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EXECUTIVE SUMMARY  
 

The pelagic zone is a large and important component of Puget Soundôs ecosystem, but basic 

information is lacking on differences among oceanographic basins, linkages between abiotic 

features, water quality, and pelagic biota, and the effects of anthropogenic activities. This dearth 

of information complicates our ability to identify useful metrics to measure the pelagic zoneôs 

key characteristics determining ecological health. To address these issues, we conducted a multi-

trophic level assessment in six oceanographic basins within Puget Sound using a sampling 

scheme designed to detect both basin-wide differences and relationships between pelagic 

ecosystem attributes and land use in catchments surrounding sites. We measured over 20 

potential indicators of nearshore pelagic ecosystem health at 79 sites in six oceanographic basins 

of Puget Sound. These metrics included measurements of abiotic conditions and nutrient 

availability, and abundance and diversity of phytoplankton, bacteria, zooplankton, jellyfish, and 

pelagic fish species. In many taxa from lower to middle trophic levels, and for a comprehensive 

suite of abiotic attributes, we observed strong seasonal and spatial structure. South Sound and 

Hood Canal had the most reduced dissolved oxygen and pH, highest relative abundance of 

jellyfish, and lowest abundance of forage fish and fish species richness.  In contrast, Rosario 

(north of Fidalgo Island) and Whidbey Basins were characterized by relatively few abiotic or 

nutrient problems, few deviations in the abundance of different groups of microbes and 

phytoplankton, relatively high densities of  non-gelatinous (i.e., not jellyfish) zooplankton, and 

high fish species richness and relatively high forage fish abundance.  Admiralty Inlet and the 

Central Basin scored in between this range, although they too exhibited high jellyfish abundance 

and reduced forage fish abundance and fish species richness relative to Rosario and Whidbey 

Basins. Furthermore, many of the potential indicators we measured were sensitive to land use, 

with a general pattern that abiotic and lower trophic patterns were most sensitive, and patterns in 

fish abundance and diversity were the least sensitive. We found positive relationships between 

land use and jellyfish abundance, as well as shifts of jellyfish diets to lower trophic levels in sites 

with greater land use.  These findings provide empirical support for the bifurcated foodweb 

hypothesis, which predicts that stressors from development simplifies foodweb structure, leading 

to cascading effects on middle trophic levels like planktivorous salmon and forage fish, and 

favoring jellyfish and other consumers of microplankton. Despite these patterns, land use rarely 

explained more than 5% of the variation in observed data, indicating a dominant marine 

influence and the potential for resilience of Puget Soundôs pelagic waters to anthropogenic 

influence. The strong spatial structure observed in our results indicates that different pelagic food 

webs exist across the system. Consequently, target conditions, current health status, or both, 

cannot be uniform across greater Puget Sound. These are critical considerations for management 

of the Puget Sound ecosystem, and we expect that further analysis of our results in the context of 

other studies will improve our understanding of the underlying causes of the patterns we 

observed across Puget Sound.  
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BACKGROUND  
 

The pelagic ecosystem (the water column extending from the surface to just above the 

benthos) is a biological and economic focal point of Puget Sound, yet it remains one of the most 

poorly understood environments in the Pacific Northwest. The Soundôs deep bathymetry make 

the pelagic zone the largest component of marine habitat. Not surprisingly then, the pelagic 

ecosystem is at the center of the Soundôs complex marine foodweb. Within the pelagic 

ecosystem, marine nutrients mix with riverine inputs at estuaries to create high primary and 

secondary productivity that fuel forage fish and salmon populations (hence ñThe Fertile Fjord,ò 

Strickland 1983), which in turn are consumed by large predators such as seabirds and orcas. As a 

consequence, the pelagic ecosystem is highly valued for its ecosystem services for recreational 

and commercial fishing, shellfish aquaculture, boating and diving, and its tribal cultural heritage. 

It also serves as the recipient of sewage treatment plant effluent and terrestrial run-off, , and may 

be affected by extensive physical alteration at the land-water interface.  

Recently, a number of observations have raised concern for the ecological health of Puget 

Soundôs pelagic ecosystem. Herring and smelt, the dominant forage fish of Puget Sound, may be 

declining in some regions of Puget Sound. Many populations of Pacific salmon that use Puget 

Sound are listed as Threatened under the Endangered Species Act (Chinook and chum salmon, 

and steelhead), or Species of Concern (coho salmon). Because of demand for salmon, resource 

managers have supplemented declining populations with hatcheries, which often have negative 

effects on the native populations due to competition, disease transmission, and genetic 

introgression (Myers et al. 2004). Sea bird populations, which depend upon forage fish and 

juvenile salmon living in the pelagic zone, show evidence of declines (PSP 2010). In addition, 

incidents such as high abundances of jellyfish in various parts of Puget Sound (Rice et al. 2012), 

harmful algal blooms, and hypoxia, all of which have been interpreted as ecological warning 

signs (Anderson et al. 2002, Richardson et al. 2009, Cope and Roberts 2012), have focused our 

concern of the current ecological health of Puget Soundôs pelagic habitats. 

These observations beg the question: how do people affect the pelagic ecosystem? This is a 

fundamentally important question for Puget Soundôs scientific community to address. While the 

pathways by which people impact the pelagic ecosystem are likely complex, and may be difficult 

to assess due to Puget Soundôs marine-driven hydrodynamics (Kim and Khangaonkar 2012) and 

the mobility of its aquatic biota (e.g., Hay et al. 2001), this question has not been rigorously 

examined. In fact, many existing field programs have not incorporated human influences such as 

land use into sampling designs (Rice 2007).  

The dearth of information is not due to lack of ideas. Parsons and Lalli (2002) postulated that 

simple autotrophs (cyanobacteria, flagellates, and dinoflagellates) may be favored when water 

quality parameters worsen, leading to predominance by jellyfish over fish at middle trophic levels, 

and consequently resulting in a trophic ñdead endò where little energy is transferred to upper trophic 

levels such as predatory fishes, mammals, and birds. A ñbifurcated foodwebò may result because 

simple autotrophs constitute prey for smaller types of zooplankton and early stages of jellyfish, both 
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of which are not preferred prey for fish compared to the larger zooplankton that consume larger 

diatoms. While these patterns have experimental support (Parsons et al. 1981), the bifurcated 

foodweb hypothesis has not been tested in the field. 

In 2011 we conducted a field study in multiple oceanographic basins within Puget Sound to 

simultaneously examine different components of the pelagic foodweb, using a sampling design 

that stratified for major natural environmental influences (month, oceanographic sub-basin, 

shoreform) but also incorporated degree of urban and agricultural land use. This effort ï the first 

of its kind ï sampled water quality, microbes, primary producers, zooplankton (including 

jellyfish), fish, and birds and marine mammals. Because of our sampling design, we were able to 

explicitly test for effects of natural influences and land use on our measurement endpoints.  

 

The primary goals of the study were to:  

1. identify how foodweb structure differs among the oceanographic basins of Puget 

Sound, 

2. determine whether particular measurement endpoints of the pelagic ecosystem are 

sensitive to gradients of land use 

3. identify a number of potential biological metrics for monitoring ecosystem health. 
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METHODS 
    

Site selection and land use calculations 

To achieve the three study goals, we used an index site-based regression design that 

incorporated gradients of shoreline or catchment land use in four shoreline geomorphic types, in 

each of six basins of greater Puget Sound (Figure 1). Given this goal, the number of possible 

sites that can be selected is limited, and random selection can induce added variation that might 

obscure underlying patterns. We therefore used the following procedure to determine a set of 

index sites: 

1)  Determine bathymetry of Puget Sound. Some sites are inaccessible to our boats, so 

bathymetry bounds the ñpopulationò of sites that can be sampled. We used PSDEM2000 (School 

of Oceanography, University of Washington 2000, downloaded from 

http://www.ocean.washington.edu/data/pugetsound/) and The Estuarine Bathymetry data, P290 

(The National Ocean Service 2011, downloaded from http://estuarinebathymetry.noaa.gov/) to 

draw a 10 m bathymetric contour of all of Puget Sound. Bathymetry was ground-truthed from 

known locations where we previously sampled. 

2)  Determine shoreline units. We used PSNERPs drift cell framework (PSNERP Geodatabase 

Version 3.0 Change File, 2010) to select shoreline segments. Because trawls are longer than 

some drift cells and because land use patterns are sometimes larger or smaller than the spatial 

extent of certain drift cells, we sometimes combined or divided contiguous drift cells to 

determine units. In the end, units could be directly linked to shoreline segments and catchments 

for which the percentage of area developed by area could be estimated. Development classes 

were based on C-CAP 2006 land cover classes, and are at a 30 m resolution (Figure 2). We 

further developed a list of land use metrics to include total shoreline length, total catchment area, 

and amount of agriculture and development (m
2
) percentage of each land use type within 200 m 

of shore and within the entire catchment. 

 

Table 1. Number and sites sampled in each oceanographic basin of Puget Sound. 

 

 Geomorphic type  

Basin Tidal  

delta 

Large 

bay 

Small 

bay 

Exposed Total 

Rosario Basin 3 2 4 5 14 

Whidbey Basin 6 3 3 5 17 

Admiralty Inlet  3 1 4 8 

Hood Canal 5 3 2 3 13 

Central Basin 5 3 2 3 13 

South Sound 3 5 3 3 14 

Total 22 19 15 23 79 
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3)  Determine habitat types. We used four habitat types to stratify potential sites into units of 

similar geomorphic structure: embayments associated with large river deltas, large embayments 

(> 2.5 km of shoreline) lacking large river deltas, small embayments (Ò 2.5 km of shoreline), and 

exposed shorelines (not in embayments, Shipman 2008). We used SSHIAP embayment units 

(SSHIAP 2011) to define the units.  

4)  Choose sites. We were limited by the number of sites we could sample in a day (maximum ï 

10 sites/day) and the temporal window of each sampling event. For each basin, we examined all 

sample-able sites within each habitat type, and selected sites providing the most representative 

gradation of development at the catchment level. Within each basin, we chose 3-6 sites of each 

habitat type, depending upon the number of possible sites. The exception was Admiralty Inlet, 

which has few embayments of any kind and no large river deltas. Here we chose sites to 

maximize the range of land use within three of four habitat types. Because large river deltas are 

an important landscape feature, we chose up to two ñreplicateò sites at each large river delta.  

5)  Once an initial site list was determined, we estimated travel times between sites, and further 

reduced the number so that all sites could be visited once per month over the course of a cruise. 

We tested an initial design of 94 sites in April, and found that we could not complete all 

operations over 11 days of sampling per month. Therefore, we scaled back to 79 sites (Table 1, 

Figure 3), primarily by removing exposed sites.  

  

 Figure 1. Project map indicating land use in the 

Puget Sound Basin, ranging from high intensity 

development (black) to forest, wetland, and water or 

ice (lighter shadings). Lines indicate boundaries of 

major oceanographic basins, which are numbered in 

white: (1) South Puget Sound, (2) Central Basin, (3) 

Hood Canal, (4) Admiralty Inlet, (5) Whidbey 

Basin, (6) San Juan Islands, Bellingham Bay, and 

Padilla Bay (ñRosario Basinò), and (7) East Strait of 

Juan de Fuca. All but the last of these regions was 

included in this study.  

 

 

 Sample and data collection 

A total of 549 tows at 79 sites were sampled 

across six basins between April and October 

2011. Several thousand individual samples were 

collected for various metrics (Table 2) at each 

sampling location over the sampling period 

(Table 3). All samples were collected and 

processed in accordance with the methods 

outlined in the Quality Assurance Project Plan (QAPP). 

Sampling at each site was organized around a surface trawl for fish and jellyfish collection. 

Surface trawls were conducted using a Kodiak surface trawl, or ñtownetò (6.1 m x 3.1 m, 6 cm  
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mesh cod-end) towed between two boats. Each trawl occurred as close to the shoreline as 

feasible (within a bathymetric range of 6 to 40 m), into the current at a fixed engine RPM for 10 

minutes (most trawls were approximately 0.5 km long). In a limited number of cases, trawls were 

reduced to 5 minutes when jellyfish were observed at high densities, or if the site had a high 

jellyfish density in previous months. 

 

 
Figure 2. Graphs of each site as function of oceanographic basin (colors) and percent of land cover in 

developed classes in entire catchments (x-axis) or in 200 m buffers along the shoreline (y-axis).  A. land 

use in the large river deltas. B. Land use in large (diamonds) and small (triangles) embayments. C. Land 

use at exposed sites. 
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Figure 3.  Locations of index sites 

(green and black circles) sampled 

throughout the course of the study. 

Salmon coloration indicates 

developed areas, yellow indicates 

agriculture, green area is mixed 

forest. 
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    Upon approach to the site, the trawl was deployed approximately 0.3 km behind the siteôs 

midpoint. Current meters were deployed to determine amount of water swept. After 10 minutes, 

the net was closed and the fish and large invertebrates were brought on board for sorting and 

measuring (see below). Recorded latitude and longitudes for each sites specified the midpoint of 

each trawl line.  

Water column measurements were sampled at the midpoint of each tow line during each 

sampling event using a SeaBird® SEACAT Profiler (SBE 19plusV2). At each site the unit was 

lowered into the water at 0.3 m/sec to within 1m of the sea floor and retrieved at the same rate. 

Parameters collected at each site included temperature, conductivity, density, dissolved oxygen, 

depth, PAR, fluorescence, turbidity, and pH. Profile data were corrected for depth and binned by 

0.5 m increments. Inorganic nutrient samples were extracted from seawater grabs taken at each 

site using a General Oceanics® 5L Niskin water sampler lowered to a depth of 6m. Nutrient 

samples were collected by filtering 50 cc of water through a filter into a polyethylene bottle and 

stored on ice before being transferred to the lab for processing (see QAPP).  

Microbial samples were extracted from seawater grabs (see above) collected at the midpoint 

of each site/tow during each sampling event. Water grabs were poured into two 2 L polyethylene 

bottles rinsed with water from the sample location. Production samples were collected by filling 

a 15 mL polystyrene conical tube with water and stored on ice for transport to the lab. For 

abundance samples, 3 mL of water was added to a 4 mL cryovial containing 60 µl 10% 

paraformaldehyde. Samples were inverted and placed on ice for 10 minutes before being 

transferred to liquid nitrogen for storage. Diversity samples were taken by concurrently filtering 

500 mL of water through 2 µm and 0.5 µm filter using a vacuum pump. Filters were folded, 

placed into a cryovial and transferred immediately to liquid nitrogen for transport. Samples 

collected for chlorophyll-a consisted of filtering 50mL of water through a glass fiber filter. 

Filters were folded and placed into glass tubes before being wrapped in aluminum foil and stored 

on ice until storage at -20° C. Replicates were taken for each sample type and all samples were 

transported to the lab within 12 hours for further processing (see QAPP). 

Surface (horizontal) and water column (vertical) plankton samples were taken from each site 

during each sampling event. Surface samples were collected using a 1.0 m diameter x 3.0 m long 

net with 500 µm mesh. The net was deployed after the surface trawl (fish sample) and was towed 

along the surface for 3 minutes at a speed of 2 knots through the water in an arc to avoid 

sampling water disturbed by vessel movement. A General Oceanics® model 2030 flowmeter was 

attached at the center of the net opening to quantify the amount of water swept during each tow. 

Water column plankton samples were collected using a 0.5 m diameter x 2.0 m long net with 250 

µm mesh size. The net was lowered to within 1 m of the sea floor and then retrieved at 

approximately 0.3m/sec. Samples from both nets were washed down with water from each 

sample location and filtered through a 500 µm and 250 µm mesh sieve, respectively and coarse 

debris removed. Once filtered, plankton samples were preserved in a 10% neutral buffered 

formalin solution and sealed for transport to the lab. 
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At the conclusion of each tow, fish and jellyfish were immediately removed from the net and 

placed into live wells with a constant flow of water from the sample location. Individual of each 

species were counted and up to 25 individuals of each species were measured to the nearest 

millimeter (fish: fork length or total length when no fork present; jellyfish: bell diameter). All 

individuals of a given species were weighed for a total species biomass. All salmonids were 

checked for adipose fin clips and/or the presence of coded-wire tags.  

Herring, surf smelt, Chinook, and chum were targeted for further analysis of individual life 

history characteristics (otoliths), diet composition, stable isotopes, and growth (plasma IGF-1). A 

subset of up to six individuals of each target species were randomly selected, sacrificed, and 

processed in the onboard lab. Individual lengths and weights were recorded and otoliths and guts 

were removed and placed in to ethanol- and formalin-filled vials, respectively. Blood was drawn 

immediately from each individual and deposited into microfuge tubes. Several times throughout 

each day blood samples were spun for 5 minutes at 5000 x G in a microcentrifuge to separate 

plasma from red blood cells. Plasma was removed from the sample and frozen at -20 C for 

further analysis of IGF-1 in the lab (see QAPP). Carcasses were frozen for future isotope 

analysis. Up to ten individuals of a given, non-target species were randomly selected and 

sacrificed for genetics and stable isotope analysis. After individuals were placed into a lethal 

solution of MS-222, fin clips (genetics) were taken and placed into ethanol-filled vials and 

carcasses (isotopes) were frozen. All samples were processed in the lab using accepted 

methodologies (see QAPP). 

 

Table 2. Sample types and metrics measured at each study site.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Type Metric  

Environmental variables Water column measurements: (Temperature, 

salinity, depth, PAR, dissolved oxygen, pH, 

turbidity, density, conductivity) 

 Inorganic nutrients (nitrate, nitrite, ammonium, 

phosphate, silicic acid) 

Microbes Microbial heterotrophic production 

 Microbial abundance 

 Bacterial diversity 

 Autotrophic productivity (Chlorophyll a) 

Zooplankton Small zooplankton abundance and composition 

 Large zooplankton abundance and composition 

 Stable isotopes 

Fish and jellyfish Counts and biomass by species 

 Individual size 

 Plasma IGF-1 

 Stable isotopes 

Birds and marine mammals Abundance and composition 
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Table 3. Total samples collected by basin and month in 2011. 

  
 

 

 

Basin Month

tows zooplankton
1

isotopes
2

igf water column microbes
3

Rosario Apr 14 28 6 0 14 75

May 14 28 78 47 14 65

June 14 28 213 148 14 70

Jul 16 32 199 143 16 76

Aug 16 32 159 118 16 80

Sep 15 30 87 59 15 75

Oct 15 30 99 44 15 75

total 104 208 841 559 104 516

Whidbey Apr 14 28 3 0 14 65

May 17 34 16 16 17 84

June 17 34 236 115 17 85

Jul 17 34 286 198 17 85

Aug 17 34 192 109 17 85

Sep 17 34 163 97 17 85

Oct 17 34 63 30 17 85

total 116 232 959 565 116 574

Admiralty Apr 8 16 0 0 8 40

May 8 16 45 10 8 30

June 7 14 52 33 7 30

Jul 7 14 72 46 7 30

Aug 7 14 60 44 7 30

Sep 7 14 45 27 7 30

Oct 6 12 17 3 6 25

total 50 100 291 163 50 215

Hood Canal Apr 13 26 0 0 13 60

May 13 26 113 22 13 65

June 14 28 108 43 14 70

Jul 14 28 77 36 14 70

Aug 13 26 75 47 13 65

Sep 14 28 52 27 14 70

Oct 14 28 54 32 14 70

total 95 190 479 207 95 470

Central Apr 14 28 0 0 14 68

May 13 26 2 2 13 64

June 13 26 131 70 13 65

Jul 13 26 195 132 13 65

Aug 13 26 149 97 13 65

Sep 13 26 103 73 13 65

Oct 13 26 58 21 13 65

total 92 184 638 395 92 457

South Sound Apr 14 28 0 14 70

May 13 26 17 17 13 69

June 13 26 109 60 13 70

Jul 13 26 176 122 13 70

Aug 13 26 144 102 13 70

Sep 13 26 83 48 13 69

Oct 13 26 55 15 13 70

total 92 184 584 364 92 488

TOTAL 549 1098 0 2253 549 2720

# of samples

1Zooplankton samples include surface (horizontal) and water column (vertical) samples.                                         
2Isotopes samples represent individual and combined samples. Combined samples represent up to 10 individuals of a given 

species. 
3Microbe samples are indexed as a single combined sample representing abundance, production, diversity, nutrients and 

chlorophyll-a.  
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Continuous bird and marine mammal observations were conducted opportunistically before, 

during, and after surface trawls as well as during transit between trawl stations. Individuals 

within 200 m in the forward 180 degrees at the boatôs bow were counted and identified to species 

when possible.  

 

Stable isotopes of fish and jellyfish tissue 

We collected stable isotopes from a subset of all captured fish (n = 1,096) and jellyfish (n = 

728) species across the entire duration of our study. All samples were frozen upon capture and 

stored at -20 ºC. For fish, a plug of dorsal muscle tissue was extracted and lyophilized for 24 h. 

Whole jellyfish were dried in an oven at 60 ºC for 24 h. All samples were ground into a 

homogenous powder using a glass mortar and pestle and weighed into specified amounts in tin 

capsules. Individual jellyfish species from the same site and date were combined in order to 

obtain enough material for analysis; therefore jellyfish data represent a composite of individuals 

present at a site at a given date. Fish were processed individually. Samples were analyzed for 

their isotopic compositions of 
13

C and 
15

N using a continuous flow mass spectrometer. Isotope 

values are expressed in the ŭ notation where: 

 

ŭ(ă) = [(Rsample ï Rstandard/ Rstandard) x 1000] 

 

The majority of these samples are currently being analyzed at the Northwest Fisheries 

Science Center. For this report, we present data from June 2011. We focus our analysis on 

general patterns of isotopic enrichment among basins and focus on two finfish (Chinook and 

chum) and two jellyfish (water and ctenophores) in which data were available for at least ten 

individuals and three basins. We also include preliminary correlation analysis between isotopic 

enrichment of fish and jellyfish and several shoreline land use metrics. For chum and Chinook, 

we added reference points of potential notable diet components that may have large effects on 

isotope signatures. This is for exploratory purposes and should not be interpreted as explicit diet 

contributions. 

 

Statistical Analyses 

We used several analyses to examine variation in metrics, focusing on large effects (p < 0.05) 

for reporting most results. We examined effects of oceanographic basin and time using general 

linear models, and added effects of geomorphic type, land use variables, and other metrics as 

covariates. To examine the explanatory power of different land use metrics, we used stepwise 

removal procedures of land use variables to determine the smallest suite of land use 

characteristics that explained the most variation. 

We also used several multivariate techniques to examine correspondence among multiple 

metrics. Discriminant analysis was used to determine whether land use, abiotic, and biotic 

metrics systematically varied among sites.  Canonical correlational analysis (CCA), and other 

multivariate procedures (see below) were used to examine spatial and temporal variation in taxa 

abundance and composition at various trophic levels. 
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RESULTS & DISCUSSION 
 

Physical oceanographic measurements 

A wide range of physical oceanographic measurements (water column profiles of temperature, 

conductivity, density, pH, dissolved oxygen, photosynthetically active radiation, fluorescence, 

and turbidity) were made at each station. These measurements exhibited strong (p < 0.05) 

differences among basins, and most exhibited seasonal trends as well (Table 4). 

Table 4. Results of two-way ANOVAs for abiotic variables sampled at the surface. For basin results, 

pairwise differences show means of basins (R=Rosario, W=Whidbey, A=Admiralty, H=Hood, C=Central, 

S=South) ranked lowest (left) to highest.  Lines indicate sets of basins that lacked large pairwise 

differences in means, and spaces indicate sets with large pairwise differences.  

Variable Month Basin Basin differences 

    

Salinity < 0.001 < 0.001 W SHC RA 

pH < 0.001 < 0.05 AWRCSH 

Turbidity > 0.1 < 0.001 ACSH RW 

PAR > 0.1 < 0.001 SWRCHA 

Temperature < 0.001 < 0.001 WRACHS 

Dissolved 

oxygen < 0.001 < 0.001 R AW SHC 

 

For example, dissolved oxygen (DO) concentrations at the maximum depth of the water 

column profile generally increased from April to May and then declined through October within 

all basins (Figure 4). Decreases in dissolved oxygen concentrations at maximum depth by basin 

were greatest within the Hood Canal basin, in contrast to surface measurements (Table 4). Water 

column profile data from another monitoring program show dissolved oxygen concentrations 

were at their lowest levels in Bellingham Bay (Rosario basin) in August 2011 while dissolved 

oxygen concentrations continued to decline at South Skagit Bay, Possession Sound, and Saratoga 

Passage (Whidbey basin) through October 2011 (DOE 2012). DO concentrations at 0.5 and 6 

meters deep followed similar seasonal and basin level trends, with median DO concentrations 

falling the most in Hood Canal (see Appendix, Figures A-1, A-2). 
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Figure 4. Box and whisker plot of DO concentrations at maximum depth by month and basin showing 

median concentration (dark line inside box) for each basin and month combination, 25 ï 75% interquartile 

range (lower and upper limit of boxes), the maximum and minimum values excluding outliers (whiskers 

extending above and below each box), and outliers (open circles above or below whiskers). 

Measurements in the Rosario basin (August ï October) and Whidbey basin (September ï October) were 

not collected due to a DO sensor failure. 

Hypoxia is generally defined as less than 3 mg L
-1

 DO, and the upper limit of biological stress 

from reduced DO concentrations for higher trophic organisms is defined as 5 mg L
-1

 (DOE 

2002). When the minimum DO for each site throughout the survey was determined, Hood Canal 

had the greatest number of sites with biologically stressful conditions (Figure 5, < 5 mg L
-1

). 

Across months, 92% of Hood Canal sites (12 of 13) had minimum DO concentrations surpassing 

stressful conditions. Although surface DO concentrations were not below the threshold within 

the monitoring period, DO at 6 m depth in Hood Canal dropped below it in October.  

Depressed DO concentrations were typically associated with highly stratified water columns 

featuring rapid changes in near-surface waters (Figure A-3, top graph). However, stratified water 

may be necessary, but not sufficient for low DO concentrations. For example, a profile at the 

same site in a different month shows salinity stratification without low DO concentrations 

(Figure A-3, bottom graph). 

One striking bivariate relationship was observed across all temporal and spatial scales: pH and 

dissolved oxygen (DO). DO concentrations were positively correlated with pH across basins and 

months at the surface, at 6 meters deep, and at the maximum depth of the water column profiles 

(Figure 6). Both the strength (R
2
) and magnitude (slope) of this relationship increased with 

depth, an observation consistent with other recent nearshore marine studies (e.g., Frieder et al. 

2012). DO and pH may be tightly linked through dynamic biological (e.g., local primary 

production and remineralization of organic matter) and physical (e.g., upwelling and 

stratification) processes (Frieder et al. 2012), although geophysical processes are expected to be 

variable across oceanographic basins (Strickland 1983) . 
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Figure 5. Minimum DO concentrations observed at the maximum depth of each site for the entire 

duration of the survey (April ï October). See text about data on Rosario and Whidbey basins. 

 

 

Figure 6. Linear regressions of pH and dissolved oxygen at the surface (cross), 6 meters (solid circle), 

and maximum depth (open circle) with slope and R
2
 values based on all basins and months pooled.  

 


