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Abstract The magnitude and extent of eutrophication was
assessed at 27 segments in 23 estuaries in the Southern Cal-
ifornia Bight (SCB) between October 2008 and 2009. We
applied thresholds from the existing assessment frameworks
from both the European Union and the U.S. National Eutro-
phication Assessment to measurements of three indicators
[macroalgae biomass and cover, phytoplankton biomass, and
dissolved oxygen (DO) concentration] to categorize eutrophic
condition in each estuary. Based on these frameworks, a large
fraction of segments had moderate or worse eutrophic condi-
tion—78 % based on macroalgae, 39 % for phytoplankton,
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and 63 % for DO. Macroalgal biomass exceeding 70 g dw m >
and 25 % cover was found at 52 % of sites during any
sampling event and in 33 % of segments for 8 weeks or longer,
a duration found to negatively impact benthic infauna. Dura-
tion of hypoxic events (DO<4 mg L") was typically short,
with most events less than one day; although 53 % of seg-
ments had at least one event longer than 24 h. Assessment
frameworks of eutrophic condition are likely to evolve over
time as the body of literature on eutrophication grows, includ-
ing aspects such as the applicability of indicators in specific
habitat types, indicator thresholds, and how event frequency
and duration are incorporated. This paper informs this debate
by discussing how eutrophic conditions in SCB estuaries are
categorized using different indicators and thresholds. To this
end, categorization of estuarine eutrophic condition was found
to be very sensitive to the type of threshold, how data are
integrated to represent duration or spatial extent, and how
indicators are used as multiple lines of evidence.

Keywords Eutrophication - Estuary - Assessment - Eutrophic
indicator - Mediterranean

Introduction

Eutrophication of estuaries is a global environmental issue,
with demonstrated links between anthropogenic nutrient load-
ing to coastal waters, harmful algal blooms, hypoxia, and
impacts on aquatic food webs (Valiela et al. 1992; Smith
etal. 1999; Kamer and Stein 2003). Management of eutrophi-
cation and development of appropriate nutrient water quality
goals are often hampered by a lack of regional monitoring data
characterizing the symptoms, extent, and magnitude of the
problem. A 2007 study of US estuaries conducted through the
National Oceanic and Atmospheric Administration's (NOAA)
National Estuarine FEutrophication Assessment (NEAA)
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found the majority of estuaries assessed had overall conditions
rated as moderate to highly eutrophic (Bricker et al. 2008), yet
highlighted significant data gaps. In the Southern California
Bight (SCB), one of the most populated regions in the US,
only eight of the region's 76 enclosed bay, lagoonal, and river
mouth estuaries were on the list of NEAA study sites, and
there were adequate data in only two of the eight SCB estu-
aries to assess eutrophic status. Among SCB estuaries, smaller
“bar-built” lagoons and river mouth estuaries, which represent
22 % of'the areal extent but 82 % by number in the region, are
particularly data poor (Fong and Zedler 2000). These
Mediterranean-type “bar-built” estuaries often experience re-
striction or complete closure to surface water tidal exchange
due to the formation of sandbars at their inlets (Webb et al.
1991; Largier et al. 1996). Consequently, they have increased
susceptibility to eutrophication due to restricted flushing
(Painting et al. 2007; Zaldivar et al. 2008). Additional data
on the status of eutrophication in SCB estuaries are needed to
determine the extent and magnitude of eutrophication in the
region.

Over the past decade, much work has been done to estab-
lish standardized methodologies to assess eutrophication
(Bricker et al. 2003, Zaldivar et al. 2008, Andersen et al.
2011, Devlin et al. 2011) and conduct surveys to evaluate
the magnitude and extent of eutrophication (Bricker et al.
1999; Borja et al. 2009a; Andersen et al. 2011; Devlin et al.
2011; Garmendia et al. 2012). These assessment methodolo-
gies are the foundation worldwide for routine monitoring and
establishment of water quality and biological objectives that
are used to protect pristine habitat, identify impaired
waterbodies, and provide targets for restoration or mitigation
of systems where adverse effects of eutrophication have al-
ready occurred. Studies comparing assessment results gener-
ated for the same estuary have indicated that results vary
slightly depending on which framework is applied (Devlin
et al. 2011, Garmendia et al. 2012). Many of the frameworks
apply similar indicators, but differences in time scales of data
analysis (seasonal versus annual), characteristics included in
the indicator metrics (concentration, spatial coverage, fre-
quency of occurrence), and how to combine indicators into
multiple lines of evidence had an effect on the overall outcome
of the assessment (Devlin et al. 2011). Most of these assess-
ment frameworks combine indicators of pressure (nutrient loads,
estuarine surface water nutrients) with response indicators, often
resulting in a numeric integrative index developed by expert
best professional judgment (Ferreira et al. 2011). Evaluating the
applicability of various indicators and respective thresholds
from these frameworks and quantifying effect of data integration
decisions is an important exercise to consider whether or how to
adapt these assessment frameworks to use outside of the region
in which they were originally developed.

The Mediterranean-type estuaries of the SCB are an excel-
lent test case in which to conduct this evaluation. The SCB
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regional monitoring program (RMP) is an integrated multi-
disciplinary and multi-institutional program that provides a
unique platform for collecting data for bight-wide perspec-
tives on a number of management questions. The objectives of
the Bight 2008 Eutrophication Assessment of the SCB RMP
were to: (1) evaluate which indicators are relevant in Medi-
terranean estuaries such as those in the SCB, (2) explore how
spatial and temporal integration of monitoring data affects the
assessment of eutrophication status, and (3) estimate the ex-
tent and magnitude of eutrophication in SCB estuaries using
appropriate indicators and thresholds. Results from this study
can be used to inform the ongoing refinement of assessment
approach and data integration decisions that affect the results
of assessment of eutrophication in Mediterranean estuaries.

Methods

Study Area The SCB (Fig. 1) is an open embayment on the
U.S. west coast between Point Conception, California, and
Cabo Colnett (south of Ensenada, Mexico) and contains 76
estuaries ranging in size from 1 ha to over 50,000 ha. The SCB
landscape overall is a highly developed urban environment;
however, the watersheds within the SCB are highly variable in
terms development. Watersheds ranged from a percent imper-
vious surface of 1 % (San Mateo Lagoon and Topanga Can-
yon Lagoon) to greater than 60 % impervious (Anaheim and
San Diego Bays). This conversion of open land into impervi-
ous surfaces has included dredging and filling over 75 % of
bays and estuaries and extensive alterations of coastal streams
and rivers (Brownlie and Taylor 1981; Horn and L. G. Allen
1985; NRC 1990; Zedler 1996). Agriculture was also preva-
lent in some watersheds ranging from 2 % agricultural land
use (Anaheim Bay) to 30 % (Santa Margarita River Estuary).
The SCB has a Mediterranean climate, with an average annual
rainfall of 10—-100 cm (Nezlin and Stein 2005), falling primar-
ily during winter months (December through March), in ap-
proximately 20 annual storm events (Ackerman and Weisberg
2003). Winter runoff to the SCB contributes 95 % of the total
annual runoff volume and 67 % of the total annual nitrogen
and phosphorus loads (Ackerman and Schiff 2003; Sengupta
et al. 2013).

Study Design The Bight 08 Eutrophication Assessment was a
synoptic study of eutrophication indicators, estuarine water
column nutrient concentrations, and riverine nutrient loads
monitored for one water year between October 2008 and
October 2009. Estuaries were randomly selected from a com-
prehensive list of estuaries, proportional to the number of
estuaries in each geoform: enclosed bay, lagoon or river
mouth, and tidal inlet status (open to tidal exchange, anthro-
pogenically muted through tide gates, perennially or season-
ally closed with no tidal exchange) in the northern portion of
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Fig. 1 Map of Bight 08
Eutrophication Assessment
segment sites
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the SCB; all estuaries in San Diego County were included.
Because primary producer expression is highly spatially var-
iable within an estuary, we endeavored to make the results
comparable across estuaries by selecting an index area, or
“segment,” which varies in size depending on the estuary
(Table 1). The segments were proximal to the source of
freshwater nutrient loading rather than the ocean inlet,
representing a location within the estuary that is more likely
exhibit symptoms of eutrophication. Segment sites were
revisited each time period to determine seasonal variability
in eutrophication indicators. Consequently, this survey repre-
sents a conservative assessment of eutrophication for each
estuary and the region overall. A total of 27 segments were
selected in 23 estuaries (Tables 1 and 2, Fig. 1).

Estuaries are highly variable in how they respond to nutri-
ent loading due to differences in site-specific controls on
hydrology and other factors (Dettmann 2001; Pinckney et al.
2001; Zaldivar et al. 2008; Duarte 2009; Duarte et al. 2009).
Several studies have demonstrated the shortcomings of using
estuarine nutrient concentrations or loads alone to predict
eutrophication (Cloern 2001; Kennison et al. 2003; Devlin
et al. 2007). Consequently, there has been a shift toward the
use of eutrophic response indicators to estimate extent and
magnitude of eutrophication (Bricker et al. 2003; Devlin et al.
2007; Zaldivar et al. 2008). Therefore, reporting of eutrophic
condition in SCB estuaries was focused on the ecological
response to nutrient over-enrichment rather than estuarine
nutrient concentrations or watershed nutrient loads. For this
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assessment, data on a number of indicators were collected,
though we opted to focus on dissolved oxygen and primary
producer abundance because they have the most supporting
data in the literature. Nutrient loads for each watershed are
also reported for context.

Field and Laboratory Methods Field methods consisted of
three types of sampling: (1) continuous monitoring of
dissolved oxygen, chlorophyll a fluorescence, temperature,
salinity, pH, and turbidity using a moored data sonde; (2)
sampling of estuarine surface water and sediment nutrients
and primary producer biomass every other month; and (3)
monitoring of storm and dry weather freshwater nutrient
loads. Riverine nutrient loads were estimated using a combi-
nation of field measurements and modeling.

Riverine Nutrient Loads Total riverine nutrient fluxes to the
SCB were estimated using empirical wet and dry weather data
for monitored watersheds in combination with modeled wet
weather fluxes for unmonitored watersheds. Continuous dis-
charge was measured with flow gauges at some sites and from
ratings curves based on continuous water level (recorded with
a HOBO data logger, Onset Corp.) and quarterly measure-
ments of flow and channel topography. Discrete total nitrogen
(TN) and phosphorus (TP) samples were collected for wet
and dry weather (October 2008-2009) and analyzed via
persulfate digest (Patton and J. R. Kryskalla 2003) and ana-
lyzed colorimetrically using an autoanalyzer. The spreadsheet
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Table 2 Summary of data inte-

gration options that were evaluated Issue Indicator
through sensitivity analyses
Macroalgae
Data format » Wet weight
v Dry weight
Data integration * Period with highest biomass/
period cover
v Average of two consecutive
periods of highest biomass/
cover
* Bight-wide index period
* Annual average
Smoothing applied ~ Transect values generated

Phytoplankton

Dissolved oxygen

to the data set

Spatial extent over

from
v Quadrat averages

* Quadrat percentile
¢ Quadrat maximum

Segment values generated

v Continuous
« Discrete

* Maximum instantaneous
value

* Various percentiles
(90th percentile)

v/ Annual average

« Instantaneous

* Quadrat maximum

v Single location

v  Continuous

* Minimum instantaneous
value

* 5th percentile

v 10th percentile
15th percentile
* Instantaneous

v Hourly running
average

v Single location

which data were from
integrated

* Average of transects

¢ Maximum transect

Check mark designates options
applied for the BO8 Eutrophica- data
tion Assessment

« Percentile of transect

model originally developed by Ackerman and Schiff (2003),
based on the Rational Method, was updated and modified to
predict TN and TP loads using updated land use-specific
runoff concentrations for nutrients (Howard et al. 2012;
Sengupta et al. 2013).

Dissolved Oxygen and Water Column Physio-chemistry Water
column physiochemical parameters and water level were
measured continuously using a YSI 6600 data sonde from
January through October 2009. Each sonde was outfitted
with a conductivity/temperature sensor, ROX optical dissolved
oxygen probe, extended deployment pH probe, chlorophyll
optical sensor, and a turbidity optical sensor. All sensors
were treated with anti-fouling tape and calibrated at a
minimum of once monthly. Sondes were deployed at one
location in each segment, in bottom water (30 cm from
the sediment surface). Measurements were collected every
15 min, and an hourly running average was applied to the
data set.

Macroalgae Biomass and Cover Macroalgal biomass and
cover was measured at three 30-50 m transects in the lower
intertidal zone (Kennison et al. 2003). Percent cover was
measured at ten randomly allocated points along each transect
using the point intercept method with 0.5 m? quadrats. Bio-
mass was comprehensively collected at five of the quadrat
locations from a prescribed surface area. Biomass samples

were stored at 4 °C and processed within 24 h of collection.
In the laboratory, algal samples were cleaned of macroscopic
debris, mud, and animals. Excess water was shed from each
sample, weighed wet, dried at 60 °C to a constant weight, and
then weighed dry.

Phytoplankton Biomass Phytoplankton biomass was estimated
from fluorescence measurements collected via in situ optical
probe (YSI 6600 sonde, chlorophyll fluorescence probe) and
discrete chlorophyll @ water grab samples taken every other
month. Water column chlorophyll @ samples were filtered on a
Whatman GF/F and frozen for subsequent analysis using EPA
445 protocols on a Turner Designs fluorometer within 28 days
of collection. In situ chlorophyll fluorescence probes were
maintained according to factory specifications and were rou-
tinely calibrated. Fluorescence measurements were calibrated to
chlorophyll @ concentrations using least-squares regression of
daily averaged data probe measurements and discrete concen-
tration data collected on the same day. The least squares fit had
R? values ranging from 0.413 to 0.995 with an average of
0.747 and 89 % of sites had an R? greater than 0.5. The poor
fit for some sites is likely related to the disparity between
where the measurements were collected (surface waters for
discrete samples, bottom water for chlorophyll fluorescence
probe). Most sites were shallow and the depth difference
was insignificant, but for the few deeper sites, it seemed to
impact fit.
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Eutrophication Indicators Several assessment frameworks
have been developed to assess eutrophic condition of estuaries
utilizing a range of indicators (Bricker et al. 2003; Devlin et al.
2007; Zaldivar et al. 2008). The most representative assessment
frameworks incorporate annual data with sampling throughout
the year, to capture frequency of occurrence and spatial extent in
indicator metrics, and use of a combination of indicators into an
overall condition rating (Devlin et al. 2011). For this study, we
selected individual indicators from established assessment
frameworks to evaluate how well they worked in SCB estuaries.
Indicators were evaluated from the European Union-Water
Framework Directive (EU-WFD) and the U.S. Assessment of
Estuarine Trophic Status (ASSETS). The EU-WFD was devel-
oped to regulate and monitor water bodies in EU member
countries, organizing management of waterbodies by catch-
ment, and standardizing protocols across Europe (Borja et al.
2006; Hering et al. 2010). Several assessment frameworks are
associated with the EU-WFD (Ferreira et al. 2011; Birk et al.
2012); we selected two of these that utilized indicators
prevalent in SCB estuaries: French Research Institute for
Exploration of the Sea (IFREMER) and the United Kingdom
WED protocols (UK-WFD). ASSETS (Bricker et al. 2003)
was developed to assess the status of eutrophication in U.S.
estuaries through NOAA's National Estuarine Eutrophication
Assessment (Bricker et al. 1999). These frameworks charac-
terize the state of the estuary by assessing response indica-
tors, rather than ambient physical or chemical variables
alone, although pressure variables such as nutrient loads
and concentrations are included in the overall assessment
(Borja and Dauer 2008; Borja et al. 2011b).

Because the estuaries in this study were not comprehensively
characterized for pressure and susceptibility factors, which are
required for an overall assessment of eutrophic condition in
these frameworks, we conducted an analysis of eutrophication
based on measurements of response indicators prevalent in
SCB estuaries to develop a regional estimate of extent and
magnitude of eutrophication in the SCB. Furthermore, we
examine the sensitivity of the results to changes in threshold
selection, data format, and data integration. A eutrophic condi-
tion category was assigned to each segment for each indicator,
generating a set of category assignments for each estuary seg-
ment. Details of how monitoring data were used to calculate
final segment categorization are given by indicator below.

Macroalgal Abundance We applied a modification of the
UK-WFD element for macroalgae based on a combination
of biomass and cover (Scanlan et al. 2007). Thresholds for wet
weight biomass were converted to dry weight utilizing the
median dry: wet weight ratio of all ulvoid biomass samples.
These thresholds were used to determine condition using the
average biomass and cover scores from the two consecutive
periods of highest biomass and cover (Peak Season) (Fig. 2a),

although other data integration options were explored (Table 2).
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Phytoplankton Biomass Phytoplankton assessment as an in-
dicator were available from ASSETS (Bricker et al. 2003) and
from the IFREMER (Souchu et al. 2000; Zaldivar et al. 2008)
(Fig. 2b). We chose to apply the IFREMER framework be-
cause French Mediterranean lagoons were expected to be
similar to SCB estuaries. Thresholds were applied to the
annual average of chlorophyll a data, although other data
integration options were explored (Table 2).

Dissolved Oxygen Concentration Dissolved oxygen assess-
ment frameworks from ASSETS and the UK-WFD are based
on adverse effects of hypoxia on benthic and demersal fauna
(Fig. 2c). However, the proposed framework for the UK-WFD
(Best et al. 2007) incorporates the effect of salinity on oxygen
solubility by shifting the threshold based on the measured
salinity. We opted to use a hybrid of the two approaches by
applying the UK-WFD thresholds to the tenth percentile of
annual data as prescribed by ASSETS (90 % of data exceeds
DO thresholds; Fig. 2c), although other data integration op-
tions were explored (Table 2). The UK-WFD thresholds are
comparable to those generated independently for susceptible
California fish and invertebrate species (Sutula et al. 2012),
but use of the fifth percentile was designed for use in well-
ventilated waters, and we measured DO in bottom waters that
were often stratified. Because the ASSETS thresholds are
applied to the tenth percentile of bottom water DO, a hybrid
approach was considered appropriate in this case.

Results
Extent and Magnitude of Eutrophication in SCB Estuaries

Macroalgal Abundance Seventy-eight percent of segments
had moderate or worse eutrophic condition with respect to
macroalgae based on application of the UK-WFD macroalgal
indicator applied to peak season biomass and cover (Fig. 3a).
Estuaries in the “moderate” category (37 %) had cover be-
tween 25 % and 50 % and biomass less than 70 g dw m >
(Fig. 3b). Peak season average biomass and cover ranged from
0 g dw m * and 0 % cover to 295 g dw m > and 65 % cover
(site with highest biomass, DL) and 91 g dw m™* and 93 %
cover (site with highest cover, GS). Eutrophic condition at
each segment was also categorized for each sampling period,
and the number of consecutive periods any segment spent in
each eutrophic condition category was variable from site to
site (Fig. 3¢). Some segments had chronically high biomass
and cover and were classified as moderate or worse for more
than 80 % of the year (e.g., DL, GS, UCL, MLM, BL),
whereas other sites had episodic blooms measured during a
single period (e.g., ZC, SJC, SBF). However, for most seg-
ments, the overall score was driven by more than one period of
moderate or worse eutrophic condition.
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Fig. 2 Assessment frameworks
used for evaluating eutrophic
condition in SCB segments

from Scanlan et al. 2007).

a UK-WFD numeric thresholds for assessing eutrophic condition using macroalgae biomass and cover (adapted

. Biomass Percent Cover
Biomass )
" (g dw m?)
(g ww m?)
(converted) <5% >5% >15%
>3000 > 415 Moderate Poor
1000 - 3000 140 - 415 Moderate Moderate Poor
500- 1000 70-140 Moderate Moderate Poor Poor
100 - 500 15-70 Moderate Poor
<100 <15 Moderate Moderate

b IFREMER (Souchu et al. 2000) and ASSETS (Bricker et al. 2003) numeric thresholds for assessing eutrophic
condition usingphytoplankton biomass (as suspended chlorophyll a).

EU-WFD: IFREMER

ASSETS

Mean Annual Chla Conc.

Eutrophic Condition

90th percentile of Annual Range Definition

Category Chla Conc.
0-5pgcChlaL? 0 - 5ug Chla I*
5-7pgChlaL? -
7-10 pg Chla L* Moderate 5-20 ug Chla I Medium Levels
10-30 pg Chla L Poor 20 - 60 pg Chla |1 High Levels
>30 pg Chla L Bad >60 pg Chla I Hypereutrophic

C UK-WFD (Best et al. 2007) and ASSETS (Bricker et al. 2003) numeric thresholds for assessing eutrophic condition
using dissolved oxygen concentration.

Framework Proppsed Freshwater Marine Rational
Eutrophic Status
>7mglL? >57mglL? Supports all life stages of salmonids and transitional fish
5-7mgl?! | 4.0-57mglL? Supports presence of salmonids and transitional fish
EU-WFD Moderate 3-5mgl! | 24-40mglL? Supports most life stages of non-salmonid adults
Poor 2-3mglL?! | 1.6-2.4mgL?! | Supports non-salmonid presence, poor survival salmonids
Bad <2mglL? <1l6mgl? No salmonids, marginal survival of resident species
High >5mgL? Protective of fish and invertebrate species
ASSETS Biologically 2-5mgll Field and Iaborato‘ry observations shqw stress response in
Stressful invertebrates and fish
My 0-2mg Lt Significantly reduced benthic macr_oinfauna, epifauna
and demersal species

biological communities.

Fifteen segment sites (55 %) had macroalgae biomass and
cover indicative of moderate or worse eutrophic condition for
two or more consecutive periods (>8 weeks). Thirty percent of
segments had two or more periods of poor/bad eutrophic
condition, and 11 % of the segments had two or more consec-
utive periods of bad eutrophic condition. Thirty-seven percent
of segments had moderate or worse biomass for 12 or more
weeks (three or more consecutive periods), and 26 % had
moderate or worse biomass for longer than 20 weeks (five
or more consecutive periods). Three sites (11 %) had contin-
uous coverage of moderate or worse eutrophic condition
throughout the sample year, and one of these sites was con-
tinuously in a poor or bad condition (UCL).

Phytoplankton Biomass Annual average chlorophyll a con-
centrations ranged from 0.5 to 42 pg L', Of the three
biological response indicators, phytoplankton biomass had the

EU-WFD scores are "High" = nearly undisturbed conditions; "Good" = slight change in composition and/or biomass; "Moderate"=
moderate change in composition and/or biomass; "Poor" = major change in biological communities; "Bad" = severe change in

Moderate or worse status is considered actionable for the EU-WFD; estuaries must have a good or high condition.
We imposed the EU-WFD color scheme on ASSETS threshold ranges to compare results between the two frameworks.

fewest number of segments categorized in moderate or worse
eutrophic condition (39 %; Fig. 4a). Eleven percent of segments
scored in the “moderate” category. SCR and SJC had little
macroalgae (categorized as “very high eutrophic condition”
based on macroalgal abundance) but high chlorophyll a (cate-
gorized as “bad” for SCR and “poor” for SJC).

Daily eutrophic condition was also categorized for each
segment to determine duration of phytoplankton bloom events.
One third of segments spent less than 10 % of the time in a
eutrophic condition category of moderate or worse (90 % of
the time in eutrophic condition of good or very high according
to the IFREMER thresholds). Some segments had chronically
high chlorophyll @ defined by having moderate or worse
condition for over half of the year (e.g., SCR, SDM, SIC,
SDR, MLM), whereas other sites have more episodic blooms
lasting only a few weeks (e.g., BW, SBM, SBF, BCM, BCF,
SEL, MB). All segments categorized with moderate or worse
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eutrophic condition overall had daily average chlorophyll a
concentrations greater than 7 g L' for more than 25 % of the
year. With respect to bloom duration, 40 % of segments had
continuous phytoplankton blooms greater than 7 and
10 ug L™ for longer than 1 month (Fig. 4b). Twenty-five percent
of segments had chlorophyll a greater than 7 ug L', and 22 %
greater than 10 ug L', for longer than 2 months. Fifteen percent
of segments had chlorophyll ¢ greater than 30 pug L' for
1 month and 8 % for 2 months. Some systems with annual
average chlorophyll ¢ indicative of “good” or “high” eutrophic
condition, had concentrations above 7 pug L™ for periods less
than 1 month in duration.

Fig. 3 a Percent of a
segments falling into each

eutrophic condition category

based on macroalgae biomass and

cover,

b macroalgae biomass and cover

values for each SCB segment, ¢

duration of macroalgae bloom

for each segment

400 H
300 H

200 -

100

Macroalgae Biomass (g dw m?) o

Moderate
37%

Five segments had data sets that were less than 80 %
complete due to logistical issues and probe failures (MB,
SDR, SAR, SJC, SBM). However, data gaps for all but
two of the systems were spread evenly throughout the
year and do not likely impact the condition category. For
two of the sites (MB and SDR), sondes were not
deployed until April, so the data gap is largely at the
beginning of the data set. Phytoplankton blooms in SCB
estuaries were typically in late spring/early summer; thus,
the data gap for these two sites may have resulted in a
lower condition category than if the sondes had been
deployed for the full period.
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Dissolved Oxygen For dissolved oxygen (DO), tenth percen-
tile concentrations over the 9-month period of January—Octo-
ber 2009 ranged from 0 to 7 mg L™". Sixty-one percent of
segments fell into a eutrophic condition category of moderate
or worse using the UK-WFD thresholds (Fig. 5a), and of these
systems, half were categorized with bad eutrophic condition
(36 % of all segments). Thirty-nine percent of segments had
good or high eutrophic condition protective of adult salmonid
survival, and 11 % of segments fell in the high condition
category, which protects all life stages of salmonids.

Eutrophic condition at each segment was also categorized
continuously for each segment using the hourly running aver-
age of 15-min DO concentrations to determine the duration of
hypoxic events. The percentage of time any segment spent in
each eutrophic condition category was variable (Fig. 3¢). Most
segments fall into the moderate or worse condition for a
portion of the diel cycle (night), and the overall percentage of
time in a moderate or worse eutrophic condition as well as the
tenth percentile value is reflective of many consecutive nights
of low dissolved oxygen concentration rather than a single
continuous period of low DO. However, for some segments,
continuous low DO events exceeded diel cycles (e.g., SCR,
DL, GS, UCL). All segments had some period less than the
moderate threshold of 4 mg L™, and 82 % of sites spend some
time below the poor and bad thresholds (2.4 and 1.6 mg L',
respectively), though for 29 % of segments, the longest con-
tinuous period less than the moderate and poor thresholds was
12 h or less (Fig. 5b). For longer duration events, 35 % of
segments had DO less than 4 and 2.4 mg L' for longer than
5 days. Twenty-eight percent of SCB segments had DO con-
tinuously less than 1.6 mg L' for longer than 5 days and 14 %
for longer than 10 days (GS, SCR, SDR, UCL).

As with phytoplankton, data gaps in the continuous DO
dataset were a concern for some of the segments, particularly
MB and SDR, due to the delay in deployment described
above. For most segments, hypoxia occurs in late spring/

early summer; thus, the data gap for these two sites could
result in a lower eutrophic condition category than would have
been achieved had the sondes been deployed for the full time.

Multiple Lines of Evidence The three indicators of biological
response to eutrophication did not necessarily agree in many
SCB segments (Table 3). All but one segment (96 % of
segments) were assigned a eutrophic condition class of mod-
erate or worse based on at least one indicator. This percentage
drops to 63 % if any two indicators are considered and to 53 %
if the two indicators must include one of the primary pro-
ducers and dissolved oxygen concentration [a primary and
secondary indicator as prescribed by the ASSETS framework
(Bricker et al. 2003)]. Fifteen percent of segments (MLM,
SDR, SMR, UCL) fell in a category of moderate or worse in
all three indicators.

Segments in a Regional Context We ranked segments from
highest eutrophic condition to lowest (Table 3). The five
highest ranked estuary segments in the SCB were: BQL,
SBF, LPL, BCF, and MLF. The five lowest ranked segments
were: MLM, SDR, UCL, SCR, and DL. However, in a num-
ber of segments, indicators often gave conflicting results. For
example, SCR and SJC ranked among the segments with
highest eutrophic condition for macroalgae but among the
lowest for phytoplankton and low overall. Similarly, some
sites ranked among the lowest condition based on macroalgae
and highest for phytoplankton (BCM, BL). However, rank-
ings based on phytoplankton are somewhat arbitrary because
estuaries ranked 1 through 15 are all in a high eutrophic
condition category. There are also two sites that rank among
the lowest eutrophic condition for both primary producers but
among the highest for DO (MLF, SMC), though most sites
that ranked as low eutrophic condition for DO were also
ranked as low eutrophic condition for one or both primary
producers.

100

80

60 -

40 -

% Segments

Moderate ;

11% 20 1

16 wks - 24 wks
8 wks - 16 wks
4 wks - 8 wks
2 wks - 4 wks

1 day - 2 wks
<24 hrs

>7ug/L >10ug/L >30ug/L

Duration of Longest Period Less Than Threshold

Fig.4 a Percent of segments falling into each eutrophic condition category based on chlorophyll a; b duration of phytoplankton bloom events in

SCB segments
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Fig. 5 a Percent of segments in each condition category based on DO, b duration of hypoxic events in SCB segments

Sensitivity of Results to Threshold, Data Format, and Spatial
and Temporal Integration

A number of segments were on the borderline of thresholds
that would place them in a different category, making them
prone to reclassification given a different data management
regime or slight change in threshold. This would be particu-
larly important for segments in the “moderate” category, since
the threshold between good and moderate drives management
action according to the EU-WFD. To investigate the sensitiv-
ity of eutrophic condition category to changes in data format,
data integration, and threshold selection, we compared the
results from the assessment as described above to results
generated using a different data management options and
thresholds from the ASSETS framework (Table 4).

For macroalgae, assessment outcome was sensitive to data
format, and spatial and temporal integration of the data (Table 4).
Use of wet weight versus dry weight had a significant effect on
condition category, with 19 % segments “improving” a eutro-
phic condition category and 11 % “declining.” Categorizing a
segment based on the transect with the highest biomass and
cover (rather than the average of the three transects) during
the period of maximum biomass decreased the eutrophic
condition category of 44 % of segments, and for 11 %, the
condition category changed by two or more. Similarly, if an
annual average of all segment data is used, 41 % segments
increase in eutrophic condition category and one decreases. If
the average of all transect data during the period of highest
biomass and cover (maximum period) is used, 7 % segments
increase in condition category and 22 % decrease. Use of an
annual average of segment values generated from an average
of the three transects results in the maximum number of
segments being in the highest possible eutrophic condition
category, although 56 % segments will not change. Use of
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the single period of highest biomass and cover (maximum
period) generated from the transect with highest biomass and
cover (maximum transect) results in the lowest possible
condition category for each segment, although 37 % segments
will not change.

With respect to phytoplankton biomass, results were sensitive
to temporal integration of the data as well as thresholds (Table 4).
The difference between using daily averages versus the instan-
taneous data set did not have a large effect on the outcome.
However, there was an effect of using discrete data versus
continuous data: 22 % of systems increased in eutrophic condi-
tion category and 19 % decreased when discrete data were used
compared with continuous daily averages. Changing the data
integration period also has a significant effect on the outcome.
Using a 75™ or 90™ percentile instead of the annual average
resulted in 22 % and 44 % of segments changing eutrophic
condition class, respectively. Using ASSETS as described
(thresholds applied to 90th percentile of annual data), 7 % of
segments increased in condition category and 30 % decreased in
category relative to IFREMER thresholds applied to annually
averaged data.

Dissolved oxygen assessments were sensitive to changes in
temporal integration and assessment framework (Table 4).
Use of the fifth percentile resulted in eight segments (30 %)
scoring lower, whereas use of the 15th percentile resulted in
22 % of segments scoring higher in eutrophic condition than
the tenth percentile. Applying ASSETS thresholds to the tenth
percentile of continuous data resulted in category change in
78 % of segments, with roughly equal numbers of segments
increasing and decreasing in condition category. Changing the
data format from an hourly running average to instantaneous
generally had no effect, with the exception of the ASSETS
framework, in which 37 % of segments changed class when
the hourly running average was used.
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Table 3 Ranks of segments

Annual Segment Rank by Indicator
overall Segment TN Load Peak Season Annual Mean 10th Percentile
rank g Rank Macroalgal Phytoplankton Dissolved
Abundance Biomass Oxygen
= 1 | Batiquitos Lagoon (BQL) 16 7
aQ
5 2 | Seal Beach (SBF) 9
é 3 | Los Penasquitos Lagoon (LPL) 11 6
E | 4 | Bolsa Chica (BCF) 4 15
S 5 | Mugu Lagoon (MLF) 24 8 19
6 | San Diego Bay (SDF) 22 10
7 | Santa Ana R. Wetlands-Diked (SAR) 18 14
8 | Seal Beach- Diked (SBM) 8 9 14
9 | San Elijo Lagoon (SEL) 17 17
10 | San Mateo Lagoon (SMC) 7 18
11 | Topanga Lagoon (TC) 1 16
12 | Tijuana River Estuary (TJE) 27 11 9
13 | San Diego Bay- Diked (SDM) 23 24
14 | Agua Hedionda Lagoon (AHL) 15 20
15 | Ballona Lagoon- Diked (BL) 19 19 13
16 | Santa Margarita Estuary (SME) 21 20 21 12
17 | San Juan Creek (SIC) 12 25
18 | Zuma Canyon Lagoon (ZC) 2 18
19 | Bolsa Chica- Diked (BCM) 5 21 15
v
[_4 20 | Ballona Wetlands (BW) 20 13 6
Z | 21 | Mission Bay (MB) 13 12
2 | 22 | Goleta Slough (GS) 10 23
=]
2 | 23 | Mugu Lagoon — Diked (MLM) 25 26 0
€ | 24 | San Diego River (SDR) 14 16 23
25 | UCSB Campus Lagoon (UCL) 3 22
26 | Santa Clara River (SCR) 26
27 | Devereux Lagoon (DL) 6

Annual total nitrogen load is ranked from 1 (lowest load) to 27 (highest load). Indicators are ranked from 1 (best) to 27 (lowest eutrophic condition).
Overall rank is determined from the average of dissolved oxygen and the lowest ranked algal group. The colors represent the EU-WFD condition class:

high (blue), good (green), moderate (yellow), poor (orange), and bad (red)

Discussion
Extent and Magnitude of Eutrophication in SCB Estuaries

Regional Condition Based on the EU-WFD framework, eu-
trophication was found to be pervasive in SCB estuarine
segments during the 2008-2009 water year (having an EU-
WED eutrophic condition category of moderate or worse)
regardless of whether indicators were applied individually
(78 % based on macroalgae, 39 % for phytoplankton, and
63 % for DO), or as a part of a multi-metric approach (53 %

based on one primary producer and DO). In terms of multi-
metric strategies, the EU-WFD applies a “one out, all out”
approach in determining eutrophic status wherein the lowest
score for any single element becomes the overall score for the
state of the waterbody (Borja et al. 2004; Zaldivar et al. 2008).
Applying this, all but one of 27 segments assessed would
require management action to improve eutrophic condition.
However, several studies have demonstrated the shortcomings
of using a single indicator to establish eutrophic condition,
showing that multiple metrics provide a more robust account-
ing of condition (Borja et al. 2009a, b, 2011b; Borja and
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Table 4 Changes in eutrophic condition class due to data format, framework, or data integration

Indicator and comparator Data format Framework  Data management # Segments that change condition
category
No change +1 +2ormore -1 —2 or more
Macroalgae Dry biomass EU-WFD Annual avg/transect avg 15 9 2 1 0
WED framework EU-WFD  PS avg/transect max 15 0 0 9 3
Dry biomass peak season EU-WFD  MPtransect avg 2 0 0 4 1
average/transect average
EU-WFD MP/max transect 10 0 0 13 4
Wet biomass EU-WFD Annual avg/transect avg 14 8 4 1 0
EU-WFD PS avg/transect avg 19 5 0 3 0
EU-WFD PS avg/transect max 12 2 0 10 3
EU-WFD MP/transect avg 19 2 0 6 0
EU-WFD MP/Max transect 10 0 0 12 5
Phytoplankton Daily averages = EU-WFD 75™ percentile 22 1 0 5 0
IFREMER framework EU-WFD 90" percentile 16 0 0 9 3
Annual average of daily averages ASSETS Annual ave )1 5 0 ) 0
ASSETS 75th percentile 20 5 0 2 1
ASSETS 90th percentile 18 2 0 5 3
Instantaneous EU-WFD Annual avg 27 0 0 1 0
EU-WFD 75th percentile 23 3 0 2 0
EU-WFD 90th percentile 15 0 0 10 3
ASSETS Annual avg 20 5 0 2 1
ASSETS 75th percentile 22 2 0 4 0
ASSETS 90th percentile 18 2 0 5 3
Discrete EU-WFD Annual avg 16 2 4 3 2
EU-WFD 75th percentile 17 2 3 0 5
EU-WFD 90th percentile 11 1 2 5 8
ASSETS Annual avg 14 4 3 2 4
ASSETS 75th percentile 18 1 3 2 3
ASSETS 90th percentile 14 3 0 2 8
Dissolved oxygen Hourly running  EU-WFD Sth percentile 20 0 0 8 0
WFD framework , average EU-WFD  15th percentile 22 6 0 0 0
10;hv gf;gzrgg:nl;‘gﬁ;‘ammg ASSETS  5th percentile 5 9 14 0 0
ASSETS 10th percentile 7 2 8 8 3
ASSETS 15 percentile 18 6 0 4 0
Instantaneous EU-WFD Sth percentile 20 0 0 8 0
EU-WFD 10th percentile 28 0 0 0o 0
EU-WFD 15th percentile 23 5 0 0o 0
ASSETS 5th percentile 17 0 0 9 2
ASSETS 10th percentile 18 4 0 6 0
ASSETS 15th percentile 18 6 0 4 0

PS peak season, MP maximum period, avg average

Rodriguez 2010). The ASSETS framework utilizes multiple
lines of evidence where each indicator is scored based on
intensity of expression with respect to threshold values, spatial
extent, and frequency of occurrence (Bricker et al. 2003).
Scores for primary symptoms (primary producer response)
and secondary symptoms (DO) are combined to generate an
overall score of eutrophic condition for the estuary (Bricker
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et al. 2003; Nobre et al. 2005). The applicable “primary
symptom” would vary depending on the estuary. For example,
two SCB estuaries had little macroalgae, but high suspended
chlorophyll a, indicating that eutrophic condition in these
systems is driven by phytoplankton. Furthermore, the domi-
nant primary producer type may vary from year to year
(Cloern and Nicols 1985; Nixon et al. 2001; Sousa-Dias and
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Melo 2008). This underlines the importance of selecting the
most critical primary producer response indicator for each
system and from year to year, rather than a one-size-fits-all
approach (Bricker et al. 2003; Zaldivar et al. 2008; Borja et al.
2009b). We applied the ASSETS primary and secondary
symptoms strategy to this assessment, requiring that each
segment score moderate or worse on either of the two primary
producer indicators and dissolved oxygen. This resulted in
53 % of segments requiring management action to improve
eutrophic condition to a “good” status.

Event Duration Macroalgal and phytoplankton blooms in the
SCB were of sufficient duration to impact benthic and pelagic
fauna in some segments. Several studies have shown negative
impacts from moderate levels of macroalgac biomass on
benthic communities after 8 to 20 weeks of exposure (Norkko
and Bonsdorff 1996; Bolam et al. 2000; Cardoso et al. 2004;
Cummins et al. 2004). Fifty-eight percent of SCB segments
sampled had moderate or worse biomass for eight or more
weeks, and 26 % had moderate or worse biomass for longer
than 20 weeks. For phytoplankton, blooms of short duration
are vital to sustain estuarine food-webs (Cloern 1996; Cloern
and Jassby 2008); however, blooms lasting longer than 1 to
2 months will begin to have a negative impact on submerged
aquatic vegetation, decreasing habitat diversity and impacting
eutrophic condition (Moore and Wetzel 2000; Ruiz and
Romero 2001). Within the SCB, 19 % of segments had
continuous phytoplankton greater than 10 pug L' for longer
than 2 months. For biomass greater than 30 ug L', 15 % of
segments exceeded this threshold continuously for 1 month
and 7 % for 2 months. Thus, it is reasonable to assume a
quarter or more SCB segments have sufficient macroalgae
and/or phytoplankton bloom duration to significantly affect
ecosystem health.

The length and frequency of hypoxia in SCB estuaries was
also a concemn. The response of aquatic organisms to low DO
will depend on the intensity of hypoxia, duration of exposure,
and the periodicity and frequency of exposure (Rabalais and
Harper 1992). Furthermore, the length of exposure to hypoxia
that is lethal or sublethal but stressful varies widely depending
on the organism, from a few hours to many months (Vaquer-
Sunyer and Duarte 2008). All SCB segments had a period less
than the moderate threshold of 4 mg L™ and 82 % of sites
below 2.4 mg L' However, for 29 % of segments, the longest
continuous period less than the moderate and poor thresholds
was 12 h or less, a length of time that can be endured by most
organisms (Vaquer-Sunyer and Duarte 2008). Frequent hyp-
oxic periods of short duration are typical of shallow subtidal or
intertidally dominated habitats, where DO concentrations are
driven by high sediment oxygen demand (Diaz et al. 1992;
Rabalais et al. 1994; Sohma et al. 2008). While nightly hyp-
oxia may not exceed the duration for lethal effects on many
estuarine species, it can create chronic stress on animals,

adversely affecting feeding, capacity to escape predation,
reproduction, and growth. Assessment of these effects is
species-specific, and these data are not available for most
species native to SCB estuaries (Sutula et al. 2012). For
longer-duration events, 35 % of segments had concentrations
less than 4 mg L™" for longer than 5 days, the median lethal
time upon exposure to hypoxia (Vaquer-Sunyer and Duarte
2008). These estuaries were largely the intermittently tidal
bar-built lagoons and river mouths, systems known for the
occurrence of natural hypoxia in bottom waters due to trap-
ping of salty, dense water when the sandbar inlet closes
(Largier et al. 1991, 1996). Because our assessment only
measured DO at one location in bottom waters, it is not clear
the extent to which our assessment adequately reflects ad-
verse effects of low DO in each estuary. Conversely, many
of these intermittently tidal estuaries are home to salmo-
nids. Levels less than 6.3 mg L™ are not considered protec-
tive of the reproduction and survival over longer durations
(Best et al. 2007; Sutula et al. 2012), so application of the
threshold of 4 mg L' to designate management action may
underestimate the need for species-specific management for
these systems.

Comparison to Other Regions The observed predominance of
moderate to hyper-eutrophic condition in SCB estuaries is
similar to other regional or national studies of U.S. estuaries,
as well as in Europe and Australia. Widespread coastal eutro-
phication has been reported for estuaries in the United States
(NEEA), but prior to this study, the status of southern Cali-
fornia estuaries was largely unknown (Bricker et al. 1999,
2008). The majority of NEEA estuaries showed signs of
eutrophication, with 65 % displaying at least one symptom
and 78 % of assessed estuarine area falling into moderate or
worse eutrophic condition conditions (Bricker et al. 1999,
2008). Several studies of eutrophication throughout the Euro-
pean and Australian coastlines have found that symptoms of
eutrophication were found to inhibit the eutrophic condition of
estuaries in half or more of estuaries assessed (Hillman et al.
1990; Artebjerg et al. 2001; Borja et al. 2004, 2009a; Ferreira
et al. 2007).

In the SCB, eutrophic condition was not exclusively related
to nutrient loading. The NEEA study which showed that
estuaries with high overall eutrophic conditions were general-
ly those that received the greatest watershed nutrient loads
(Bricker et al. 1999). Nutrient loads into SCB estuaries were
highly variable (Table 1). To explore the relationship between
nutrient loads and estuarine response, we ranked estuaries in
terms of nutrient loads and compared these to the ranks
derived from the expression of eutrophication indicators
(Table 3). Well flushed sites with high nutrient loads were
typically ranked with higher eutrophic condition than their
muted counter parts (MLF versus MLM, SDF versus SDM,
SBF versus SBM, BCF versus BCM), though all sites with
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relatively high nutrient loads scored moderate or worse in at
least one indicator. Some sites with lower nutrient loading had
worse ranks for eutrophication indicators than sites with
higher nutrient loads if the segments had restricted circulation
and high residence times (DL, UCL, ZC). Low tidal flushing
and high water residence times have been identified as factors
which increase susceptibility to eutrophication (Painting et al.
2007), which might explain the difference in the rankings
of nutrient loading versus expression of eutrophication in
these estuaries. This underscores the need to incorporate
site-specific factors in assessment of nutrient pressure (as is the
case in the ASSETS framework; Bricker et al. 2003).

Uncertainty in the Assessment and Applicability of Existing
Frameworks

The confidence with which managers will pursue remediation
of a problem is dependent on the level of uncertainty in the
assessment. Our data can be used to discuss the applicability
of existing assessment frameworks and provide insights into
improvements and adaptations to suit a wide range of estuar-
ies. Uncertainty in the assessment can arise from several
factors: (1) appropriateness of indicators, (2) how well the
assessment captured the temporal and spatial variability, (3)
applicability of assessment framework thresholds, and (4)
how the data were used to categorize estuaries. These uncer-
tainties are explored below.

Adequacy of Indicators Many studies support the use of
macroalgae, phytoplankton, and DO as indicators to assess
eutrophication (Bricker et al. 2003; Zaldivar et al. 2008) and
our experience supports this consensus. Macroalgae was the
dominant aquatic primary producer in SCB estuaries (Fong
and Zedler 1993; Fong et al. 1994; Kennison et al. 2003;
McLaughlin et al. 2012) and, as an indicator, was applicable
in most segments. However, in some systems, phytoplankton
was the dominant primary producer. Thus, assessing both
macroalgae and phytoplankton is important for shallow
subtidally dominated estuaries because it is difficult to predict
how estuary primary producers will respond to nutrient load-
ing, and response may vary from year to year (Short et al.
1995; Flindt et al. 1999). Phytoplankton biomass and DO are
most applicable in estuaries dominated by sub-tidal habitat
and are less relevant in estuaries dominated by intertidal
habitat. Twenty-six percent of SCB estuaries have more inter-
tidal area than subtidal area (Table 1, seven segments: BW,
LPL, MLF, MLM, SEL, SJC, TJE). Therefore, although DO
and phytoplankton thresholds were applied to all segments,
they may not be relevant in all. However, clear guidance
for when phytoplankton or DO should no longer be applied
is generally not available and research to support develop-
ment of guidance is limited. Other indicators have been
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proposed for assessment of eutrophication, including sedi-
ment nutrient or organic carbon content, toxic blooms, and
others (Bricker et al. 2003; Zaldivar et al. 2008). The
relevance of these other indicators is worth exploring as
is the relative priority and weight each should be given for
making assessments.

Uncertainty from Temporal and Spatial Variability Time and
space matter when monitoring indicators for assessment of
extent and magnitude of eutrophication. As noted above,
primary producer dominance can vary season to season and
year to year (Cloern and Nicols 1985; Nixon et al. 2001,
Nobre et al. 2005; Sousa-Dias and Melo 2008) and can be
spatially heterogeneous within an estuary (Kamer et al. 2001;
Kennison et al. 2003; Nobre et al. 2005). Furthermore, DO is
also expected to be spatially and temporally variable (Diaz
et al. 1992; Rabalais et al. 1994; Nezlin et al. 2009; Vaquer-
Sunyer and Duarte 2011); for example, back channel habitats
and mudflats, which have an abundance of organic carbon
and high sediment oxygen demand, would be expected to
have lower DO than other areas in the same estuary. Further-
more, nutrient loading into estuaries can differ dramatically
from year to year (Nixon et al. 2001; Kemp et al. 2005; Gilbert
2010), and this inter-annual variability will greatly affect
expression of eutrophication symptoms (Pinckney et al.
2001).

Our study adequately captured seasonal variability of
changes in primary producer groups and DO. The timing of
sampling has been shown to be critical to the assessment of
overall eutrophic condition (Nobre et al. 2005), with one-time
site visits unable to capture the variable nature of expression
of eutrophication (Nelson et al. 2005). However, we did not
capture inter-annual changes in the indicators of eutrophica-
tion. The proposed EU-WFD framework recommends moni-
toring be conducted in at least three out of the 5-year reporting
cycle (Best et al. 2007; Scanlan et al. 2007; Zaldivar et al.
2008). The 2008-2009 water year was relatively dry, and
thus, nitrogen and phosphorus loading to SCB estuaries
was in the 16th percentile of a 13-year estimate of nutrient
loads (Howard et al. 2012), so we expect that our data are
representative of below average conditions, and more research
is needed to adequately capture extent and magnitude of
eutrophication inter-annually in the SCB.

Spatial heterogeneity is also characteristic of estuaries, so
our use of a targeted index area introduces uncertainty in our
ability to report on extent of eutrophication for each estuary
individually. However, in roughly half of the estuaries, the
segment represents 75 % or more of the total estuarine area
because SCB estuaries are typically small (<40 ha). Spatial
variability within the segment was better accounted with
macroalgae, which relied on data from three transects, distrib-
uted throughout the segment. However, phytoplankton and
dissolved oxygen were only monitored at a single location.
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Another area of concern in terms of accounting for spatial
variability in monitoring are floating mats of macroalgae. Our
macroalgae monitoring protocols worked well in sites with
large intertidal flats but were less effective for assessment of
floating mats typically found in estuaries with “closed” tidal
inlets (26 % of SCB estuaries). These estuaries have little to no
intertidal area (due to closure of the ocean inlet), and thus, the
floating algal mats do not become entrained on intertidal flats
but are distributed, often unevenly, throughout open water
area. Our protocol involved returning to a fixed transect,
which may result in over- or under-estimation of biomass in
these systems as wind can push the algae to one side of an
estuary (e.g., ZC, SMC). Further work is required to develop
effective protocols to capture areal extent and biomass of
floating macroalgal mats in systems with a closed tidal inlet,
typical of Mediterranean estuaries. In addition, the represen-
tativeness of intertidal protocols to assess the effects of
macroalgae in seagrass-dominated estuaries is questionable
(21 % of SCB estuaries). In these estuaries, the assessment
of macroalgal effects is better made in the seagrass beds,
though costs are higher and logistics of sampling more com-
plicated (Huntington and Boyer 2008).

Adequacy of Assessment Frameworks Authors of the ASSETS
(Bricker et al. 2003) and EU WFD frameworks (Scanlan and
Wilson 1999; Souchu et al. 2000; Best et al. 2007; Zaldivar et al.
2008) have recognized that the lack of data on ecosystem
response to nutrient over enrichment as well as on reference
condition may mean that the applicability of indicators to spe-
cific habitat types, the thresholds, and how event duration and
frequency are incorporated, are likely to change over time as the
body of literature grows (Patricio et al. 2007; Scanlan et al.
2007; Domingues et al. 2008). One objective of this study was
to inform this debate by discussing to what degree these frame-
works were applicable to SCB estuaries and the associated
uncertainties in their application.

For SCB estuaries, macroalgae is a key indicator for extent
and magnitude of eutrophication. The Scanlan et al. (2007)
macroalgal assessment framework accounts for both the abun-
dance (biomass) and spatial patchiness (cover) inherent in this
indicator, although the adequacy of thresholds between cate-
gories is worthy of further discussion. Results of a recent
study of two California estuaries by Green et al. (2013) in
Bodega Bay and Newport Bay show significant impacts on
benthic invertebrates at 110-120 g dw m 2 and 100 % cover
after 4 weeks of constant biomass. Similarly, Bona (2006)
showed an effect threshold on benthic habitat quality at bio-
mass levels greater than 700 g ww m 2 (~90 g dw m 2) and
>70 % cover. Therefore, an “effects” threshold in the range of
70-120 g dw m > [as proposed by Scanlan et al. (2007)]
seems reasonable. Similarly, Green et al. (2013) quantified a
“natural background” abundance of macroalgal biomass in the
range of 2-16 g dw m 2, similar to the range of very high (0—

10 g dw m ?) established by best professional judgment in the
EU WEFD (Scanlan et al. 2007). At what areal percent cover
this threshold is applied is another question. Diversity and
biomass of epifauna were shown to increase with biomass
until macroalgae covered 50 % of the benthos (Pihl et al.
1996, 1999). Jones and Pinn (2006) found that after a month
of approximately 75 % macroalgal cover, all species in the
sediment declined and many organisms started migrating out
of the sediment and moving into the mats. However, biomass
was not monitored in these studies. Scanlan et al. (2007) use
cover categories of <5 %, 5-15 %, 15-25 %, 25-75 %, and
>75 %. In the SCB, placement of ten segments (37 %) in the
moderate eutrophic condition was driven by cover between
25 % and 50 % with biomass less than 70 g dw m . Place-
ment of these segments in an “actionable” category may be
overly conservative. It may be advisable to consider refine-
ment (collapsing 5-25 %) and an additional cover category
between 25 and 75 %.

ASSETS (Bricker et al. 2003) and IFREMER (Souchu
et al. 2000) thresholds are based on the paradigm of light
limitation of benthic primary producers, particularly seagrass,
although references to other adverse effects are made. How-
ever, this paradigm is not necessarily relevant in all systems,
and discussion on different thresholds for systems without
seagrass is worth considering. In the SCB, 26 % of estuaries
had seagrass habitat and 36 % had brackish water submerged
aquatic vegetation. Both ASSETS and IFREMER assessment
frameworks have similar “no effect” levels of chlorophyll a—
less than 5 and 7 ug L™, respectively. Moderate effects range
from roughly 7 to 10 ug L ™", similar to the criteria established
for Yaquina Bay in Oregon, 3—5 ug L' (Brown et al. 2007)
and Florida estuaries, <3.8-11.0 pg L™ (Janicki et al. 2000,
2009). Above 20 pg L', submerged aquatic vegetation show
declines (Stevenson et al. 1993), and phytoplankton commu-
nity shifts from diverse mixture to monoculture (Twilley
1985). At 60 pg L', chlorophyll a, high turbidity,
and low bottom water dissolved oxygen have been observed
in estuaries (Jaworski 1981; Bricker et al. 2003). Estuaries
with closed inlets are typically brackish and can become
dominated by cyanobacteria under high nutrient loading
(Paerl 2008); for these estuaries, studies of the relationships
between chlorophyll @ and cyanobacteria blooms can be
illustrative (Walker 1985; TetraTech 2006). Cyanobacteria
blooms less likely to occur when summer mean chlorophyll
a concentrations are less than 5 pg L' while, at concentra-
tions of 10 g L™, such blooms are still rare. These values are
comparable to no effect levels in seagrass dominated habitats
as described by ASSETS and the IFREMER. Similarly,
concentrations of 20 pg L' suggests cyanobacteria blooms
will occur about 15-20 % of the time, which has been sug-
gested to be the maximum allowable level consistent with full
support of contact recreation use (Walker 1985). Thus, while
there are a few studies that provide a clear picture of biomass
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dose versus eutrophic response for phytoplankton, there ap-
pears to be some scientific consensus around ranges of thresh-
olds (Borja et al. 2011a).

We found that the use of the WDF framework for DO (Best
et al. 2007) versus ASSETS thresholds has an effect on the
results of the assessment. Relative to the Best et al. (2007)
framework, 78 % of segments upgraded eutrophic condition
category using ASSETS, with 40 % changing two or more
condition categories. We feel the use of the EU-WFD frame-
work in SCB estuaries was well-founded. The thresholds
proposed by Best et al. (2007) are similar to those calculated
for California species (5.7 mg L™ as chronic effects criteria
protective of 95 % of the non-salmonid population and
2.8 mg L' as acute effects criteria; Sutula et al. 2012). For
salmonids, Sutula et al. (2012) calculated 6.3 mg L' as
chronic effects criteria and 4.0 mg L™ as acute effects criteria.
Relative to ASSETS, the WFD framework has the advantage
of reconciling a threshold protective of all life history stages
for salmonids from 7 mg L™ in freshwater to 5.7 mg L' at
marine salinities. The ASSETS wupper threshold of
5.0 mg L' is roughly equivalent to this threshold at full
strength seawater but does not take into account effects of
salinity (Bricker et al. 2003), an issue in estuaries. Thus,
applying ASSETS to river mouth and lagoonal estuaries
with a closed inlet, habitats that are typically brackish and
that currently or historically support salmonids in southern
California, could be under-protective. In addition, Sheldon
and Alber (2010) revealed some confusion in the literature
over the definition of hypoxia, often cited as <2 mg L',
but the units used to describe oxygen concentrations cited
criterion for hypoxia of 2 mL L' (Diaz and R. Rosenberg
1995) is actually equivalent to approximately 2.8 mg L',
which is the acute criteria calculated by Sutula et al. (2012).

Uncertainties in How Data Are Used to Make an Assessment We
found that categorization of estuarine eutrophic condition
was sensitive to the format of the data as well as the
spatial and temporal integration of the data (Nobre et al.
2005). Most expert discussion of assessment frameworks
tends to focus on the thresholds, with less attention paid
to specifying the spatial and temporal density of data and
how to use it to make an assessment. Data format and
integration were found to impact the condition categories
of estuaries for each indicator, regardless of whether the
ASSETS or EU-WFD frameworks were applied.

How macroalgal abundance data were used to categorize
estuaries had a significant effect on condition category. Data
management decisions for macroalgae include whether to use
wet or dry biomass, whether to use the mean biomass from the
three transects, the maximum biomass, or a percentile, and the
time period of data integration. Macroalgae biomass was mea-
sured in terms of both wet and dry weights. The EU-WFD uses
thresholds based on wet weights for practical reasons (Scanlan
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et al. 2007), although, recent work has argued for use of dry
weights (Patricio et al. 2007). We observed that wet weights
and dry weights were not necessarily linearly related, with
significant scatter particularly for higher biomass samples
(R*=0.691, p<0.0001, least-squares regression). Thus, we
felt that dry biomass was a more scientifically defensible
approach to assessment of eutrophication to eliminate the error
involved in variable water content. Using our preferred data
integration period, eight segments changed category when wet
versus dry biomass was used, indicating that this is an impor-
tant consideration for assessment. Management of spatial data
also had an effect on condition categorization. We utilized
average biomass and cover from all three transects to weigh
intertidal area in the segment equally and generate a condition
class representative of the entire segment rather than the most
severely affected sub-section. Use of a percentile or only using
biomass and cover data from the worst of the three transects
generated lower scores in half of the segments, demonstrating
the importance of variation in spatial scales in assessment.
More research is required to identify the amount of estuarine
area that can be affected by significant and sustained algal
blooms before the ecosystem is significantly degraded. Finally,
how temporal data are integrated also affects how estuaries
are categorized. As expected, more segments were catego-
rized as having higher eutrophic condition using annual
averages compared with peak season or maximum period;
what was interesting was the differences between peak
season and the maximum period. For some sites, a max-
imum period with high biomass and cover was averaged
with a period of relatively low biomass and cover resulting
in a moderate condition category. This approach defined
the difference between sites with chronic problems and
those with short-duration blooms.

Method of data collection and type of averaging applied to
the phytoplankton biomass data set had an impact on the
condition categories of a significant number of segments. Half
of the systems changed condition category when the discrete
data were used versus the continuous data, and 25 % of the
systems crossed the good/moderate boundary indicating a
change in whether management action would be taken. This
is not surprising, given that phytoplankton biomass in estu-
aries is highly variable on tidal, weekly, and seasonal time
scales (Day 1989), so continuous data will always be pre-
ferred over discrete grab samples, albeit not always practical.
It is worth noting that our discrete data set was insufficient
for use in the IFREMER (which requires monthly data
collection at minimum). Continuous data could be expressed
as either instantaneous 15-min data or as daily averages. We
opted to use daily averages to eliminate some high-
frequency noise in the data set. However, comparison be-
tween the two data sets indicated that there was not a
significant effect on how data were categorized with respect
to eutrophic condition.
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Data management considerations were also important
for determining eutrophic condition based on DO. Both
ASSETS and EU-WFD (Bricker et al. 2003; Best et al.
2007) utilize a percentile approach to data integration,
calculated by ranking data from lowest to highest value,
and applying the percentile. The EU-WFD applies a fifth
percentile and ASSETS a tenth percentile; the fifth per-
centile of 9 months of continuous DO data equates to
approximately 2 weeks below a designated threshold. Use
of fifth and 15™ percentile relative to the tenth percentiles
changes condition classes in 20-30 % of segments. The
use of the percentile approach to integrate duration and
frequency of low DO events does not distinguish between
high-frequency short-duration events and low-frequency
but long-duration events. The effect of these two examples
can be very different on biota, depending the timing and
number of reproductive cycles in the year, number per brood,
and other factors. “Natural” hypoxia in bottom waters of
bar-built estuaries (Rabalais et al. 2010) is potentially an
issue for application of DO thresholds and has implica-
tions for interpretation this assessment. Shallow estuaries
are prone to development of density-driven stratification
during restrictions or closure to tidal exchange when the
estuaries precluding diffusion and mixing of oxygen to
bottom waters (Largier et al. 1991, 1996). All of the
estuaries that were closed to tidal exchange in this assess-
ment were typified by hypoxic events greater than 1.5 days
in duration, with some of the more eutrophic estuaries
having hypoxic events up to 36 days. Studies of natural
hypoxia in minimally disturbed “reference” estuaries are needed
to clarify this issue.

Conclusions

This study has demonstrated that eutrophication is prevalent in
SCB estuaries region-wide, regardless of which indicator or
set of indicators are used to make the assessment. However, on
an individual estuary level, assessment of eutrophic condition
is dependent on the indicator(s) used as well as the spatial and
temporal scales over which the monitoring is conducted, a
finding supported by similar comparisons conducted in Euro-
pean estuaries (Devlin et al. 2011; Garmendia et al. 2012). In
this study, we aimed to understand the best way to utilize three
indicators of eutrophication in the Mediterranean estuaries of
the SCB. Managers who plan to make assessments in similar
systems should consider evaluation of assessment frame-
works, particularly with respect to: (1) applicability of specific
indicators may vary from estuary to estuary; (2) timing of
expression of eutrophication is highly variable across estuar-
ies; and (3) effect of sampling and data management approach
on assessment outcome.

Acknowledgments Data for this study were collected as a part of the
Southern California Bight 2008 Regional Monitoring Program (Bight
'08). The authors wish to thank the members of the Bight'08 Estuarine
Eutrophication Workgroup for their guidance on objectives, design,
sample analysis, data analysis, and report review. This study would
not have been possible without the hard work, dedication, and
exceptional skill of the field sampling team from the following
organizations: Tijuana River Estuarine Research Reserve, San Elijo
Lagoon Conservancy, Santa Monica Bay Restoration Commission, City
of Los Angeles, Resource Conservation District of the Santa Monica
Mountains, California State University Channel Islands, University of
California, Santa Barbara Reserve, and Ventura County. Funding for
indicator assessment in San Diego County was provided through the
Cleanup and Abatement Account (CAA) from the State Water Resources
Control Board, Project# C/A 268. In addition, the Counties of San Diego,
Orange, Los Angeles, and Ventura provided sampling support for wet
weather sampling to estimate nutrient loads. The authors also wish to
express their gratitude to Becky Schafther (SCCWRP) for assistance with
map preparation and Karlene Miller (SCCWRP) for editing this docu-
ment. This document was greatly improved by comments from two
anonymous reviewers and Dr. Suzanne Bricker.

References

Ackerman, D., and K. Schiff. 2003. Modeling stormwater mass emissions
to the southern California bight. J Environ Eng 129: 308-317.

Ackerman, D., and S.B. Weisberg. 2003. Relationship between rainfall
and beach bacterial concentrations on Santa Monica Bay beaches. J
Water Health 01(2): 85-89.

Artebjerg, G., J. Carstensen, K. Dahl, J. Hansen, K. Nygaard, B.
Rygg, K. Serensen, G. Severinsen, S. Casartelli, W. Schrimpf,
C. Schiller, J.N. Druon, and A. Kiinitzer. 2001. Eutrophication
in Europe's Coastal Waters. Copenhagen, Denmark: European
Environment Agency.

Andersen, JH., P. Axe, H. Backer, J. Carstensen, U. Claussen, V.
Fleming-Lehtinen, M. Jarvinen, H. Kaartokallio, S. Knuuttila, S.
Korpinen, A. Kubiliute, M. Laamanen, E. Lysiak-Pastuszak, G.
Martin, C. Murray, F. Mohlenberg, G. Nausch, A. Norkko, and A.
Villnas. 2011. Getting the measure of eutrophication in the Baltic
Sea: towards improved assessment principles and methods. Biogeo-
chemistry 106: 137-156.

Best, M.A., A.W. Wither, and S. Coates. 2007. Dissolved oxygen as
a physico-chemical supporting element in the Water Framework
Directive. Mar Pollut Bull 55: 53-64.

Birk, S., W. Bonne, A. Borja, S. Brucet, A. Courrat, S. Poikane, A.
Solimini, W.V. van de Bund, N. Zampoukas, and D. Hering. 2012.
Three hundred ways to assess Europe's surface waters: an almost
complete overview of biological methods to implement the Water
Framework Directive. Ecol Indic 18: 31-41.

Bolam, S.G., T.F. Fernandes, P. Read, and D. Raffaelli. 2000. Effects of
macroalgal mats on intertidal sandflats: an experimental study. J
Exp Mar Biol Ecol 249: 123-137.

Bona, F. 2006. Effect of seaweed proliferation on benthic habitat quality
assessed by sediment profile imaging. J Mar Syst 62: 142-151.

Borja, A., J. Bald, J. Franco, J. Larreta, I. Muxika, M. Revilla, J.G.
Rodriguez, O. Solaun, A. Uriarte, and V. Valencia. 2009a. Using
multiple ecosystem components, in assessing ecological status in
Spanish (Basque Country) Atlantic marine waters. Mar Pollut Bull
59: 54-64.

Borja, A., A. Basset, S. Bricker, J.-C. Dauvin, M. Elliot, T. Harrison, J.-C.
Marques, S.B. Weisberg, and R. West. 2011a. Classifying ecological
quality and integrity of estuaries. In: E. Wolanski and D. S.

@ Springer



Estuaries and Coasts

MecLusky, editors. Treatise on Estuarine and Coastal Science, 125—
162. Waltham: Academic Press.

Borja, A., and D.M. Dauer. 2008. Assessing the environmental quality
status in estuarine and coastal systems: comparing methodologies
and indices. Ecol Indic 8: 331-337.

Borja, A., J. Franco, V. Valencia, J. Bald, I. Muxika, M.J. Belzunce, and
O. Solaun. 2004. Implementation of the European water framework
directive from the Basque country (northern Spain): a methodolog-
ical approach. Mar Pollut Bull 48: 209-218.

Borja, A., I. Galparsoro, X. Irigoien, A. Iriondo, I. Menchaca, I. Muxika,
M. Pascual, I. Quincoces, M. Revilla, J.G. Rodriguez, M. Santurtun,
O. Solaun, A. Uriarte, V. Valencia, and 1. Zorita. 2011b. Implemen-
tation of the European Marine Strategy Framework Directive: a
methodological approach for the assessment of environmental
status, from the Basque Country (Bay of Biscay). Mar Pollut Bull
62: 889-904.

Borja, A., I. Galparsoro, O. Solaun, I. Muxika, E.M. Tello, A. Uriarte,
and V. Valencia. 2006. The European Water Framework Directive
and the DPSIR, a methodological approach to assess the risk of

failing to achieve good ecological status. Estuarine Coastal Shelf

Sci 66: 84-96.

Borja, A., A. Ranasinghe, and S.B. Weisberg. 2009b. Assessing
ecological integrity in marine waters, using multiple indices
and ecosystem components: challenges for the future. Mar Pollut
Bull 59: 1-4.

Borja, A., and J.G. Rodriguez. 2010. Problems associated with the 'one-
out, all-out' principle, when using multiple ecosystem components
in assessing the ecological status of marine waters. Mar Pollut Bull
60: 1143-1146.

Bricker, S. B., C. G. Clement, D. E. Pirhalla, S. P. Orlando, and D. R. G.
Farrow. 1999. National estuarine eutrophication assessment: effects
of nutrient enrichment in the nation's estuaries. NOAA, National
Ocean Service, Special Projects Office and National Centers for
Coastal Ocean Science, Silver Springs, MD

Bricker, S.B., J.G. Ferreira, and T. Simas. 2003. An integrated method-
ology for assessment of estuarine trophic status. Ecol Model 169:
39-60.

Bricker, S.B., B. Longstaf, W. Dennison, A. Jones, K. Boicourt, C.
Wicks, and J. Woerner. 2008. Effects of nutrient enrichment in the
nation's estuaries: a decade of change. Harmful Algae 8: 21-32.

Brown, C. A., W. G. Nelson, B. L. Boese, T. H. DeWitt, P. M. Eldridge, J.
E. Kaldy, H. L. I, J. H. Power, and D. R. Young. 2007. An approach
to developing nutrient criteria for Pacific Northwest estuaries: a case
study of Yaquina Estuary, Oregon. USEPA Office of Research and
Development, National Health and Environmental Effects Labora-
tory, Western Ecology Division

Brownlie, W.R., and B.D. Taylor. 1981. Sediment Management for
Southern California Mountains. Coastal Plains and Shoreline: Part
C, Coastal Sediment Delivery by Major Rivers in Southern
California. California Institute of Technology, Pasadena, CA.

Cardoso, P.G., M.A. Pardal, D. Raffaelli, A. Baeta, and J.C. Marques.
2004. Macroinvertebrate response to different species of macroalgal
mats and the role of disturbance history. J Exp Mar Biol Ecol 308:
207-220.

Cloern, J.E. 1996. Phytoplankton bloom dynamics in coastal ecosystems:
a review with some general lessons from sustained investigation of
San Francisco Bay, California. Rev Geophys 34: 127-168.

Cloern, J.E. 2001. Our evolving conceptual model of the coastal eutro-
phication problem. Mar Ecol Prog Ser 210:223-253.

Cloern, J.E., and A.D. Jassby. 2008. Complex seasonal patterns of pri-
mary producers at the land—sea interface. Ecol Lett 11: 1294-1303.

Cloern, J.E., and F.H. Nicols. 1985. Time scales and mechanisms of
estuarine variability, a synthesis from studies of the San Francisco
Bay. Hydrobiologia 129: 229-237.

Cummins, S.P., D.E. Roberts, and K.D. Zimmerman. 2004. Effects of the
green macroalga Enteromorpha intestinalis on macrobenthic and

@ Springer

seagrass assemblages in a shallow coastal estuary. Mar Ecol Prog
Ser 266: 77-87.

Day, J.W. 1989. Estuarine Ecology. New York: John Wiley and Sons.

Dettmann, E.H. 2001. Effect of water residence time on annual export and
denitrification of nitrogen in estuaries: a model analysis. Estuaries
24: 481-490.

Devlin, M., S. Bricker, and S. Painting. 2011. Comparison of five
methods for assessing impacts of nutrient enrichment using estua-
rine case studies. Biogeochemistry 106: 177-205.

Devlin, M., S. Painting, and M. Best. 2007. Setting nutrient thresholds to
support an ecological assessment based on nutrient enrichment,
potential primary production and undesirable disturbance. Mar
Pollut Bull 55: 65-73.

Diaz, R.J., R. J. Neubauer, L. C. Schaffner, L. Phil, and S. P. Baden. 1992.
Continous monitoring of dissolved oxygen in an estuary experience
periodic hypoxia and the effects of hypoxia on macrobenthos and
fish. Science of the Total Environment supplement

Diaz, R. J. and R. Rosenberg. 1995. Marine benthic hypoxia: a review of
its ecological effects and the behavioural responses of benthic
macrofauna. Pages 245-303 Oceanography and Marine Biology—an
Annual Review, Vol 33

Domingues, R.B., A. Barbosa, and H. Galvao. 2008. Constraints on the
use of phytoplankton as a biological quality element within the
Water Framework Directive in Portuguese waters. Mar Pollut Bull
56: 1389-1395.

Duarte, C.M. 2009. Coastal eutrophication research: a new awareness.
Hydrobiologia 629: 263-269.

Duarte, C.M., D.J. Conley, J. Carstensen, and M. Sanchez-Camacho.
2009. Return to Neverland: shifting baselines affect eutrophication
restoration targets. Estuar Coasts 32: 29-36.

Ferreira, J.G., J.H. Andersen, A. Borja, S.B. Bricker, J. Camp, M.C. da
Silva, E. Garces, A.S. Heiskanen, C. Humborg, L. Ignatiades, C.
Lancelot, A. Menesguen, P. Tett, N. Hoepffner, and U. Claussen.
2011. Overview of eutrophication indicators to assess environmental
status within the European Marine Strategy Framework Directive.
Estuarine Coastal Shelf Sci 93: 117-131.

Ferreira, J.G., S.B. Bricker, and T.C. Simas. 2007. Application and
sensitivity testing of a eutrophication assessment method on coastal
systems in the United States and European Union. J Environ Manag
82: 433-445.

Flindt, M.R., J.A. Pardal, A.I. Lillebo, I. Martins, and J.C. Marques.
1999. Nutrient cycling and plant dynamics in estuaries: a brief
review. Acta Oecol-Int J Ecol 20: 237-248.

Fong, P., T.C. Foin, and J. Zedler. 1994. A simulation model of lagoon
algae based on nitrogen competition and internal storage. Ecol
Monogr 64: 225-247.

Fong, P., and J.B. Zedler. 1993. Competition with macroalgae and benthic
cyanobacterial mats limits phytoplankton abundance in experimen-
tal microcosms. Mar Ecol Prog Ser 100: 97-102.

Fong, P., and J.B. Zedler. 2000. Sources, sinks and fluxes of nutrients (N+P)
in a small highly modified urban estuary in southern California. Urban
Ecosyst 4: 125-144.

Garmendia, M., S. Bricker, M. Revilla, A. Borja, J. Franco, J. Bald, and V.
Valencia. 2012. Eutrophication assessment in Basque estuaries:
comparing a North American and a European method. Estuar
Coasts 35: 991-1006.

Gilbert, PM. 2010. Long-term changes in nutrient loading and stoichi-
ometry and their relationships with changes in the food web and
dominant pelagic fish species in San Francisco Estuary, California.
Rev Fish Sci 18: 211-323.

Green, L., M. Sutula, and P. Fong. 2013. How much is too much?
Identifying benchmarks of adverse effects of macroalgae on the
macrofauna in intertidal flats. Ecological Applications doi:10.
1890/13-0524.1.

Hering, D., A. Borja, J. Carstensen, L. Carvalho, M. Elliott, C.K. Feld,
A.S. Heiskanen, R.K. Johnson, J. Moe, D. Pont, A.L. Solheim,


http://dx.doi.org/10.1890/13-0524.1
http://dx.doi.org/10.1890/13-0524.1

Estuaries and Coasts

and W. Van De Bund. 2010. The European Water Framework
Directive at the age of 10: a critical review of the achievements
with recommendations for the future. Sci  Total  Environ
408: 4007-4019.

Hillman, K., R. Lukatelich, and A. McComb. 1990. The impact of
nutrient enrichment on nearshore and estuarine ecosystems in Western
Australia. Proc Ecol Soc Aust 16: 39-53.

Horn, M. H. and L. G. Allen. 1985. Fish community ecology in southern
California bays and estuaries, Chapter 8. Pages 169-190 in A.
Yanez-Arancibia, editor. Fish Community Ecology in Estuaries
and Coastal Lagoons: Toward an Ecosystem Integration. DR (R)
UNAM Press Mexico, Mexico City

Howard, M. D. A., G. Robertson, M. Sutula, B. Jones, N. Nezlin, Y.
Chao, H.Frenzel, M. Mengel, D. A. Caron, B.Seegers, A. Sengupta,
E. Seubert, D. Dichl, and S. B. Weisberg. 2012. Southern California
Bight 2008 Regional Monitoring Program: Volume VII. Water
Quality. Technical Report 710. . Southern California Coastal Water
Research Project. Costa Mesa, CA

Huntington, B.E., and K.E. Boyer. 2008. Effects of red macroalgal
(Gracilariopsis sp.) abundance on eelgrass Zostera marina in
Tomales Bay, California, USA. Mar Ecol Prog Ser 367: 133—142.

Janicki, A., M. Dema, and R. Nijbroek. 2009. Seagrass Targets for
the Sarasota Bay Estuary Program. Inc: Janicki Environmental.

Janicki, A.J., D. Wade, and J.R. Pribble. 2000. Establishing a process
for tracking chlorophyll-a concentrations and light attenuation in
Tampa Bay. Inc: Janicki Environmental.

Jaworski, N. A. 1981. Sources of nutrients and the scale of eutrophication
problems in estuaries. . In: B. J. Nielson and L. E. Cronin, editors.
Estuaries and Nutrients. Humana Press, Clifton

Jones, M., and E. Pinn. 2006. The impact of a macroalgal mat on benthic
biodiversity in Poole Harbour. Mar Pollut Bull 53: 63-71.

Kamer, K., K.A. Boyle, and P. Fong. 2001. Macroalgal bloom dynamics in a
highly eutrophic southern California estuary. Estuaries 24: 623-635.

Kamer, K., and E. Stein. 2003. Dissolved oxygen concentration as a
potential indicator of water quality in Newport Bay: a review of
scientific research, historical data, and criteria development. South-
ern California Coastal Water Research Project. CA: Westminster.

Kemp, W.M., W.R. Boynton, J.E. Adolf, D.F. Boesch, W.C. Boicourt, G.
Brush, J.C. Cornwell, T.R. Fisher, PM. Glibert, J.D. Hagy, L.W.
Harding, E.D. Houde, D.G. Kimmel, W.D. Miller, R.L.E. Newell,
M.R. Roman, E.M. Smith, and J.C. Stevenson. 2005. Eutrophication
of Chesapeake Bay: historical trends and ecological interactions.
Mar Ecol Prog Ser 303: 1-29.

Kennison, R., K. Kamer, and P. Fong. 2003. Nutrient dynamics and
macroalgal blooms: a comparison of five southern California estu-
aries. Southern California Coastal Water Research Project

Largier, J. L., C. J. Hearn, and D. B. Chadwick. 1996. Density structures
in low-inflow "estuaries". Pages 227-241. In: D. G. Aubrey and C.
T. Friederichs, editors. Coastal and Estuarine Studies

Largier, J. L., J. H. Slinger, and S. Taljaard. 1991. The stratified hydro-
dynamics of the Palmiet—a prototypical bar-built estuary. Pages
135-153 in D. Prandle, editor. Dynamics and Exchanges in
Estuaries and the Coastal Zone. American Geophysical Union,
Washington D.C

McLaughlin, K., M. Sutula, L. Busse, S. Anderson, J. Crooks, R. Dagit,
D. Gibson, K. Johnston, N. Nezlin, and L. Stratton. 2012. Southern
California Bight 2008 Regional Monitoring Program VIII: Estuarine
Eutrophication Assessment. Costa Mesa, CA: Southern California
Coastal Water Research Project.

Moore, K.A., and R.L. Wetzel. 2000. Zostera reductions after 4—-6 weeks
(Seasonal variations in eelgrass (Zostera marina L.) responses to
nutrient enrichment and reduced light availability in experimental
ecosystems. J Exp Mar Biol Ecol 244: 1-28.

Nelson, W.G., H. Lee, and J.O. Lamberson. 2005. Condition of Estuaries
of California for 1999: A Statistical Summary. Washington, D.C.:
U.S. Environmental Protection Agency.

Nezlin, N.P., K. Kamer, J. Hyde, and E.D. Stein. 2009. Dissolved oxygen
dynamics in a eutrophic estuary, Upper Newport Bay, California.
Estuarine Coastal Shelf Sci 82: 139-151.

Nezlin, N.P., and E.D. Stein. 2005. Spatial and temporal patterns of
remotely-sensed and field-measured rainfall in southern California.
Remote Sens Environ 96: 228-245.

Nixon, S., B. Buckley, S. Granger, and J. Bintz. 2001. Responses of very
shallow marine ecosystems to nutrient enrichment. Hum Ecol Risk
Assess 7: 1457-1481.

Nobre, A.M., J.G. Ferreira, A. Newton, T. Simas, J.D. Icely, and R.
Neves. 2005. Management of coastal eutrophication: integration of
field data, ecosystem-scale simulations and screening models. J
Mar Syst 56: 375-390.

Norkko, A., and E. Bonsdorff. 1996. Rapid zoobenthic community
responses to accumulations of drifting algae. Marine ecology prog-
ress series. Oldendorf 131: 143-157.

NRC. 1990. Monitoring Southern California’s Coastal Waters. Wash-
ington, D.C.: National Academy Press.

Paerl, H. 2008. Nutrient and other environmental controls of harmful
cyanobacterial blooms along the freshwater—marine continuum.
Pages 217-237 Cyanobacterial harmful algal blooms: state of the
science and research needs. Springer

Painting, S.J., M.J. Devlin, S.J. Malcolm, E.R. Parker, D.K. Mills, C.
Mills, P. Tett, A. Wither, J. Burt, R. Jones, and K. Winpenny. 2007.
Assessing the impact of nutrient enrichment in estuaries: suscepti-
bility to eutrophication. Mar Pollut Bull 55: 74-90.

Patricio, 1., J.M. Neto, H. Teixeira, and J.C. Marques. 2007. Opportunistic
macroalgae metrics for transitional waters. Testing tools to assess
ecological quality status in Portugal. Mar Pollut Bull 54: 1887—
1896.

Patton, C. and J. R. Kryskalla. 2003. Methods of Analysis by the U.S.
Geological Survey National Water Quality Laboratory—Evaluation
of Alkaline Persulfate Digestion as an Alternative to Kjeldahl Di-
gestion for Determination of Total and Dissolved Nitrogen and
Phosphorus in Water, Water-Resources Investigations Report 03—
4174. U.S. Department of the Interior, U.S. Geological Survey,
Denver, CO

Pihl, L., G. Magnusson, 1. Isaksson, and 1. Wallentinus. 1996. Distribu-
tion and growth dynamics of ephemeral macroalgae in shallow bays
on the Swedish west coast. J Sea Res 35: 169-180.

Pihl, L., A. Svenson, P.O. Moksnes, and H. Wennhage. 1999. Distribution
of green algal mats throughout shallow soft bottoms of the Swedish
Skagerrak archipelago in relation to nutrient sources and wave
exposure. J Sea Res 41: 281-294.

Pinckney, J.L., H.W. Paerl, P. Tester, and T.L. Richardson. 2001. The role
of nutrient loading and eutrophication in estuarine ecology. Environ
Heal Perspect 109: 699-706.

Rabalais, N., R. Diaz, L. Levin, R. Turner, D. Gilbert, and J. Zhang. 2010.
Dynamics and distribution of natural and human-caused hypoxia.
Biogeosciences 7: 585-619.

Rabalais, N. N. and D. Harper, editors. 1992. Studies of benthic biota in
areas affected by moderate and severe hypoxia. NOAA Coastal
Ocean Program, Texas A&M Sea Grant, College Station, TX

Rabalais, N.N., W.J. Wiseman Jr., and R.E. Turner. 1994. Compar-
ison of continuous records of near-bottom dissolved oxygen
from the hypoxia zone along the Louisiana coast. Estuaries
17: 850-861.

Ruiz, J.M., and J. Romero. 2001. Effects of in situ experimental shading
on the Mediterranean seagrass Posidonia oceanica. Mar Ecol Pro
Ser 215: 107-120.

Scanlan, C.M., J. Foden, E. Wells, and M.A. Best. 2007. The monitoring
of opportunistic macroalgal blooms for the Water Framework Direc-
tive. Mar Pollut Bull 55: 162-171.

Scanlan, D.J., and W.H. Wilson. 1999. Application of molecular tech-
niques to addressing the role of P as a key effector in marine
ecosystems. Hydrobiologia 401: 149-175.

@ Springer



Estuaries and Coasts

Sengupta, A., M. A. Sutula, K. McLaughlin, M. Howard, L. Tiefenthaler,
T. VonBitner, C. Cash, G. Gonzales, and A. Anslem. submitted.
(2013) Riverine nutrient loads and fluxes into the Southern California
bight (in press)

Sheldon, J. E. and M. Alber. 2010. The condition of Georgia’s coastal
waters: development and analysis of water quality indicators. Geor-
gia Coastal Research Council, Univ. of Georgia, Athens, GA

Short, F.T., D.M. Burdick, and J.E. Kaldy. 1995. Mesocosm experiments
quantify the effects of eutrophication on eelgrass, Zostera marina.
Limnol Oceanogr 40: 740-749.

Smith, V.H., G.D. Tilman, and J.C. Nekola. 1999. Eutrophication: im-
pacts of excess nutrient inputs on freshwater, marine, and terrestrial
ecosystems. Environ Pollut 100: 179-196.

Sohma, A., Y. Sekiguchi, T. Kuwae, and Y. Nakamura. 2008. A benthic-
pelagic coupled ecosystem model to estimate the hypoxic estuary
including tidal flat—model description and validation of seasonal/
daily dynamics. Ecol Model 215: 10-39.

Souchu, P., M. C. Ximenes, M. Lauret, A. Vaquer, and E. Dutrieux.
2000. Mise a jour d'indicators du niveau d'eutrophisation des
milieux lagunaaires mediterraneens. Ifremer-Creocean-Universite
Montpellier 11

Sousa-Dias, A., and R.A. Melo. 2008. Long-term abundance patterns of
macroalge in relation to environmental variables in the Tagus Estu-
ary (Portugal). Estuarine Coastal Shelf Sci 76: 21-28.

Stevenson, J.C., L.W. Staver, and K.W. Staver. 1993. Water quality
associated with survival of submersed aquatic vegetation along an
estuarine gradient. Estuaries 16: 346-361.

Sutula, M., H. Bailey, and S. Poucher. 2012. Science supporting dissolved
oxygen objectives in California estuaries. Southern California

@ Springer

Coastal Water Research Project. Technical Report 684. Costa Mesa,
CA. 86pp.

TetraTech. 2006. Technical approach to develop nutrients numeric end-
points for California. Prepared for: U.S. EPA Region IX (Contract
No. 68-C-02-108-To-111)

Twilley, R.R. 1985. The exchange of organic carbon in basin mangrove
forests in a southwest Florida estuary. Estuarine Coastal Shelf
Sci 20: 543-557.

Valiela, 1., K. Foreman, M. LaMontagne, D. Hersh, J. Costa, P.
Peckol, B. DeMeo-Andreson, C. D'Avanzo, M. Babione, C.
Sham, J. Brawley, and K. Lajtha. 1992. Couplings of water-
sheds and coastal waters: sources and consequences of nutrient
enrichment in Waquoit Bay, Massachusetts. Estuaries 15: 433—
457.

Vaquer-Sunyer, R., and C.M. Duarte. 2008. Thresholds of hypoxia for
marine biodiversity. Proc Natl Acad Sci U S A 105: 15452—15457.

Vaquer-Sunyer, R., and C.M. Duarte. 2011. Temperature effects on
oxygen thresholds for hypoxia in marine benthic organisms. Glob
Chang Biol 17: 1788-1797.

Walker, W.W. 1985. Statistical bases for mean chlorophyll a criteria.
Lakes ReservManag 1: 57-62.

Webb, C.K., D.A. Stow, and H.H. Chang. 1991. Morphodynamics of
Southern California inlets. J Coast Res 7: 167-187.

Zaldivar, J.-M., A.C. Cardoso, P. Viaroli, A. Newton, R. deWit, C.
Ibanez, S. Reizopoulou, F. Somma, A. Razinkovas, A. Basset, M.
Jolmer, and N. Murray. 2008. Eutrophication in transitional waters:
an overview. Transit Waters Monogr 1: 1-78.

Zedler, J.B. 1996. Coastal mitigation in Southern California: the need for
a regional restoration strategy. Ecol Appl 6: 84-93.



	A Regional Survey of the Extent and Magnitude of Eutrophication in Mediterranean Estuaries of Southern California, USA
	Abstract
	Introduction
	Methods
	Results
	Extent and Magnitude of Eutrophication in SCB Estuaries
	Sensitivity of Results to Threshold, Data Format, and Spatial and Temporal Integration

	Discussion
	Extent and Magnitude of Eutrophication in SCB Estuaries
	Uncertainty in the Assessment and Applicability of Existing Frameworks

	Conclusions
	References


