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Eelgrass  

(Zostera marina) 
•Most widespread of ~60 

seagrass species 

•One of 5 species in the 

PNW 

•Flowering/rooted plant 

that forms meadows 

•Spreads by rhizomes 

and seeds 



Conceptual Model 



Sampling sites 

Mouth of Sequim Bay, WA 
(Eelgrass growth rate in 21  

of 24 summers since 1991) 



Water level and 
ENSO effects 
on eelgrass 
growth rate 
(Thom et al. 2014. J. Coastal 
Res. 68:1-11) 
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Figure 5. (A) Variation in mean (± 95% confidence interval) eelgrass 

leaf growth rate during June through August at the Sequim Bay during 

18 years between 1991 and 2013; (B) monthly ONI value 1990! 2013; 

and, (C) 5-month running average of monthly mean sea level anomaly at 

the Port Angeles NOAA tide station for the period 1990! 2013. The 

anomaly was calculated based on deviation from mean sea level 

calculated over those years. Bold line represents smoothed data using 

KaleidaGraph! software. 

 

Figure 6. (A) Mean (± sd) eelgrass density measured during 10 summers 

between 1997 and 2006 at three subtidal plots at Clinton. Depths of plots 

were -0.91, -1.91, and -2.89 m MLLW for plots B, E, and A, 

respectively. (B) Mean sea surface temperature and the ONI during the 

same 10 summers. Sea surface temperature (0.5 to 2.0 m deep) are from 

monthly measurements recorded for June! August in 1997! 2006 at the 

Washington State Department of Ecology marine monitoring station at 

Gedney Island. [(Plot A Density = 40.3 + 13.4(ONI) – 18.2(ONI
2
); r

2
 = 

0.26), (Plot B Density = 208.2 + 30.5(ONI) – 70.1(ONI
2
); r

2
 = 0.53), 

(Plot E Density = 105.6 + 34.6(ONI) – 42.3(ONI
2
); r

2
 = 0.62)]. 

flowering, monthly MSL varied 72cm from the maximum value 

in February 1998 to the minimum in July 2001 (based on the 

NOAA tide station at Toke Point at the mouth of the bay). The 

average MSL anomaly calculated for May! August each year 

became more negative between 1998 and 2001 (Figure 7). This 

change represented a 6% decline in MSL relative to the 1.1-m 

eelgrass depth range (Thom et al., 2003). This lowering of MSL 

corresponded to the period of the strong El Niño in early 1998 

and the subsequent strong La Niña in early 2001. Based on our 

temperature monitoring, we originally concluded that the 

extremes in temperature range seen in 1998 (and probably 1997) 

caused reduction in eelgrass density in 1998. The relaxation of 

extremes in subsequent years corresponded with an increase in 

density and flowering. We speculated that MSL variation could 
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-Deviations in desiccation 

and heat stress allowed 

plants to grow faster or 

slower 

-Sea level variation forced 

by anomalous events near 

the equator was the 

mechanism behind the 

changes 
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Kintisch, E. 2015. Science 348:17-18 

Bond et al. 2014. Causes and effects of the 

warm anomaly in the NE Pacific. Geophysical 

Research Letters 42:3414-3420 
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Light & Temperature 
(Thom et al. 2014. J. Coastal Res; Thom 
et al. 2008 E &C) 
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commonly applied climate indices in our analysis such as the 

Pacific Decadal Oscillation (Mantua et al., 1997) and 

Multivariate ENSO Index. Because these other indices share 

similar or the same factors in their calculation with that of the 

ONI, we felt that use of the ONI would serve our purposes.   

RESULTS 

Relationship Between ONI and Mean Sea Level  

The relationship between ONI and MSL at Port Angeles is 

complex, but does show a moderate correlation (Figure 2). The 

strongest El Niño and La Niña events (i.e., ONI above 1.5 and 

below -1.5, respectively) both corresponded with the most 

extreme positive MSLs. Although a moderate La Niña event 

typically produces a low sea level, extreme events bring regional 

precipitation and extreme winds, which can raise sea level in the 

Pacific Northwest (Cazenave et al., 2014; University of 

Washington Climate Impacts Group 2014). 

Influence of Temperature and Light on Production, Respiration, 

and Growth  

Our experimental and field data provided five lines of evidence 

that changes in temperature and light could explain interannual 

variation in eelgrass production and growth: 

First – Laboratory experiments showed that the net primary 

productivity (NPP) of leaf sections was greatest at about 6! 17
 

o
C (Figure 3A). Respiration rate (R) increased (i.e., became 

more negative) more rapidly above about 25 
o
C (Figure 3B). 

Above about 25 
o
C, NPP was less than 0 in response to rapidly 

increasing R. These data indicate that the leaf sections were 

stressed, and persistence of temperatures " 25 
o
C would result in 

overall stress to the plant.   

Second – Laboratory experiments with leaf sections (Figure 2 in 

Thom et al., 2008) on photosynthesis vs. irradiance (PI) showed 

productivity was saturated at PPFD 350! 550 $M m
-2

 s
-1

, and 

that maximum net productivity rates (at 300! 350 $M m
-2

 s
-1

) 

were measured on winter plants under winter temperature 

conditions (i.e., ~7! 10 
o
C). Winter net productivity was on the 

order of six times greater than rates using summer plants under 

summer conditions (i.e., 12! 15 
o
C). These results further 

support the importance of temperature in regulating apparent 

growth when light is not limiting. 

Third – Growth rates in Sequim Bay decreased linearly with 

increased desiccation time and temperature (Figure 4A,B). 

Halving the desiccation time from 10 to 5%, for example, would 

predictably result in a 27% increase in growth rate. Greatest 

growth rates were recorded between about 14 and 17
o
C. Based 

on extrapolating results from linear models, growth would cease 

when desiccation time reached about 29% and/or mean 

maximum temperature reached about 25 
o
C (Figure 4A,B). 

Fourth – In general agreement with the second line of evidence, 

growth rates in Sequim Bay were greatest in April-May when 

temperatures were cooler, but irradiance was increasing rapidly, 

and were intermediate in June! August when temperatures were 

warmer (Figure 11 in Thom et al., 2008).  

 

Figure 3. (A) Mean (n = 5) net primary productivity (NPP) rates and (B) 

mean (n = 5) respiration rates (R) with varying temperatures using 

healthy leaf sections (redrawn from Thom et al. [2001a], with new data 

developed in 2013 added).  [(NPP = –0.410 + 0.408Temp – 

0.015(Temp
2
); r

2
 = 0.23), (R = –0.315 + 0.037(Temp) – 0.003(Temp

2
); r

2
 

= 0.32)]. 

Fifth – Eelgrass density and light varied strongly with depth at 

the eight locations in central Puget Sound (Thom et al., 2008). 

Maximum shoot density occurred at a depth (–2.5 m MSL) 

where average midday PPFD was about at 300 $M m
2
 s

-1
. 

Although plants at shallower depths received more light, these 

depths were intertidal where plants are subjected to desiccation 

stress (Boese et al., 2005). Eelgrass was distributed over a much 

wider depth range in central Puget Sound than in Willapa Bay, 

undoubtedly because light penetrates further in the clearer 

waters of Puget Sound. Light attenuation was much greater in 

Willapa Bay (mean attenuation coefficient = 1.18, range = 0.22–

4.25), owing to the turbid estuarine conditions compared with  
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Morro Bay, CA 



Morro Bay Eelgrass Area (Intertidal) (source, 2013 State of the 

Bay Report.  Morro Bay NEP) 
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Eelgrass can 

recover from a 

low of about 40 

ha 



Outer Coast  
Willapa Bay,  
6 sites; average of 
120 samples/year 
(Thom et al. 2003; 2014) 
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Baker Bay, Columbia R. estuary 

based on 2007 modeling & field surveys 
(Judd et al. 2009) 

 



Baker Bay, Columbia River Estuary 2015 – 

Eelgrass (Deborah Shafer ERDC and Portland 

COE) 
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Zostera japonica in 
Ilwaco channel 
replaced Zannichellia 
palustris in 2015 (A. 
Borde) 

 
Tolerates long-term 
exposre to salinity 5-
35psu (Shafer et al. 2011 
Aquatic Botany) 



Science Question 

Anomalous climatic events allow us to judge the 
resilience of ecosystems to short term/pulsed 
disturbances and well as hints towards ecosystem 
response to longer term shifts in conditions (Thom et 
al. 2012 Estuaries and Coasts 35:78-91) 

 

Question: Did the low river flows in 2014-15, which 
allowed greater salinity intrusion (distance and 
duration) into the estuary, facilitate expansion of 
eelgrass distribution in the lower estuary?  
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Depth v. 
eelgrass shoot 
density 
(Thom et al. 2008. 

Estuaries)  
 
PPFD of 
3mol m-2 d-1 

during growing 
season is 
required 



Modeled Photosynthetic Photon Flux Density in 2007 based on in situ 

sensors, profiling, water samples, and satellite sensing (Judd et al. 2009) 
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 Examining the time series for PAR from known eelgrass areas (Figure 9), showed that in 2007, average 

integrated daily PAR levels received by eelgrass beds did not often go below 6 mol/m2/day and most of 

the population experienced light levels above 4 mol/m
2
/day for every date in the time series.   

In this case, we defined areas that received more than 4 mol/m2/day at all time steps (image composites) 

during the growing season (April-July) as meeting the light requirement for long term survival, 

combining prior field study limits with observed light distribution in present-day meadows (Figure 10). 

 

Figure 8. Time Series of Underwater Light in Baker Bay.  These four dates show the total amount of 

light at bottom increases throughout the summer. 

PPFD>4mol m-2 d-1 

for the entire 

period of April-July 

2007…so light 

limitation may not 

be a major factor in 

Baker Bay 



Modeled salinity in 2000. (Judd et al. 2009) 

 

 

Figure 15

Figure 16
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Salinity v. Eelgrass Density and Net Primary 
Productivity (NPP) 

-8

-6

-4

-2

0

2

4

6

0 4 8 12 16 20 24 28 32

N
P

P
 (

m
g

C
 g

d
ry

-1
 h

r-1
)

Salinity (psu)

(Thom et al. 2003. Estuaries) 



Cumulative Shoot Biomass Production in Tanks 
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Salinity variation in Baker Bay 
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2013 2014 2015 2016 



Salinity at 
Ilwaco channel 
sonde mooring 
(J. Needoba) 

2015 

All Years 

Temperature was 

somewhat higher in 

2015, generally less 

than 20oC 

 

More suitable 

salinities in 2015 

(~15psu during 

growing season) 



Historical Information on Eelgrass 

Thomas 1983 - There may have been extensive eelgrass 
beds [at the river mouth] subtidally, since black brant, 
which feed on this plant, were formerly common and are 
now uncommon. (Thwaites, ed. 1959. Original journals of the 
Lewis and Clark expedition, 1804-1806) 

NOAA Nautical Chart 640, 1851 – ‘Grass’ noted in outer 
estuary. 

Sherwood et al. 1990 – Salinity intrusion length was 
greater in 1868 than present. Salinity 1-5psu probably 
occurred throughout Cathlamet Bay in autumn. 

Judd et al. 2009 – Eelgrass area could be expanded in 
the lower estuary but salinity is not ideal.  



Summary 
Question: Did low river flows facilitate expansion?…Apparently 

Implications: 

First location so far (we have seen) where salinity appears to be the 
critical factor forcing large interannual eelgrass variation 

Suggests that eelgrass (native and introduced) in the CRE is 
responsive and resilient to anomalous climatic and oceanographic 
variation…i.e., minimum viable populations present 

Lower flows could expand eelgrass as long as temperature does not 
increase and light remains suitable 

Long term monitoring of water properties was very helpful; having 
concordant annual eelgrass monitoring would have helped a lot 

Application of the numerical eelgrass model would help too 

Eelgrass may be one of the most useful indicators of lower estuarine 
conditions in response to climate change and flow manipulations 

Natural ‘experiments’ are useful in teasing out potential interactive 
effects of forcing factors as well as understanding aspects of resilience 
(e.g. tipping points, return time) 
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Safe Operating Space 
(Scheffer et al. 2015. Science 347:1317-1319) 
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Reduce local & 

regional stressors 

to enhance 

carrying capacity 

and promote 

resilience to 

climate variation 

and change 
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