined with increased anthropogenic nutrient
loading, resulting in an overall decline in estuarine diversity and
nursery function. As it currently stands, future ENSO conditions
are highly unpredictable and there is little understanding of its
long-term variation (47, 48). These results demonstrate the need
to incorporate local-scale anthropogenic threats along with cli-
mate variation into models to predict and mitigate the impact of
climate change on estuarine ecosystem services.

Methods

See SI Methods for descriptions of spatial modeling, DOA, DO drivers, and
data sources.

Correlating Habitat Condition with Presence of Select Flatfish Species. To test
for the potential effects of hypoxia on flatfish species, we examined dif-
ferences in presence/absence data for English sole and speckled sanddab. To
determine the key correlates with individual flatfish species, we used se-
quential logistic regression with the GLM package in R, version 3.0.2. The
sequential predictor variables were selected based on our a priori hypothesis
that DO was the most important driver of fish in Elkhorn Slough, and on F
values from preliminary multiple linear regressions in the following order:
DO (in milligrams per liter), temperature (in degrees Celsius), Monterey Bay
upwelling, ENSO index, PDO index, salinity (in parts per thousand), and daily
sampling effort (number of trawls or seines). We omitted nitrate and the
NPGO index from the sequential logistic regression because they were not
significant predictors (P < 0.10) in the preliminary multiple regressions. We
did not include sampling location or season as factors in the analysis because
flatfish were generally caught at all times of the year throughout the pri-
mary sampling stations (Fig. S2A) in Elkhorn Slough. To confirm the rela-
tionship between environmental patterns and presence/absence for each
flatfish species, we replicated the logistic regression analysis using both
deep-channel and shallow-margin habitat data, respectively.

We determined the key correlates of flatfish presence using AIC. We
applied a reduced logistic regression by correlating the presence/absence
data to the significant individual environmental predictors to determine the
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direction of the correlation. We used model selection based on AIC weighting
(49) to confirm that the final sequential logistic regression was the most
appropriate model. Last, we applied DO as the only predictor variable to
determine general patterns in the relationship between DO and flatfish
presence. All a values were set at 0.10 to reduce type Il errors that fail to
reject the null hypothesis given the challenges of large-scale field sampling
(SI Methods, Model Validation of Flatfish Logistic Regressions).

Spatiotemporal Associations of the DO Anomaly and the Estuarine Fish
Assemblage. We next investigated how variation in DO conditions in the
estuary explained patterns in fish species richness and abundance of English
sole and speckled sanddab (number of individuals per hectare). Only data
from standardized trawl surveys (1991-2003) that had surveyed deep-
channel habitats from both the lower and upper estuary within a month of
each other were used in the analysis. We used the 3-mo running average of
DOA to characterize each sampling date as either hypoxic or normoxic. We
tested for the effects of hypoxia (hypoxic or normoxic) and region (lower vs.
upper) on fish diversity (fish species richness) and abundance of flatfish. The
estuary was divided into lower and upper based on known hydrological,
oceanographic (50, 51), and biological (24) breaks, including differences in
the severity of hypoxia and eutrophication (Fig. S2A). We used a series of t
tests (SPSS, version 20; IBM) to determine differences in hypoxia and region.
We first pooled all data among hypoxic (n = 16) and normoxic (n = 34) re-
gimes and compared them using an independent-samples t test. Next, we
compared the paired samples (upper and lower estuary) during hypoxic and
normoxic conditions, respectively, to determine specific habitat use during
the two regimes using a paired-samples t test. Last, we compared fish vari-
ables in the lower and upper estuary, respectively, during hypoxic and
normoxic conditions using an independent-samples t test. For independent-
samples t tests, we tested for equal variances using a Levene’s test; if the test
was significant (P < 0.10), then we used a Welch's t test of unequal variances.

Offshore English Sole Population and Fishery Relationships with the DO
Anomaly. To determine whether variable nursery conditions can have con-
sequences to the offshore English sole population, we correlated nursery
hypoxia with (/) English sole recruitment using two fisheries-independent
annual to triennial bottom-trawl surveys from NMFS (52, 53), and (ii) a
fisheries (landings)-dependent dataset from the California Department of
Fish and Wildlife. We used the standardized abundance (recruits per hectare)
from depths where greater than 90% of English sole recruit to (36-200 m)
for each year sampled in the two NMFS survey types (survey 1: 1989-2004,
n = 6; survey 2: 2003-2011, n = 9). We only used surveys around Monterey
Bay (36.5°N and 37°N, and east of —122.5°W) where adult and subadult
English sole are known to recruit from the Elkhorn Slough nursery (20).

Using cross-correlation analysis in R, version 3.0.2, we determined the time
lag (in years) that had the greatest correlation between the number of
hypoxic months in the nursery (predictor variable) calculated from monthly
means of the DOA across sites and offshore English sole recruitment (de-
pendent variable). We then used backward stepwise multiple regression and
AIC model selection to determine the environmental drivers of adult English
sole recruitment using two key predictors: (i) nursery hypoxia and (ii) mean
DO sampled near the sea floor in English sole habitat (200 m) in the offshore
Monterey Bay region. For English sole landings (in kilograms; n = 23) in
Monterey Bay, we included the additional factors NPGO, PDO, ENSO, and
upwelling into the multiple regression model because it had higher repli-
cation than the recruitment dataset, allowing us to include more factors. To
remove the confounding effects in annual fishing effort on the total English
sole landings, we calculated the residuals from the correlation of fish land-
ings and year, and used the residuals as the dependent variable in the final
analysis (54).

For English sole subadult and young adult recruitment to the offshore
population, we chose age-1 (<2 y) and age-2 (<3 y) individuals (<250-mm
female, <230-mm male), most likely to have used Elkhorn Slough as a
nursery the year before recruitment. We assumed that all new subadult and
adult recruits would be targeted by bottom trawls along with older size
classes because the minimum required net mesh size for the commercial
fishery was 115 mm (55), and most English sole reach a minimum size of
120 mm by the time they reach age 1 according to Von Bertalanffy parameters
from Elkhorn Slough (56), which is around the time when English sole begin
to emigrate from the estuary. We considered our analysis to detect nursery
hypoxia effects on the English sole offshore fishery robust, because 53.1% of
fish are older juveniles or young adults <3y of age (<25 cm) according to the
NMFS trawl surveys, which accounts for the majority of fish in the population.
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