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1. Executive Summary and Key Findings

This report summarizes and compares data from the National Estuarine Research
Reserves System-Wide Monitoring Program in four estuaries on the Pacific coast. Data
from 2000-2005 from Padilla Bay (WA), South Slough (OR), Elkhorn Slough (CA) and
the Tijuana River estuary (CA) are examined. In total over 10 million water quality,
nutrient and meteorological data were collected at sixteen sites, four in each of the four
estuaries. The data from each estuary were all processed in the same manner in order to
facilitate intercomparison. Data from all four sites within each estuary were examined to
elucidate the overall functioning of each estuary in terms of nutrient dynamics. The
similarities and differences between estuaries were addressed in terms of nutrient
concentrations, ratios and dynamics, anthropogenic nutrient impacts and the temporal
forcing of seasonal and interannual patterns.

While the estuaries are distributed over a wide latitudinal range (Padilla Bay bordering
Canada to the north and the Tijuana estuary bordering Mexico in the South) common
climatic and oceanographic forcing factors are present throughout the Pacific coast of the
U.S. including seasonal upwelling, distinct wet and dry seasons and longer term
phenomena such as ENSO and PDO cycles. The goal of this study was to compare
common functioning of the estuaries within their broader geographical, oceanographic
and climatological context.

Physical conditions within the estuaries varied widely and the dominant temperature and
salinity characteristics depended both on the geographical location of the sites as well as
the morphologies of the different estuaries. Estuaries to the south were warmer, and
sporadic rainfall led to pulsed freshwater events. The warm climates at these estuaries led
to the prevalence of evaporation over freshwater inputs in summer and to hypersalinity in
Elkhorn Slough and the Tijuana Estuary. Freshwater inputs in the more northerly
estuaries were less pulsed than in the southerly estuaries, and some sites in South Slough
were freshwater dominated throughout the year. Padilla Bay experienced less rainfall
than South Slough and lower freshwater inputs both due to lower rainfall and its status as
an orphan estuary with no major freshwater inputs. Of all the estuaries Padilla Bay
showed the most constant salinity pattern which reflected the tidal advection of Puget
Sound waters in and out of the estuary on a daily basis. Elkhorn Slough was generally
dominated by marine waters and the Tijuana estuary was extremely variable in salinity
characteristics exhibiting hypersalinity in summer and almost complete freshwater
dominance during extreme freshwater flow events of the rainy season.

Concentrations of nutrients in the estuaries reflected freshwater flow and the land uses of
the surrounding catchment areas. The dominant land uses in Padilla Bay and Elkhorn
Slough are agriculture and this was apparent in elevated nitrogen concentrations evident
in both estuaries. The Tijuana estuary is surrounded by urban land and inputs from
sewage resulted in highly elevated nutrient concentrations in this estuary. Of all four
estuaries South Slough showed least evidence of anthropogenic disturbance in terms of
nutrient concentrations



The molar ratios of the two principal macronutrients, nitrogen and phosphorus showed
similar relations with salinity in each estuary. Fresher waters typically had N:P ratios
above the Redfield ratio while more marine waters had N:P ratios below the Redfield
ratio indicating nitrogen limitation. The spatial extent of the freshwater influence varied
with season and estuary. In Padilla Bay with its low freshwater inputs, elevated N:P
ratios were limited to the one site where significant freshwater inputs were apparent. In
South Slough, each site experienced a wide range of N:P ratios, but during the summer
growth season P was generally limiting in the upper estuary and N was limiting at the
marine end. Elkhorn Slough which was dominated by marine water typically showed N
limitation throughout except during the pulsed high freshwater flow events when P was
potentially limiting. As in Elkhorn Slough the Tijuana estuary generally showed
potential limitation by nitrogen except during the pulsed high freshwater flow events.

Linear regressions of nitrogen with salinity indicated a common seasonal pattern was in
DIN sources throughout the estuaries. The linear regression showed that freshwater
nitrogen sources dominated in winter but that in summer marine nitrogen source were of
increasing importance. This pattern was caused by the prevalence of high freshwater
flows in winter and the availability of nutrients at the marine end in summer caused by
upwelling. The pattern in regressions was most apparent in Sough Slough and was due to
the high spatial variability in salinity at this estuary. Regression of salinity with N also
indicates a significant sink of nitrogen in South Slough which was associated with
eelgrass beds in the central part of the estuary.

A seasonal pattern in P sources was less pronounced. In Padilla Bay, Elkhorn Slough and
the Tijuana estuary marine P sources were prevalent in summer. Regressions of P with
salinity in South Slough were somewhat anomalous, the regressions indicated a
wintertime marine P source and a freshwater P source in summer, and this was the
opposite of the pattern in DIN. The freshwater end member of the P regression in South
Slough was greatly elevated above measured freshwater P concentrations in the upper
Estuary and indicated a localized anthropogenic P source. This anomalous pattern was
most likely the result of anthropogenic P from the urban settlement at Charleston, the
signal was probably diluted in winter by the high freshwater flow and became apparent in
summer because these flow were low. Though no data were available indicating the
magnitude of the water flux associated with the high concentrations of P it is likely that
the large tidal prism in South Slough is still the major source of P to the upper estuary in
summer.

Chlorophyll concentration in the estuaries, like nutrient concentrations, showed great
spatial and temporal variability. While elevated concentrations of chlorophyll were
found at some sites in Elkhorn Slough and one site in Padilla Bay, the more eutrophied
Tijuana River estuary showed no evidence of elevated chlorophyll concentrations. Linear
regression of nutrient with chlorophyll indicated significant relationships with DIN at all
stations in Padilla Bay and South Slough but in Elkhorn Slough only one weak
relationship was found and there was no relationship between DIN and chlorophyll at any
station in the Tijuana Estuary. Similar relationships between chlorophyll and PO,



occurred at 3 of four sites in Padilla Bay and the WI site in South Slough showed a
positive relationship between chlorophyll and PO,.

Distinct patterns in oxygen concentrations were apparent in all estuaries. And each
estuary experienced differing degrees of anoxia, hypoxia and oxygen stress.
Photosynthesis and respiration drove the daily pattern in oxygen concentrations, maxima
were observed in the afternoon and evening, after a full day of photosynthesis minima
were observed in the dark hours indicating the prevalence of respiration over
photosynthesis in the absence of light. The magnitude of the variability in daily oxygen
concentration was greater in the southern estuaries which also had highest nutrient
concentrations. Annual cycles in oxygen depletion were also apparent at some sites, the
site which were most affected by nutrient stress did not show any clear annual pattern
because oxygen stress rarely eased over the entire year. A general relationship was
found between mean number of hours of oxygen stress at each station and the mean
annual temperature ate each station. In South Slough the duration of oxygen stress at the
Sengestacken site in the upper estuary was positively correlated with the upwelling index,
the correlation improved when a lag period was included. This relationship indicates the
sensitivity of this P limited site to nutrients supplied from a marine source.

Trend analysis was conducted on the water quality data to elucidate any long term
patterns in variables. This trend analysis involved the removal of cyclical component of
data on timescales less than 1 year so that the long term pattern could be observed. Seven
of 10 sites analyzed showed long term temperature trends that were correlated with the
Pacific Decadal Oscillation. Of these 7 sites a further four showed negative relationship
between the oxygen concentrations and measured at the sites and the Pacific Decadal
Oscillation. These findings indicate the same long term climatological trends were
affecting the underlying temperature and oxygen characteristics in all the estuaries.
However these relationships with PDO were not found at all sites within all estuaries and
the variability in responses to the PDO may be as a result of localized events without
regular periodicity on timescales of less than one year.

Overall the data indicated that differing mechanisms of functioning in terms of physical
structure, the varying anthropogenic stressors apparent at each estuary. Similarities in
temporal patterns were found due to freshwater flow and annual patterns of upwelling
and the long term patterns in climate influenced each of these estuaries on the Pacific
Coast.

The approach taken for this study has proved useful in terms of understanding the local
functioning of each estuary and identifying sites that are locally sensitive to nutrient
inputs. The methods have identified an emerging phenomenon of anthropogenic impact
in South Slough as well as reconfirming previously identified patterns of eutrophication
in Padilla Bay, Elkhorn Slough and the Tijuana Estuary. The links between water quality
and long term climatic cycles are of importance in themselves shedding light on the long
term natural variability in estuarine water parameters and they are a useful step towards
understanding the possible effects of warming climate on the waters of estuarine
ecosystems.



2. Project Development

a. Abstract

This report summarizes and compares data from the National Estuarine Research
Reserves System-Wide Monitoring Program in four estuaries on the Pacific coast. Data
from 2000-2005 from Padilla Bay (WA), South Slough (OR), Elkhorn Slough (CA) and
the Tijuana River estuary (CA) are examined. The goal of the investigation was to
compare common functioning of the estuaries within their broader geographical,
oceanographic and climatological context. Over 10 million measurements of water
quality parameters, nutrient concentrations, and meteorological variables were collected
at sixteen long-term monitoring sites, four in each of the four estuaries. The time-series
database from each estuary was processed in the same manner in order to facilitate
intercomparisons among the NERR sites. Data from all four sites within each estuary
were examined to elucidate the overall functioning of each estuary in terms of nutrient
dynamics. The similarities and differences between estuaries were addressed in terms of
nutrient concentrations, ratios and dynamics, anthropogenic nutrient impacts and the
temporal forcing of seasonal and interannual patterns. While the estuaries are distributed
over a wide latitudinal range (Padilla Bay bordering Canada to the north and the Tijuana
River estuary bordering Mexico in the south), common climatic and oceanographic
forcing factors are present throughout the Pacific coast of the U.S. including seasonal
upwelling, distinct wet and dry seasons, and longer-term phenomena such as recurrent El
Nifio / Southern Oscillation events and the cyclic warming and cooling of the Pacific
Decadal Oscillation.

b. Introduction

Estuaries located along the Pacific coast of North America exhibit substantial diversity in
geomorphology, and they also differ considerably in the spatial and temporal extent of
influence by riverine inputs versus oceanic forcing (Emmett et al., 2000). Many estuaries
in the U.S. are known to receive an influx of nutrients primarily from terrestrial sources,
and the water column conditions in estuaries are frequently susceptible to nutrient loading
from the combination of natural riverine inputs and agricultural drainages, domestic
runoff, and other anthropogenic sources (Boyer et al., 2002; Bricker et al., 2007). Itis
important, however, to gain an increased understanding of the extent to which estuarine
nutrient dynamics are also influenced by the input of nitrogen, phosphorus, and other
nutrients from the nearshore waters at the mouth of the estuary. Ocean delivery of
nutrients is particularly important for the Pacific coast estuaries during the summer
season of low riverine discharge when wind-driven upwelling events can periodically
bring pulses of nitrogen to the shallow nearshore waters where they are advected by tidal
flooding into the estuaries and coastal embayments (Colbert and McManus, 2003; Sigleo
and Frick, 2007; Frick et al., 2007). Moreover, seasonal measurements of nutrient
concentrations inside and outside estuaries indicate that the shallow nearshore coastal
waters along the Pacific coast can also be influenced directly and indirectly by tidal



outflow from nearby estuaries (Emmett et al., 2000; Sigleo et al., 2005; Hickey and
Banas, 2003; Rumrill, 2006).

With the exception of San Francisco Bay, the Columbia River mouth, and Puget Sound,
estuaries of the Pacific coast of North America are relatively small and shallow, and they
experience large tidal prisms, short residence times, and extensive flushing through their
open connections with the waters of the nearshore Pacific Ocean (Emmett et al., 2000;
Fry et al., 2003; Hickey and Banas, 2003). The small outer coast estuaries of
Washington, Oregon, and California are also generally bounded by topographically
distinct watersheds that convey riverine inputs rapidly through the tidal channels and out
of the estuarine systems (Zedler et al., 1992; Zimmerman and Caffrey, 2002; Sigleo et
al., 2005; Rumrill, 2006). Tidal exchanges between the Pacific coast estuaries and the
nearshore ocean are also embedded within the seasonal and regional context of larger-
scale climatic events and variability within the California Current Large Marine
Ecosystem (LME) (Greenland, 1998), and the estuaries are known to receive substantial
natural inputs of nitrogen from seasonally upwelled nearshore waters (Fry et al., 2003;
Sigleo et al., 2005). Consequently, the dynamics of nutrient fluxes through the Pacific
coast estuaries strongly reflect seasonal changes in the extent of climatic forcing, tidal
exchanges, and watershed inputs (Roegner and Shanks, 2001; Colbert and McManus,
2003).

In contrast to the small estuaries located along the outer coasts of Washington, Oregon,
and California, the estuaries that empty into Puget Sound are complex and vary
considerably in geomorphology, tidal characteristics, and watersheds. For example,
Padilla Bay (WA\) is a broad, shallow, orphaned estuary that persists as a deltaic feature
at the mouth of the re-directed Skagit River. Padilla Bay receives freshwater inputs from
agricultural drainage systems, seasonal rainfall, and episodic advection of riverine waters
discharged into Puget Sound by the Fraiser River. In contrast, Hood Canal (WA) is a
deep elongated fjord system that is characterized by low freshwater inputs, minimal tidal
exchange, long retention times, and frequent hypoxic conditions. Although the
differences in the geomorphology of the estuaries are important, the dynamics of nutrient
fluxes through the Puget Sound and its sub-basins and estuaries also reflect seasonal
changes in the extent of climatic forcing, tidal exchanges, and watershed inputs (Newton
etal., 1997).

Despite widespread recognition that the processes of material transfer and nutrient
exchange differ substantially between the Pacific coast estuaries and those of the Atlantic
coast (Boyer et al., 2002; Hickey and Banas, 2003), it is not clear how nutrient
exchanges, dissolved oxygen concentrations, and other water quality conditions respond
to seasonal and spatial differences in tidal and riverine forcing within the estuaries. In
addition, it is also not clear the extent to which nutrient dynamics and estuarine water
parameters can be influenced by regional EI Nifio/La Nifia events and larger-scale
changes in the nearshore ocean associated with the Pacific Decadal Oscillation
(Greenland, 1998; Chavez et al., 2002).

c. Principal Question, Goal, and Objectives:




The principal question addressed by the synthesis of Pacific coast NERR SWMP datasets
IS “to what extent are estuarine water parameters influenced by larger-scale processes
and changes in the nearshore ocean and climatic forcing through coastal watersheds?”
We hypothesize that the extent of oceanic versus watershed forcing of estuarine water
parameters varies among the Pacific NERR sites due to large scalar differences in the
geomorphology and flushing of the estuarine basins. In the particular case of the four
NERR sites encompassed by this synthesis, we anticipate that the extent of ocean forcing
and watershed inputs will also vary directly with latitude (i.e. high oceanic / sound
influence in Padilla Bay, WA — mix of oceanic and riverine influence in South Slough,
OR and Elkhorn Slough, CA - high riverine influence in Tijuana River, CA). By this we
do not mean to imply any intrinsic relationship between marine/oceanic forcing and
latitude in estuaries, but rather to document the specific latitudinal pattern that likely
results from the chance selection of NERR sites along the Pacific coast.

The goal of this Pacific coast regional comparison is to illustrate the scale of variability
in the extent to which changes in estuarine nutrient concentrations, phytoplankton
blooms, and hypoxic events are driven by watershed inputs and flushing rates versus
tidally-driven forcing and upwelling from the nearshore Pacific Ocean. In addition, we
seek to determine the regional and local influence of large-scale ocean events (i.e. El
Nifio / Southern Oscillation and Pacific Decadal Oscillation) on oceanic forcing,
upwelling, climate conditions, rainfall, and ambient water quality conditions in several
representative estuaries. These issues are important to Pacific coastal resource managers,
but identification of changes in the status and condition of the estuaries is limited by a
scarcity of relevant time-series data (Bricker et al., 1999; Bricker et al., 2007). Recent
assessments indicate that water quality conditions are relatively unchanged over the past
decade throughout the Pacific region, and that 5% of the estuaries exhibit highly
persistent eutrophic conditions, 80% experience moderately eutrophic conditions, and
only 15% of the Pacific coast estuaries exhibit low or minimal levels of eutrophication
(Whitney and Welch, 2002; Bricker et al., 2007).

Our specific objectives are to: (A) conduct time-series analyses of short-term variability
and interannual changes in the estuarine water parameters collected by the NERR
System-Wide Monitoring Program over the period from 2000 to 2006; (B) compile the
findings into a region-wide analysis that provides a comparison of estuarine water
conditions, status, and trends among the four NERR sites from the perspective of the
Pacific coast; and (C) produce a condensed summary and synthesis report for the coastal
management community. These objectives apply directly to CICEET goal #2 (apply
innovative methods to coastal resource management through synthesis, integration,
training, and tool development); and goal #3 (facilitate advances to the NERRS capacity
to understand and manage estuarine ecosystems).

Analysis of time-series trends of estuarine water parameters (collected in a consistent
manner by the NERR System-Wide Monitoring Program / SWMP) for multiple NERR
sites will improve our understanding of short-term variability and longer-term changes in
tidal channels and embayments over a large geographic region. In particular, analysis of



the Pacific coast NERR SWMP datasets will add significantly to our appreciation of
marine/oceanic and riverine forcing as fundamental processes that establishes distinct
biogeochemical signatures for individual estuaries. Understanding of these forcing
mechanisms is an important next step toward improvement in national and regional
assessments of estuarine water quality conditions (Bricker et al., 1999; USEPA, 2004).
Improved understanding of physical forcing in the Pacific coast estuaries is also essential
because suspended and dissolved substances are transported through estuarine tidal
basins from sources in the upland watershed and/or the nearshore ocean, and they are
frequently used to gauge the extent of anthropogenic stress.

d. Methods:

d.1. Pacific Coast Estuaries:

The four Pacific coast estuaries included in this project span nearly 16 deg of latitude and
about 2,500 km of coastline from Puget Sound, WA to the boundary between California
and Mexico. This vast section of the Pacific coast is highly heterogeneous and
encompasses three Large Marine Ecosystems (Puget Sound, California Current, Southern
California Bight), at least 5 distinct coastal biogeographic regions, and over 10
biogeographic provinces. This study will draw together a time-series synthesis of
variability in estuarine water datasets over the period from 2000 to 2006 collected by the
NERR System-Wide Monitoring Program at four NERR sites that are representative of
this large section of the temperate Pacific coast (Tables 1 and 2). These estuaries range
from a large shallow deltaic embayment fed primarily by co-mingled waters from the
Fraser River and Puget Sound (Padilla Bay, WA), to several smaller shallow drowned
river-mouth tidal sloughs and inlets located at the interface of coastal watersheds and the
Pacific Ocean (South Slough, OR; Elkhorn Slough, CA; Tijuana River, CA).

Padilla Bay (Puget Sound, Washington; 48° 31° N / 122° 28> W): Padilla Bay is a large
and expansive, shallow, deltaic embayment formed at the mouth of the Skagit River.
Freshwater from the Skagit River has been redirected southward by a water diversion
channel, and the tidal waters of Padilla Bay are currently flushed by the co-mingled
waters from the Fraser River and Puget Sound. Long-term monitoring stations (Gong,
Bay View, Poleg Channel) are located within tidal channels in the marine-dominated /
polyhaline waters of the bay. Padilla Bay also receives minor freshwater inputs from a
small oligohaline tidal inlet (Joe Leary Slough) and other agricultural drainage systems.

South Slough (southern Oregon; 43° 19> N/ 124° 19> W): The South Slough estuary is an
ebb-dominated, well-mixed, drowned river-mouth tidal basin that receives primary inputs
from greater Coos Bay, the nearshore Pacific Ocean, and from a series of small streams
and creeks that drain the adjacent coastal watershed. The South Slough estuarine tidal
basin encompasses the full hydrographic gradient from the marine-dominated waters at
the mouth (Boathouse and Charleston), to polyhaline waters in the mid region (Valino
Island), and mesohaline/oligohaline waters in the riverine region (Winchester Creek and
Sengstacken Arm).



Elkhorn Slough (central California; 36° 50° N/ 121° 45’ W): Elkhorn Slough is a
relatively small, tidally-flushed estuary that receives freshwater input primarily from two
intermittent creeks (Carneros and Watsonville Creeks) that deliver substantial flows in
winter but are virtually dry in the summer. Additional freshwater inputs drain into the
slough from extensive agricultural fields in the surrounding hills, and the mouth of
Elkhorn Slough may also receive freshwater that is advected into the tidal inlet through
the Moss Landing Harbor. Although the Elkhorn Slough tidal basin encompasses the full
estuarine hydrographic gradient, the long-term SWMP stations (Vierra Mouth, North
Marsh, South Marsh, Azevedo Pond) are located in marine-dominated / euhaline waters
that are strongly influenced by the Pacific Ocean.

Tijuana River (southern California; 32° 33> N/ 117° 7> W): The Tijuana River estuary is
a relatively small, intermittent estuary that receives substantial seasonal inputs of
freshwater and sediments from the Tijuana River. The estuary is subject to highly
variable inputs of fresh and marine waters, and extended periods of drought can leave
parts of the estuary dry during some periods. Minor amounts of freshwater drain into the
slough from the adjacent salt marshes and urban areas. The Tijuana River tidal basin
encompasses the full estuarine hydrographic gradient, and several of the long-term
SWMP stations (Oneata Slough, Model Marsh, Tidal Linkage) are located in marine-
dominated / euhaline waters, and the River Channel station is located in the mesohaline
region.

d.2. Time-Series Data from the NERR System-Wide Monitoring Program:

The National Estuarine Research Reserve System has operated the NERR System-Wide
Monitoring Program (SWMP) since 1995 to collect long-term time-series data to describe
ambient conditions within estuaries that are representative of the different biogeographic
regions of the United States (Owen and White, 2005). The NERR SWMP time-series
database (Table 1) includes a series of estuarine water parameters measured every 30
minutes by deployment of Yellow Springs Instruments Model 6600 dataloggers (water
level, temperature, conductivity, salinity, pH, dissolved oxygen, turbidity), a series of
local meteorological parameters recorded by Campbell CR-10/CR-1000 weather stations
(air temperature, barometric pressure, wind speed, wind direction, precipitation,
photosynthetically active radiation), and a suite of nutrient variables measured from grab
samples collected on a near-monthly basis from the estuarine water column (Dissolved
Inorganic Nitrogen (DIN), Phosphate, Chlorophyll-a, Phaeopigments). Each of the
NERR sites located along the Pacific coast is a full participant in the NERR SWMP, and
the SWMP time-series datasets are readily available from the NERR Centralized Data
Management Office (http://cdmo.baruch.sc.edu) for the 2000-06 period of the
investigation (Figure 1).

d.3. Numerical Time-Series Analysis:

Analysis of long term trends in the NERR SWMP water quality data was carried out
using the “Trends” module for the SPSS 15.0 statistical package. Periodic components of
the numerical time-series data were identified using spectral analysis of the daily



averaged measurements of water parameters for each monitoring station. The dominant
100 signals with a periodicity of 1 year or less were removed from the database using the
SPSS 15.0/ Trends Seasonal Decomposition procedure. Data requirements for these
time series analysis techniques include an unbroken data series and at least four
repetitions of the largest seasonal pattern to be removed. Local mean values were used to
replace missing data. The availability and completeness of the NERR SWMP water
quality database is illustrated for each NERR site (Figure 1). Time-series analyses to
detect long term trends were carried in all cases where at least four years of data were
available. Statistical testing for differences between water quality parameters and other
variables were carried out using t-tests embedded within SPSS 15.0 Trends.

Numerical indices to describe the extent of ocean upwelling (upwelling index) were
provided by the Pacific Fisheries Environmental Laboratory (http://www.pfel.noaa.gov/).
Time-series data to describe the Pacific Decadal Oscillation were compiled from the Joint
Institute for the Study of Atmosphere and Ocean (http://jisao.washington.edu/pdo/PDO).
Upwelling winds for the South Slough were calculated as the cosine of the northerly
component of the daily averaged wind speed measured at the South Slough NERR
SWMP meteorological station (located at the mouth of the South Slough estuary).

Minimum nutrient concentrations were estimated as half the Method Detection Limits
(MDL) for each nutrient. MDLs for each nutrient parameter were obtained from
metadata provided by the NERR Centralized Data Management Office
(http://cdmo.baruch.sc.edu). Illustrations of the spatial variation of parameters within
the estuaries are based on annual data from the year where greatest temporal coverage
was available.

e. Results and Discussion

e.1. Local Meteorological Conditions:

The four estuaries in this study are distributed over a wide latitudinal range and each
experiences different weather conditions. Figure 2 illustrates the variation in mean
monthly air temperature and rainfall at each site for the study period. A southward
increase in air temperature was observed, however Padilla Bay showed higher average air
temperatures than South Slough from April to September and high average air
temperatures from June July and August than Elkhorn Slough despite its more northerly
latitude. The steeper curve in air temperature apparent at Padilla Bay may be attributed
to a continental influence, since the bay is located some 160km inshore of the open
waters of the Pacific Ocean. The lower rainfall experienced in Padilla Bay by
comparison to South Slough may also be attributed to its distance from the open ocean.
On the basis of temperature and rainfall two distinct seasons may be assigned to the
estuaries, the rainy season (winter) lasts from October to March and the dry season
(summer) occurred between April and September.

e.2 Temperature and Salinity Cycles:



http://jisao.washington.edu/pdo/PDO.latest

Figure 2 summarizes the spatial and temporal patterns in water temperature at each
estuary. The mean annual temperature in the estuaries increased southwards, being
11.4°C in Padilla Bay and 18.6°C in the Tijuana estuary (Figure 2 a). Within estuaries
there was considerable variability in temperature, there was a negative correlation
between mean depth and mean temperature with shallower sites showing warmer
temperatures (r°= 0.572, p<0.01). In the two northerly estuaries the variability in
temperature was negatively correlated with mean salinity (r*=0.63, p=0.05). Those
stations with lowest salinities (Joe Leary Slough in Padilla Bay, and Winchester and
Sengestacken in South Slough) showed higher variability in temperatures reflecting the
differential heating and cooling of land and sea. In the two southerly estuaries the
maximum salinities observed (>40 psu) indicated the summertime prevalence of
evaporation over freshwater input and there was no apparent relationship between salinity
and variability in temperature.

Each estuary showed a very different spatial pattern in salinity reflecting their different
morphologies and hydrographic conditions as well as the location of the datasondes
(Figure 4a). In Padilla Bay, the three sites located in the open bay (BV, GS, and PO)
exhibited polyhaline conditions with typical salinities around 29 psu (Figure 3), a daily
range of about 1 psu and an annual range for the three sites of 8-10 psu. The salinity
characteristics of these sites were dictated by the advection of Puget Sound water in and
out of the bay. Greatest variability occurred in winter when salinity could drop by about
9 psu within a single day; these sporadic reductions in salinity were typically short-lived
and probably associated with high flows from the Fraser River or the nearby Skagit River
(Bulthuis, 1995). By contrast the JLS site in Padilla Bay was oligohaline with a mean
salinity of 3.7 psu and an annual range of 28.5 psu Mean daily ranges at this site were 6
psu with a maximum daily range of 26.6 psu. The fluctuations in salinity at the JLS
SWMP station reflect the site’s location in an agricultural drainage channel experiencing
occasional tidal inundation.

Strong horizontal salinity gradients and the great seasonal variability in salinity
conditions were observed at South Slough and reflected the relatively large freshwater
inputs to this estuary (Figure 3 a). The two upper estuary sites, SE and W1 were generally
mesohaline in character with monthly averaged salinities in winter occasionally dropping
below 5 psu into the oligohaline category. Maximum summer salinities at these sites
were 33.6 psu. (SE) and 35.3 psu (W1) indicating a strong seasonal marine influence and
the importance of tidal inundation. The two lower estuary sites in South Slough were
polyhaline in winter and euhaline in summer. The polyhaline conditions persisted in the
rainy season when strong freshwater influences were present; summer salinities at these
sites indicate only minor influences from freshwater (Figure 4c).

Salinities at EIkhorn Slough were largely dominated by marine inputs and evaporation.
All sites were euhaline and there was a pattern of decreasing variability in salinity
towards the mouth of the slough associated with the decreasing influence of freshwater
inputs and of evaporation. Temporal patterns in salinity were similar at all sites within
Elkhorn Slough and monthly average salinities were positively correlated between all
sites (p<0.01). Hypersalinity (i.e. salinities higher than the surrounding seawater)



occurred on an annual basis due to the prevalence of evaporation over freshwater inputs
(Figure 2c) and was most pronounced in the upper estuary AP and NM sites.

The Tijuana estuary was characterized by high variability in salinity, all sites had a range
in salinity >30 psu. This great range in salinity was caused by a combination of the
prevalence of evaporation in summer and extreme freshwater flow events. Three of the
sites OS, MM and TL were euhaline while one site RC was mesohaline. Each of the
euhaline sites experienced hypersalinity in summer and hypersalinity was the dominant
mode at MM (mean salinity 36.5 psu). Typical daily ranges in salinity at the three
euhaline sites were between 2 and 10 psu but during sporadic short duration high flow
events salinities dropped by 34 psu or more in single day. The effect of these high flow
events on mean monthly salinity, and the irregularity of their timing, are illustrated in
Figure 4e. Distinct reductions in monthly average salinity were apparent every year
except 2002. Mean daily variability was higher at the RC site, which was influenced
daily by both tides and freshwater. During high flow events salinities at this site
approached pure freshwater concentration <1 psu with low daily variability.

The dominant salinity and temperature regimes in these estuaries indicate systems with
very different modes of functioning. Padilla Bay is an orphan estuary with no major
direct freshwater inputs. Temperature and salinity signatures in this estuary are largely
dictated by advection of the surrounding Puget Sound waters in and out of the bay on a
semi-diurnal basis and the salinities of these advected waters are further driver by flow
from the Fraser and Skagit rivers (Bulthuis, 1995). There appears to be little influence on
the physical properties of the sites in the open bay by the freshwater inputs from JLS or
other minor freshwater sources. By contrast South Slough has strong local freshwater
inputs which affect the salinity characteristics of all sites in the estuary particularly
during the rainy season. These freshwater inputs also have characteristic more variable
temperature signatures due to differential heating of land and sea. While Elkhorn Slough
has geomorphologic similarities to South Slough (both are small narrow drowned river
valley with direct opening to the open ocean) the hydrographic regimes in these two
estuaries are very different. The low freshwater inputs in Elkhorn Slough and resultant
high residence times ~50 days (Largier et al., 1997) result in an environment where
during the summer months evaporation dominates over freshwater input and
hypersalinity occurs. The Tijuana estuary shares elements of the functioning of both
South Slough and Elkhorn Slough and these similarities are caused by the sporadic nature
of the water sources in this estuary. During times of low or no flow there may be no
connection with the open ocean, and residence times are unpredictable, lasting until the
next flood event (Zedler et al. 1992) hypersalinity was widely observed at these times
however when high flow conditions do arrive freshwater volumes are such that the entire
estuary may become freshwater dominated within a day.

e.3 Concentrations of Dissolved Inorganic Nutrients:

Similar to the temporal and spatial pattern observed for variability in salinities, the
concentrations of dissolved inorganic nutrients also showed considerable variation within
estuaries, between estuaries, and over time (Figure 5). Mean Dissolved Inorganic



Nitrogen (DIN) concentrations at most sites fell within the “medium” (>0.1mg.1"") range
of nitrogen concentrations (as defined by Bricker et al., 1999). The Padilla Bay NERR
SWMP station JLS and Tijuana River NERR SWMP station RC each had mean DIN
concentrations considered “high” (>1mg.1™) (Figure 5a). It is important to note that each
of these SWMP stations also exhibited the lowest average salinities in their respective
estuaries. Within both Padilla Bay and South Slough the maximum DIN concentrations
did not exceed the “medium” limit (except at JLS), while in Elkhorn Slough and in the
Tijuana River estuary maximum DIN concentrations at all sites exceeded the “high”
boundary. Figure 5 (b-e) illustrates the seasonal cycles in DIN from representative sites
in each estuary. Seasonal cycles in DIN concentrations were most pronounced in Padilla
Bay’s main channel sites (PO, GS and BV) and in the South Slough, but such patterns
were less pronounced at Elkhorn Slough and the Tijuana River estuary. Significant
differences (p<0.01) in DIN concentrations were observed between summer (April to
September) and winter (November to March) seasons within Padilla Bay, South Slough
and Elkhorn Slough. However, distinctly different seasonal concentrations of DIN did
not occur within the Tijuana River estuary. The greatest difference between summer and
winter mean DIN concentration occurred in Padilla Bay (0.52mg.I™), and the lowest
significant difference in DIN concentrations occurred in Elkhorn Slough (0.15mg.1™).
The Padilla Bay sites exhibited a more gradual increase to sustained high DIN
concentrations in winter than at South Slough and Elkhorn Slough where nutrient peaks
were steeper and less regularly timed (Figure 5). Winter peaks in DIN also occurred in
the Tijuana River estuary, but the patterns in summer depletion were not as pronounced.
The seasonal pattern in the ratio of NH, to DIN was similar in all estuaries, highest
proportions of NH,4 occurred during summer months exceeding 80% in all estuaries and
NH, minima occurred in winter (Figure 4 b-e). The minimum concentration of NH,4
varied between estuaries, in the Tijuana River estuary NH, rarely made up less than 40%
of DIN while in Padilla Bay the proportion of NH, regularly fell to < 1% of DIN in
winter.

Mean annual PO, concentrations (Figure 6) at the majority of NERR SWMP sites were in
the “medium” (>0.1 mg.1"*) category of Bricker et al. (1999). Exceptions to this
generalization occurred in the Tijuana River estuary where all of the water quality
monitoring stations exhibited mean concentrations in the “high” category (>0.1 mg.1™),
and in the South Slough (SWMP station WI) where mean PO, concentrations were “low”
(<0.01 mg.I™") (Figure 6a). Significant differences (p<0.01) between rainy and dry
season POy concentrations occurred in Padilla Bay and Elkhorn Slough with winter
maxima and summer minima. In South Slough and the Tijuana River estuary there were
no significant differences between rainy and dry season PO, concentrations when the
estuaries were considered as a whole. However, significant seasonal differences (p<0.05)
did occur at the Tijuana River TL site and at the South Slough VA site (Figure 6 c,e). At
both the VA and WI sites in South Slough, dry season PO, concentrations were higher
than rainy season PO, concentrations but at the WI site PO, concentrations were
consistently low throughout the study period. These low concentrations of PO, may
account for the lack of a statistically significant difference between wet and dry seasons.
The dry season PO, maxima observed at South Slough may be attributed to two factors:
the strong freshwater signal at South Slough in winter which dilutes the more POy, rich



marine waters and the prevalence of wind-driven upwelling of ocean waters during
summer. A similar temporal pattern was observed in Elkhorn Slough (Figure 6d). In
contrast, the seasonal pattern of PO4 concentrations at Padilla Bay likely reflects the
seasonal cycle in biological uptake of phosphorus (Figure 6 b,c). The lack of significant
statistical differences between summer and winter PO, concentrations at most sites in the
Tijuana River estuary may reflect the high error in mean concentrations resulting from
the very high maxima and the minima which were below detection limits

e.4. Analyses of Nutrient Ratios:

Greatest variability in N:P ratios was observed in sites with the greatest freshwater
influence (JLS, WI and RC) (Figure 7a). In Padilla bay N:P ratios at JLS exceeded the
Redfield ratio for most of the study period. In contrast, the other sites within Padilla Bay
consistently had nutrient ratios under the Redfield ratio (Redfield, 1958) indicating
potential nitrogen limitation. In South Slough the annual variability in salinity produced
great variability in the N:P ratios at each site, with all sites demonstrating ratios of N:P
both above and below the Redfield ratio at different times of year. Mean nutrient ratios
for VA, CH and BH combined indicated N limitation during summer months with
potential P limitation in winter. These elevated winter N:P ratios were most likely
attributable to oversupply of N during times of high river flow. With the single exception
of June 2002 N:P ratios at the WI site were persistently above the Redfield ratio
indicating almost permanent P limitation. In Elkhorn Slough N:P ratios exceeded the
Redfield ratio each year in January, as with South Slough the elevated N:P ratios at this
time corresponded with times of reduced salinities suggesting high freshwater flow and
were most likely the cause of the oversupply of N. At all other times nutrient ratios lay
below the Redfield ratio illustrating the strong marine influence and suggesting potential
N limitation throughout. Though nutrient data were collected less frequently for the
Tijuana River estuary, N:P ratios were consistently below the Redfield ratio except on 2
occasions where elevated ratios were (as in the other estuaries) associated with high
freshwater input.

Though the salinity regimes were very different in each estuary, and the land uses in the
watersheds also varied, the estuaries all showed a similar horizontal distribution of
macronutrient ratios and potential limitation. The molar ratios of N:P indicated that N
was typically the potentially limiting nutrient in lower estuary sites in all estuaries (and
throughout Elkhorn Slough) and P was potentially limiting at sites where freshwater
dominated (WI, SE, JLS and RC). A temporal pattern in potential nutrient limitation was
also common to South Slough, Elkhorn Slough and the Tijuana Estuary estuaries with
potential P limitation occurring in winter at times of highest freshwater inputs, however
during winter low light conditions and high freshwater flows which reduced residence
times of the estuaries probably combined to prevent any actual nutrient limitation from
occurring.

Maximum nutrient concentrations, the ratio of NH,to DIN and N:P ratios suggest that
anthropogenic nutrient sources were apparent in all estuaries and though the horizontal
distribution of macronutrient ratios followed a similar pattern the concentrations of DIN



and PO, observed in each estuary strongly reflected the differing conditions of the
surrounding watersheds. The Tijuana Estuary and Elkhorn Slough and the JLS site in
Padilla Bay had highest levels of nutrients. In the Tijuana estuary the greatly enhanced
nutrient concentrations reflected the large inputs of sewage to this system (Zedler et al.,
1992), PO, concentrations in particular showed greater elevation than in other estuaries.
Maximum POy concentrations in much of Elkhorn Slough also exceeded the “high” limit
but the elevation of PO, was not as pronounced as in Tijuana. In Elkhorn Slough and at
the JLS site in Padilla Bay the high nutrient concentrations may be attributed to
agricultural fertilizer sources ( Muller-Parker & Peele, 1998; McLaughlin et al., 2006,
Caffrey et al., 2007) but in the JLS site in Padilla Bay N alone was elevated. Overall
South Slough showed least evidence of altered nutrient concentrations and ratios.

e.5. Relationships between Nutrients and Other Water Parameters:

Linear regressions of nutrients with salinity were carried out at each site where nutrient
time series were conducted (BV, CH, SM and OS). Table 3 (a,b) summarizes the results
of the nutrient regressions in each estuary and Figure 6 illustrates the monthly mean
strength (r%) and direction (sign of slope) of DIN regressions with salinity. Full details of
nutrient regressions with salinity are provided in Appendix I. For DIN a general pattern
of strongly negative regressions in winter was apparent with a progression to positive or
more weakly negative values in summer time and there was a statistically significant
difference (p<0.01) in the strength and direction (r* with sign of slope) between winter
and summer. Regressions in winter had mean negative slope and r? of 0.313 and summer
regressions had mean positive slope and weaker r? of 0.052. More than half of the
reg