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EXECUTIVE SUMMARY

The Washington State Department of Natural Resources (DNR) is the stewar@ of
million acres of stat®wned aquatic land. DNR manages these aquatic lands for the benefit
of current and future citizens of Washington State. As part of its stewardship
responsibilities, DNR investigates the causese@frass(Zostera marinal.) lossesin
greater Puget Sound through the Eelgrass Str&ssponse Project (ESP).

Z. marina is aflowering plantthat grows in shallow coastal waters. It provides important
habitat for many economically and ecologically important fishes and invertelaatess
linked to multiple functions andervices in coastal ecosystenZ. marina beds are
recognized as an indicatof the health and stability of coastal ecosystesice theyare
very sensitiveao changes in thephysicalenvironment.

Identifying gressors related t&. marina declines is an important first step toward
formulating management resposst environmental degradatiofauidance regarding

stressors of greatest concern is needed by multiple efforts to restore and protect Puget
Sound,moshot ably the regional Puget Sound Partn

Recently observedZ. marina losses in shallow embayments in the San Juan Island
Archipelago have generateddespreadconcers aboutthe condition oZ. marinain these
areas.In order to explee driving factors related to patterof Z. marinalosses, DNR
conducteda case study in Westcott Bay, ambaymentwith extensivedocumentedoss

The study combinedZ. marina transplant experiments and continuous environmental
monitoring to assedsabitat suitability Hypothesizing that unfavable physical conditions
preventZ. marinagrowthat sitesin theinnerand head o¥Westcott Bay, wéransplanted.
marina in currently and formerly vegetated aredeng aspatialgradientof decreasing
eelgrassabundance from the mouth to the baad at three different tidal elevatioasd
related transplant performance to environmental param&terdyobjectivesincluded

e Assess currentabitat suitabilityof various sites and different tidal elevations
to supportZ. marinagrowth and survival

e Assess the role of eelgraais exposureon transplant performance

e Relate transplant performance hgpothesizectlevated water temperatures
the head of thébay

e Update the conceptual model #6r marinastressors iWestcott Bay
¢ I|dentify future research priorities
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Key Findings:

1. Z. marinaperformance inransplantexperments indicatedwo gradients in decreasing
habitat suitability throughout Westcott Baljhe strongest gradient @sspatial gradient
from the moth toward thehead ofWestcott Bay. In additionin the inner bayhabitat
suitability decreased on a vertical gradient from the subtidal toward the intertidal area.
These results are supportedfoyr main findings:

a. Z. marinatransplants did nosurvive at the head othe kay at any tidal
elevation

b. Z. marinatransplants dichot surviveat theinner baysitein the lower intertidal
area but did survive in the transition and subtidal area

c. All transplantswere lostat the head of the bandin the lower intertidal zone
at the inner bay sitim two consecutive years (2007 and 2008).

c. Z. marina currently persistsat sitesnear theentrance of Westcott Bays
demonstrated by thsurvival of transplants andaturaly growing Z. marina
plantsin this area

2. A strong negative correlation betwedransplant performancend air exposure
suggest that prolonged air exposure durirgktreme low tides in spring and summer
contributed tarapid Z. marinalossin the lower intertidal areat sites ofthe inner andhe
headof the bayin 2007, and perhaps to thiess of intertidal transplants athe inner bay
site in 2008. Prolonged air exposure most likely affected. marina plants either
exclusively by desiccation stress due to water loss in leavdsy a combinecdffect of
desiccation and heatress resulting from warm air asddiment temperatusedepending
on site specific environmental characterstia contrast, omparably short air exposure of
transplants athe entrance and the head of the b@2008 caoresponded withnitially
stable transplant performancEhe eventual loss of transplants at the bay hea2008
suggesta stressopotherthan air exposure

3. A moderate negative correlation betwedransplant performanceand water
temperatures suggeshat elevated water temperatumesummeris a contributing stressor
atthe head oftWestcott Bayln the head ofhe bay consistently higher water temperatures
(sometimegeachingcritical values)wererecorded at all tidal elevations relative to other
sites at the bay in two consecutive years (2007 and 2D@8)nct decreases iZ. marina
transplant performance coincided witlstinctincreases in water temperature.

4. Based on our study findings, wedatedthe conceptual modedf Z. marinastressos

in Westcott Bay Results suggest suite of unfavorable conditiorfgather than a single
stressor) affectingZ. marina performance Increasing or consistently warmwater
temperaturesn conjunction with low oxygen conditions or anoxic evemntay preclue
growth and survival oZ. marinain the presence of high sediment sulfide concentrations
These effects may be even more pronounced itother intertidal areawhereprolonged

air exposure, resulting idesiccation andt heat stressaffect Z. marina growth and
survival during extreme low tides in spring and sumniéis hypothesis is supported by
global studies on sudden seagrassofi® during summemonthsin other regions.
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The suggested suite of stressors ra#sp explain Z. marinadeclines inother quiescen
shallow embayments in the San Juan Island Archipelago, and other areas in Puget Sound
with comparable environmental characteristics.

Recommendations

The studydemonstrateshat current environmental conditions do not suppdrt marina
sunival at three testedidal elevatios at the head of Westcott Baydin the intertidalat
the site ofthe inner bay. This suggesdtsatthe currentobservedZ. marinadistribution in
Westcott Baymost likely representthe extent of suitableabitat. Therefore, planting oZ.
marina in order to restore the historical marinasites in Westcott Bay is currenthot
recommended.

Mechanisms behind the factors which affécimarinamust be addressed in future studies

to quantitatively and qualitatively undgand the relative importance of stressors in Puget
Sound. An important step for future work includes investigation of cascading effects
caused by increasing temperature and/ or eutrophication, such as events of anoxia and high
sediment sulfides that prolg decrease habitauitability for Z. marina

An inherent challengen identifying stressors is to tease apart complex-siecific
differences from plant responses to stressors. Further work could benefit from the
enhancedunderstanding of site chatadstics and physal processes in Westcott Bay
gained in this and previous studies.

In quiescent shallow embayments such as the head of Westcott Bay, extreme climatic
events such as exceptionally low tides and elevated water temperatures may amplify the
effect of the identified suite of stressors and related proce$bese changes can be
triggered by climate change, as well &imatic events such as the 18.6 year tidal epoch in
the Northeast Pacific, EI Nifio Southern Oscillation (ENSO) and the Pdadwadal
Oscillation (PDO) Therefore, we recommend that future studiesZommarinastressors

and restoration in Puget Sound consider potential effectdirodte change andlimate
variability.

ES-RP Priorities

The overall goal of the EBP is to identy and understand. marina stressors by
investigating sites with observed losses in greater Puget Sound. Future work priorities to
support the project goal include:

1 Complete analysis &. marinamonitoring dataecorded in Westcott Band other
shallow enbayments in the San Juan Archipelago2008 and 20090 assess
changesn Z. marinadistribution in other related areas of concern

2 Assesthe carbohydrateeservein root and rhizome tissue @&t marinatranglants
from Westcott Bay in order to idefyti the potential early depletm of the
carbohydrate reserve and to better understand cauZesnafinalosses.

3 Analyzeexistingwater column nutrienlatain Westcott Bayn order tocharacterize
nutrient variability along a spatial scale from the emteato theheadof the bay

4 Assess theombinedeffect ofelevatedwater temperaturandsediment sulfides on
Z. marinasurvival in Westcott Bay.

Executive Summary 3



5 Analyze water columnoxygenin Westcott Bay inorder toidentify hypoxic or
anoxic events.

6 Analyze 2009 PAR ata (ecordedat different tidal elevations) to evaluate light
availability in late summer and fall. Reduced light levels in late summer and fall

may prove to be critical to plant survival, e.during high plant respiration due to
stress

Washington Department of Natural Resources



1 INTRODUC TION

1.1 IMPORTANCE OF ZOSTERA MARINA

Zostera marinal. (eelgrass)s an aquatic flowering planhat inhdits the intertidal and
subtidal areas in greater Puget Sauelagrass beds, suchzasnarinabeds are ofa high
ecological and economigalug and are linked to various functions in shallow coastal
ecosystemsthey modify the food web and material exchange, enhance produetidty
biodiversity and serve as ecosystem engin@ersastal areas (den Hartog 1970, Fonseca
et al. 1990, Hecket al. 1995 Matilla et al. 1999 Thomaset al. 2000, Boset al. 2007). Z.
marina beds improve the water quality by reducing particle loads amageas a sink for
nutrients (e.g.Short & Short 1984, Gaciet al. 1999, Asmus & Asmus 2000 The plant
root and rhizora system binsland stabilize the sedimentthus counteracting erosion
processes (Harliet al. 1982, Fonseca 1996and the complex canopy structure provides
shelter and serves as a feeding, spawnamgd nursery habitat for many fish and
crustaceans (e.gHecket al. 1995, Matillaet al. 1999, Valentine & Heck 1999, Polét al.
2005), thus benefiting the commercial coastal fishery. On a global scale, the total economic
value of all ecosystem services provided by seagrass/algae beds has been egtingted
$3.8 trillion yr* (cf. the btal value of forests: US4$7 trillion yr') (Constanzat al. 1997).

In the Pacific Northwst Z. marinahabitat sustains important migratory and residential
animal species, such as the Dungeness ctamder magistgr black brant Branta
bernicla (Wilson & Atkinson 199% and juvenile salmongncorhynchus spp(Simenstad
1994). In addition it is a spawning ground for the Pacific herri@yipea harengus pallasi
(Phillips 1983.

Z. marinabeds are biotic communitiesdt indicate the health and stability of coastal
ecosystems sindbey require a high quality of environmental conditions and consequently
respond sensitivelyo changes in their environment. The declineZoimarinahas often
been attributed to humanduced disturbances as well as climatic changédsch often

lead toelevatednutrients and reduced light availability as well as changes in temperature
and salinity (Short & WyllieEcheverria 1996, Short & Neckles 1999).
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1.2 THE EELGRASS STRESSCR-RESPONSEPROJECT

Cases ofZ. marina decline throughout Puget Sourthve been documentedby the
Nearshore Habitat Program (NHP) of the Washingtopabenent of Natural Resources
(DNR) through its longterm Submerged Vegetation MonitoriRgoject(SVMP) (Gaeckle
et d. 2008. The Eelgrass StressBesponse Project (ESP) was iriated by DNR in
2005 to investigate and understand the nature of stressors that lead to dedineamia

in Puget Soundpbserved in SVMP monitoring data and other data sets (Detvil
2007). A key emphasis of tHeS-RP is to deliver information to resource managers and
decision makers that will guide management actions to protect and résseevaluable
habitats.Guidance regardig stressors of greatest concesnneeded by multigl groups
working to restore and protect Puget Souegpeciallyin the context ofthe regional
Action Agenda of Puget Sound Partnership (PSP).

In 2007 and 20Q&ES-RP focusedits researclin the San Juan Island ArchipelagdhereZ.
marinadeclines have l@n observed, and have led to concern of further(lDesgty et al.
2007, Gaeckleet al. 2007, 2008 (Fig. 1-1).

1.3 INVESTIGATING EELGRA SS STRESSORS IN WESTOTT BAY -
A CASE STUDY FOR Z. MARINA LOSSES IN THE SAN JUAN ISLAND
ARCHIPELAGO

1.3.1 GENERAL BACKGROUND

In the San Juan Island Archipelagd. marinalosses have been magstominentin the
heads okhallow embasnents, such as at Westcott Bay (San Juan Is|&tidd Bay and
Picnic Cove (Shaw lIsland), and WatmouBhay (Lopez Island)as documented byhé
SVMP and othestudies(e.g, Wyllie-Echeverriaet al. 2003, Gaecklest al. 2007, 2008)
(Fig. 1-1). The najor effort of theES-RP work in 2007 and 2008 was associated with
investigatiors of Z. marinastressors in the San Juan Island Archipelago, wekiapfocus
on Westcott Bay, a site of substantial losZ ofnarina(Fig. 1-2).

The total loss oZ. marinaat the head olWestcott Bay between 2001 and 2063he
largestand most recognized. marinadeclineknownin the San Juan Island Archipelago
The presence . marinathroughout Westcott Bay was documenbeggt D NERNPsIn
2000 and 2001Berry et al. 2003) In February 2003an extensiveloss ofapproximately

20 hectareof Z. marinawas discovered during rmannualPacific herring spawn survey
conducted by the Washington State Department of Fish and Wildlife (WDFW) (Wyllie
Echeverriaet al. 2003) (Fig. 12).
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Fig. 1-1 ESRP research focused on the San Juan Island Archipelago in 2007 and&@éte8a marina
losses have been most prominémtthe heads of shallow embayments, first observed and most widely
recognized in Westcott Bay at the northwest corner of San Juan.|st@et nap shows increasing and
decreasin@. marinaarea trendat 80 confidence intervals (SVMP unpubl. data) andstott Bay, where
adramatic loss oZ. marinawasobservedn 2003.

Moreover,there seems to be evidence that the last remarimgarinapopulationat the
inner Westcott Bagite (Bell Point) thathad beemdocumentedsbeing healthy by WDW

in 2003 (Fig. 1-2), may havedeclinal between 2003 and 2007 (Wyikcheverria &
Britton Simmons pers. communication, Schahal. pers. observation). This supported
by a photo showing extensive marinavegetation throughout the lower intertidal zone up
to the exposed shore lirs Bell Point in 2003Fig. 1-3), while Z. marinawas absent in
these aream 2007 Absence oZ. marinaalong the shoreline of Westcott Bayas further
documentedn a Z. marinasurvey conducteéh July 2007 (Dethier & Berry 2008 The
authors found that the overall distribution oZ. marina changed from a virtually
continuous ring along the shoreline of Westcott Bay in 1998 to very small and scattered
marinastands in 2007 that only persastin close proximity to the entrance thie bay.
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Fig. 1-2 Map of Westcott Bay wittZostera marinaobservations in 2000, 2001 and 2088:sence of.
marina in the inner Westcott Bagocumented by SVMREn 2000 érange and in 2001 dreer) along
monitored transect linesvite). Areas shadeéh orangepresentZ. marinaloss observed in a 2003 survey
completed by WDFW.

Alarmed by the drasticZ. marina losses in Westcott Bayseveralscientific groups

including scientistdrom the University of Washington (UW)Friday Harbor Laboratories
(FHL), U.S. Geological Survey (USGSPacific Science Center (PSjriends of San
Juan(FOSJ) and DNR conducted initiahultidisciplinary investigationan Westcott Bay
and other sites in the San Juan Island Archipelagorderto identify the causes of ¢h
observedZ. marinadeclines (e.g. WyllieEcheverriaet al. 2003 Dowty et al. 2007).

Field observations of high turbidity at the head of Westcott Bay (particularly turbidity
plumes from tidal resuspension) led to the initial investigatiod.aharinastressors that
focused on low light availability due to high turbidity in Westcott Bay (Doeittgl. 2007,
Dowty & Ferrier 2009). This and other key biotic and abiotic observations resulting from
initial surveys between 2003 and 2007 underlie the initiadceptual thinking about
Westcott Bay stressors (Dowgy al. 2007).
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Fig. 1-3 Photo from thenortheast side of Bell Point showing extens&iemarinavegetation throughout the
lower intertidal zone up to the exposed shore line in May ZD03arinawas absent in these areas in 2007.

Observationsof other bays in the San Juan Islands Archipelago show similar patte£ns of
marina distribution with evidence of decline at the heads of the,lmyggeshg that key
stressors responsible fdr marinaloss at the head of Westcott Bay may also operate at a
regional scale rather than just locally at Westcott Bay.

Table 11 summarizeshypothesized stressors and other priority research gquestions
identified by the ESRP during initial strategic planning atigld work. Results ofield
researcltonducted in 2007 and 2008 are being reportedsieries of different reports.
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Table 1-1 Initial research questions relatedzomarinastressors in Westcott Bay

Hypothesis / Parameter of Interest Related observations Source of observations Status of assessment (DNR) References
1 No vegetation observed at the FOSJ underwater monitoring 2005, Wyllie-
. . . head of WB since 2003 . Echeverria & Britton Simmons, pers.
Z. marina will not survive under the current comm.
conditions at the head of the bay in the formerly Focus of this study This report
vegetated area. Z. marina is decreasing on a DNR staff, pers. observations March 2007,
spatial and tidal gradient Dethier & Berry 2008.
towards the head of WB.
2 Limited light availability at the head of the bay Underwater photosynthetically active
due to high turbidity precludes growth of Z. marina. radiation (PAR) is not a key factor
controlling Z. marina abundance in WB.
PAR was strongly reduced at the head
of WB by roughly 20-25 %, but
3 Mean turbidity and intensity and duration of was nearly threefold greater Dowty & Ferrier (2009)
discrete turbidity events increases from the Frequent/persistent high Takesue, USGS, Wyllie-Echeverria & (8.4 mol m day™) than the minimum
mouth to the head of WB. turbidity observations in 2005 Britton-Simmons, FHL, pers. requirements for Z. marina sunival in
and 2006. communication. Pacific Northwest estuaries
(3 mol m2 day™; Thom et. al. 2008).
4 Mean turbidity and the intensity and duration of| Mean level of tubidity and chlorophyll Dowty et al. (2009)
discrete turbidity ewvents increases from the are elevated at bay head.
subtidal to the upper intertidal for sites at the Topic for future research.
inner WB.
3 Limited nutrient supply at the head of the bay| Low summer water column Takesue, USGS, unpublished data. Preliminary water column nutrient data
prevents the re-establishment and growth of Z.| nutrients (N, P, and Si) in collected. -
marina. Augb604, JunedoO Topic for future research.
6 High water temperature events in 2002 led to No previously documented Annual water temperatures (Source: This report
direct stress on Z. marina in the head of the bay observations. NOAA, Friday Harbor data) presented in
(and promoted an out break of the wasting disease - discussion chapter.
Labyrinthula zosterae).
7 High sediment organic matter Shoemaker & Wyllie-Echewerria, FHL, Initial field observations suggest high
. . . . . content at the head of WB. unpublished data, this report. sediment sufides at bay head, .
ngh sedlment.sulflde levels resgltlng frpm high moderate sediment organic matter at This report
sedlment_organlc'matter and anoxic conditions led the inner and head of WB.
to Z. marina decline. Low sediment redox values at Takesue, USGS, unpublished data. X
the head of WB in July 2006. Topic for future research -
8 There is a negative correlation between air Symptoms of desiccation DNR research April to July 2007. Focus of this study This report
exposure and Z. marina performance during stress on intertidal eelgrass
extreme low tides in the lower intertidal area. plants (fAcrisp
eelgrass leaves) during periods
of extreme low tides in spring
and summer 2007 .
9 There is a negative correlation between increasing High water temperature at the DNR research May to July 2007. Focus of this study This report
water temperature and Z. marina performance head of WB in spring/summer
toward the head of WB. 2007.
10 Carbon & nitrogen contents in leaf tissue
potentially indicate nutrient limitation at the head of
WB. )
11 Carbohydrate reserves remain high, eliminating :t?sgf/;ﬂt?;:;y documented - Topic of current research Report in prep.
slow-acting stressors that affect long-term plant :
carbon balance, and highlighting quick-acting
stressors.
12 Surwey trendsin Z. marina distribution in WB Z. marina distribution in WB DNR research (2007, 2008, 2009) Z. marina distribution in WB Dethier & Berry (2008)
and other selected shallow embayments in the San | decreased between 1998 and dramatically decreased from 2001 to
Juan Island (SJl) Archipelago. 2007. 2007.
Other bays in the SJI Wyllie-Echeverria 2005a,b. Z. marina trend assessment in WB and |Ferrier et al. in prep.
Archipelago show similar other selected shallow embayments in
patterns of Z. marina decline the SJl in progress.
at the heads of the bays . DNR research 2004 and 2009. General Z. marina trend assessment in |Dowty et al. (2004),
focus region SJI (SVMP monitoring Gaeckle et al. in prep.
2004 & 2009).




1.3.2 PURPOSE OF THE PRESEN STUDY

The purpose of this study was &ssesshe currenthabitat suitability forZ. marinagrowth

and survival in order to identify currentZ. marina stressors in Westcott Bay
Hypothesizing that unfavorable environmental condgipreventZ. marinagrowth in the

inner and head of the bay, we conducted transplantations in currently and formerly
vegetatedareas along a spatial gradient of decreagingnarina abundance from the
entrance to the headf Westcott Bayat threedifferent tidal elevations and related
transplant performance to environmental pararseter

Research was designed to take advantdgenoobserved spatial gradient Aaf marina
abundance as well as a hypothesized gradient in multiple interrelated environmental
conditions (turbidity, nutrients, temperature, currents, etc.) within the bay. Environmental
data were collected at multipleestin order to:

a) ldentify relationships between the time series of environmental parameters and the
performance oZ. marina

b) ldentify thresholds in environmental parameters beyond whicmarinagrowth and
survival is not supported (supported by valuesuinented in the literature).

In addition tohuman impacts (e.gutrophicatiol, Z. marinabedsin shallow embayments

are exposed to a variety of environmental extremes, such as wide temperature fluctuations
and, if growing in the intertidadrea exposue to air and resulting desiccatiaadl(of which

are influencedby the prevailing tidal conditions). Though many seagrass species have
evolved anatomical and physiological mechanisms to deal with such environmental
conditions (Péretloréns & Niell 1993,Abal et al. 1994), extreme events can produce
conditions beyond the range of physiological tolerance. The effect of temperature extremes
(Reuschet al. 2005, Ehlerset al. 2008) anddesiccation{Leuschneret al. 1998,Seddon &
Cheshire 200Lhave been recgnized in marine macrophytes. However, the effect of these
factors and underlyingplant physiologicalprocesses in seagrasses are not yet well
understood.

Based on initial field research and data analysis in 28l@vated water temperature at the
head ofWestcottBay, as well as desiccatiaf Z. marinain the lower intertidaduring
extreme low tides in spring and summeas identified as potential stressoontrolling Z.
marina growth and survival in Westcott Bay. In order to examntine potential roleof
elevated water temperatures and air exposur&.amarinatransplant developmenthis
study assesses water temperatures and eveatswarinaair exposure at various sites and
different tidal elevations in Westcott Bay in spring and summer 20072808, and
correlates these environmental parameters witlpénlermance oZ. marinatransplants.

Note to Table 11

# 1-7 |dentified in the ESRP 20052007 report (Dowty et al. 2007). Hypotheses-8 Were identified as
priorities for investigationwhile hypotheses # 6 and # 7 describe potential historical scenarios that may not
be directly tested.

# 812 Hypotheses and parameter of interest identified in 2007.
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SPECIFICOBJECTIVES OF THEPRESENTSTUDY ARE

1) assess theurrent habitat suitabilityf various sites and different tidal elevations to
supportZ. marinadevelopment and survival in intertidal and shallow subtidal areas
throughout Westcott Bay;

2) assess the role of air exposurezmarinatransplant development and survival in the
lower interidal area relative to theansition area and subtidal areeross Westcott
Bay;

3) assess the relationship between water temperatures. angrinaperformance along a
gradient of increasing water temperature toward the inner Westcott Bay at different
tidal elevatiors;

4) update the conceptual model of eelgrass stressors in Westcott Bay and priorities for
future research based on plant performance and temperature results.

ITISHYPOTHESIZEDTHAT

a. Z. marinatransplant performancdecreaseat sitestowards the iner bay(in areas
of observed eelgrass loss) over the maimowing seasonat different tidal
elevations.

b. Z. marinatransplant performanadecreasewith increasing time oplant exposure
to air.

c. Z. marinatransplaniperformance decreases wititreasing weer temperatureis a
gradient from the mouth to the headvééstcott Bay.

12 Washington Department of Natural Resources



2 MATERIALS AND METHODS

2.1 STUDY AREA WESTCOTT BAY

Research was conducted Westcott Bay which is located in the San Juan Island
Archipelago along the northwest coast of 3aan Island (Puget Sound, Washington) .(Fig
1-2, 21). It is a small shallow embayment of about 3 km in length and averages 800 m in
width with a maximum depth of approximately 8.5 Anmajority of the bay (83%) varies
between depthsf 2 to 3 m. WestcottBay is oriented in WSWo ENE directions and
because of its narrow entrance, receives little swell from wind waves originating from
summertime northwest and periodic wintertime southwest fetch. Tidemiaesl sem
diurnal with a tidal range of about 3:54 m. Current velocities of up to 1.0 rit sere
measured at the entrance of Westcott Bay and decreased with distance into the head of the
bay (Grossmaret al. 2007) The substrate ixharacterized by coarssandy sediments
including gravel and cobbleat the entrance of Westcott Bawith fine sediments in the
center whereaghe head of the bag dominated by silt with a significant portion of clay
(Grossmanet al. 2007) (Table 21). Z. marina grows in dense, perenniglopulations
adjacent to the chaehandthe entrance ahe bayat Mosquito Pass (MP) and White Point
(WP) and decreases in abundamngéhin Westcott Bay(Fig. 2-1, Table 21). One sparse,
residualZ. marinapopulationpersistsin the inner Westcott Bayt Bell Point(BP) inthe

low intertidal and subtidal area, whered@s marina has beerabsentfrom the head of
Westcott Bay(WBS & WBN) since 2002/2003Table 21 characterizeshe conditions of

the differentZ. marinaresearch sites during the experimental period in 2007 and 2008.

2.2 Z.MARINA EXPERIMENTS

2.2.1 EXPERIMENTAL DESIGN

In order b investigatethe presenhabitat suitabilityfor Z. marinagrowth and survivain
lower intertidal and shallow subtidal areas throughout Westcott tBayydifferent seagrass
transplantatiorexperimentswere carried ouéit various sites and different tidal elevations
in currently and formerly vegetated sites along a gradient of decreasing abund@nce of
marina from the entrance toward the inneay in May 2007 and 2008In 2007, core
transplantatios were carried out at five different sites-8t7 m MLLW in order to assess

Z. marinaperformance across theestin the intertidal areén 2008, transplantations @f
marina shoots in transplant units (TPUs) were carried ouhigesites at-0.7 m (lower
intertidal area),-0.9 m (transition zone) and,.5 m MLLW (subtidal area) in order to
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2008 Transplant Units (TPUS)
®-07m @-09m @-1.5m &
2007 Transplant Cores :
® -0.7m

Fig. 2-1 Color infrared aerial photography of the area of Westcott Bay showing the locatidhsnafina
studysites(2007:bluelines 2008:red, violetand greenlines) and adjacent water quality monitoring stations
(red circles) in 2007 (WP, BP, WBS, WBN) and 2008 (WP, BP, WBN)P representghe site of the
visually healthy, dense donor population atlthg entrancéseesection2.3 and 2.4 for more déks).

accommodate the assessment Zof marina transplant performance at different tidal
elevations in 2008 (Fig.-2, 2-3). The transplant experiments were designed to allow for
the assessment tiie role of air exposurand elevated watedemperature irZ. marina
transplant development and survival at individual sites across Westcott Bay-@&ig32

2-6). Z. marina transplants located in the lower intertidal area were expected to be
regularly exposed to air during periods of extreme low tides inngpand summer,
whereastransplans in the transition zone were assumed to be exposed tonbir
infrequently. Subtidal transplants remained submepgrgetually. At all transplant sites
temperature loggers were placed at the center of each transpisettrérig. 23).
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Table 2-1 Physical and biologicalharacteristics oZ. marinatransplant sites in spring and summer 2007
and 2008 MP Mosquito PasswWP White Point,BP Bell Point, WBS Westcott Bay SoutiWWBN Westcott
Bay North.

Site MP WP BP WBS WBN
(Donor site)
Location in bay Entrance of Bay Inner Bay Head of Bay
Sediments
Type of substrat® medium sand, fine to very fine sandrery fine sand coarse sitt coarse to mediu
partly with pebbles silt
Mean grain size (mm) 0.25-0.5 0.125- 0.25 0.062 - 0.125 0.0331-0.062 0.016 - 0.063
Organic matter (%) 0.81 (+0.06) 1.541 (+0.10) 2.91 (+0.43) 2.35(+0.20)  0.279 (+0.09)
Water motion © high high/moderate moderate low low
Light availability ¢
Daily PAR ( mol nif day') © - 5.46 -15.28 5.69 - 16.01 2.80 - 12.92
Attenuatior! - 0.26 - 0.76 0.33 - 0.65 0.52 - 0.8%
Seagrass presencd
Intertdial area dense sparse no no no
Subtidal area dense dense sparse no no

Other observations
Algae presence Moderate to densiModerate to densiDense green algae no no
green algae cover igreen algae cover imats with high
lower intertidal zone lower intertidal zone coverage in lower
intertdial zone in
July/August

Notes to Table 21

& Grossmaret al.(2007). Mean grain size in mm was classified by predominant grain size classes.

® Mean sediment organic matter (%) (+SEM) at the lowertidalzone. Sediment core samples (n=6) were
collected at0.7 m MLLW in August 2007 (Schanz, plubl. data).

¢ Moderate currents at MP of approximately 0®4 m & decreased steadily with distance into the head of
the bay (Grossmaet al. 2007); Observations of Kitaedt al. (pers. observations during subtidal field work

in 2008) and Scharet al. (pers. observations during intertidal and subtidal fieldwork in 2007 a08)2
support the classification

4 Dowty and Ferrier (2008). Photosynthetically active radiation (PAR) and attemaetl.5 m MLLW (see
eandT.

¢ Minimum and maximunmonthly averages of daily photosynthetically active radiation (PAR) 30 cm above
the sediment surface from April to September 2007 and 2008.

" Minimum and maximum of the mean monthly atiation from April to Septembe2007 and 2008.
Attenuation was calcated from simultaneous PAR measurements 30 cm and 70 cm above the sediment
surface.

9 Data from WBS (2007) and WBN (2008) sites were combined to represent the conditions at the head of the
bay.

.h Schanzt al. (pers. observations) and data presentebigréport.

' Kitaeff et al. 2008 (pers. communication), Schartzl. (pers. observations) this report.

- Water quality monitoring stations not established.
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Fig. 2.2 Summary ofparameters and methods used during this study to achieve the spigeiftives.

2.2.2 STE SELECTION

In order to determine the current approximate distributiod. oharinafor transplantation
experiments, ites of existingZ. marinapopulationsacross Westcott Bayere identified
using color-infrared 1:12,000 aerigihotographycollected in summer 200@erry 2007)
and confirmed by grounttuthing conducted byfoot and boat during low tide periods in
March 2007(Fig. 2-1).

Z. marinatransplant sites were selected to characterize a gradignmarinaconditionas
well as related physicand biological habitat propertidsom the entrance to the head of
Westcott Bay(Table 21).

2.2.3Z.MARINA TRANSPLANTATION
Seagrass cores (2007)

Core transplantations @ marinawere conducteéh the intertidal areat Mosquto Pass
(MP), White Point (WP), Bell Point (BP), Westcott Bay South (WBS) WfebtcottBay

North (WBN) in 2007 (Fig. 2-4, 2-6). Z. marinacores,including intact sedimentwere
taken from a donor populatioMP) at the entrance of the bay by carefully lpng a
plastic tube (core area: 182 %nhigh: 20 cm) into the sediment without disturbing the
leaves of the plant§-ig. 24). Seagrass cores were transported and kept separately in their
tubes covered by a moist towel to prevent desiccaliorelve seagasscores from the
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O Core transplants |:| Transplant units © Temperature logger

Fig. 2-3 Schematiof theexperimental setip. Core transplantations were conductedat mMLLW
at five sites in 2007andtransplantations in transplant units were conduated.7,-0.9, and-1.5 mMLLW
at three sites in 2@

donor population were transplanted i@chsite (WP, BP, WBS anWBN) along a 60 m
transect lineat 5 m intervals and 12 cores were transplanted back into the donor
population (MP) to check for transplantation effe@# extractedZ. marinacoreswere
transplanted into a new sitleiringthe samdow tide.

Transplant units (TPU) (2008)

Transplant units (TPWyansplantations af. marinawerecarried outin the intertidal area,
the transition zone and the subtidal as¢dMP, BP and WBN (Fig. 4, 2-5). The TPU
method is a modification of th&ransplanting Eelgrass Remotely with Frame Systems
(TERFS) methodthat usesweighted wire mesh frames atmbdegradable ties (twisted
crepe paperjo attachthe seagrass shodhortet al. 2002).

The TPUs i this studyconsisted of a metal frame (900 3rdivided insubquadras with
biodegradable jute corddpposing pairs oZ. marina shoots including rhizomesA-6
internodes) were attached with jute ties to the grid @&ig). Nine pairs of seagrass shasot
were tied to each frame approximately 10 gpart resulting in a total of 1&. marina
shoots per transplant unit.

Deployment of th@PUrequired that thenetal framebe slightly pressednto the sediment,
therebypushingthe rhizomesarefully into thesurface layeof the sedimentThe flexible
jute grid of the TPU allowed close contact of theomes with the sediment surface
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Fig. 2-4 Transplantation ofZostera marinain cores. A) Extraction of a Z. marinatransplant core.
B) Mosquito PassZ. marinatransplantation along aansect linewithin the donorpopulation

on uneversubstrateAfter successful rootinghe frame can be removed by cutting the jute
cord along the outer metal framelowever, TPU frames remained in place durihg
experimental period in 2008 to facilitate tlassessmentf transplantedseagrassinits in
the dense donor population tr easilyidentify transplant areas total loss ofZ. marina
occurred

Z. marinashootswere collected from the donor populationMP and transported i
container with seawateiShoots were tied to the TPU frames and stored in seawate
ovemight. SevenTPUs werespaced at 10 m intervaddong a 70 m transect lireg each
site in the intertidal aread.7 m MLLW), and fourteen TPUs wespaced ab mintervals
at each site in the transitior0O(9 m MLLW) and the subtidal areal(5 m MLLW). To
facilitate recovery of transplantshe TPUs werenarked with flagging tape. Red flagging
tape characterized TPUs thaere to remairtotally undsturbed after the transplantation,
whereas green flagging tape marked TRds which Z. marinaplants were collected for
further plant analysis. All seagrass plants were transplanted withino24eimoval from
the donor site. A total of 105 TPU (1890 imdual Z. marinashoots) were transplanted in
2008.

Both transplantation methods conducted in Westcott Bay are well establishdand
been documented to successfully establish seagrassainiety ofrestoration projects (e.g.
Fonsecat al. 1998, ortet al.2002).

TRANSPLANT LOCATIONS

Z. marinatransplant locations wenecorded using portable GPS data logging system
(Trimble Navigation GPS Pathfinder)We recorded the coordinates ofindividual
transplantunits in the intertidad and transitio area andtheend poing of the transect lines
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Fig. 2-5 Transplantation aZostera marinan transplant units (TPU).
A. Preparation of seagrass TPUB. Completed TPUC. Freshly
deployed transplant unit in the subtidal.

in the subtidal zon€Fig. 2-6). Since theZ. marinatransplants were placed based on the
use of predicted tides for Hanbury Point in Mosquito Résbeltec Tides & Currents
some discrepancy betwedhe transplantation and targetevations was anticipated.
Individual core eleation data were collectednce in May 2007t WP, BP, WBS, and
WBN. Data were not collected at MPhe water column deptivas recordect each core

along atransectwith a meter sticlat an appropriatdidal height(i.e. 580 cm) Hanbury

Point predictedides, interpolated to the time of water column measurements from 15
minute predictions, were later corrected for observed tides at the Friday Harbor tide station
(interpolated from 6 minute dataJhis estimated actual tide was used with the water
column dservations to estimate core elevations.
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2008 Transplant Units (TPUs)
©-07m ®-0.9m @®-1.5m
2007 Transplant Cores
®-0.7m
SVMP transect data

——08 ————01———00

- — SE—

Fig. 2-6 Closeup viewsof Z. marinaresearchsites across Westcott Bafstimated locations of core
transplants at all sites in the intertidal zone in 2@0ue( circle$. Locations of transplant units at MP, BRd
WBN in the intertidal green circle} the transition \(iolet circle§ and the subtidal zoneed circleg in
2008. Z. marinadistributiondocumentedin 2000 placklines) and 2001 gurplelines) by the SVMR and in
2008 ¢ed lines) along monitoredransect lineswhite) documented byoint SYMP/ESRP study(Ferrieret
al. in prep) Single red circlendicates water quality monitoring stationslP=Mosquito Pass\WP=White
Point, BP=Bell Point, WBS=Westcott Bay Soutland WBN=WestcottBay North. Bathynetry provided by
Grossmaret al.(2008).
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2.3 TRANSPLANT PERFORMANCE

To assess the transplant performance the shoot densityalmn@ and belowground
biomass ofZ. marinatransplants was estimated in 2007 and 2008.

SHOOTDENSITY

The oot density was mutored by countingZ. marinashootswithin transplanted cores
and TPUsIn addition, the shoot densif donor population was estimated by countirig
shoos within a frame (50 x 50 cm) (n=60), randomly thrown within the proximity of the
transplantst the donor site.

BIOMASS

In 2007, dove and belowground biomasd transplanted shootsas calculated at each
site byextractingZ. marinacore samples of 182 énin=6). Seagrass cores were rinsed to
remove sediment, adherent fauna and algae, andsleaeee separatedt the meristem
(aboveground biomasgjom the rhizomesand roots (belowground biomasSeagrass
leaves were carefully cleaned of epiphytes using a razor bladi@l plant material was
dried at 55 °C untitonstant weigh{2-5 days) Core transplanbiomasswas calculated as
biomass (g DW ).

In 2008, aboveand belowground biomasd transplantsvas measuredor individual Z.
marina shoots(separated in aboveand belowgroundiomass) (n= &0), asthe TPU
transplantation method diabt allow core sampling for biomass estimatesa given area
Individual Z. marinashoots were collected fromPUsand the donor population, gently
washed and leaves separated from rhizonaesl roots at the meristerd. marinatissue
was thencleaned ofepiphytes and dried asstcribedfor biomass samples in 200The
TPUs tansplant biomass is presented as bion@m&3y shoot).

TRANSPLANT MONITORING

In 2007,core transplanshootdensityin the intertidal areawasmonitored every two weeks
betweenMay 15 and July 12 for a total of 5 sampling effortén addition, the initial and

final biomass of core transplants was estimated once in May and once inldwAril

2008, three selected 2007 core transplants sites (MP, BP, WBN) were revisited and
transpant shoot densities estimated.

In 2008, TPU shoot density in the intertidal are@zas monitored monthlybetweenMay 4
and July 4. The initial and final biomass of intertidal transplants was estimabeg in
May and Julyrespectively

In 2008 shoot dengy of transplantsn the transition zone and the subtidal area were
monitored every two weeksetweenMay 4 and August6, and once in Novembem the
transition zonetransplantsvere monitoredrom shoreduring low tides (>0.9 m MLLW)

at monthly interals, and by scuba divers in the middle of each month, thereby enabling a
biweekly monitoring otransplants at this elevation. Subtidal transplants were consistently
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and exclusivelymonitored by scuba diverBiomassof transplantsvas estimatet both
tidal elevationsnonthly betweerMay and August 2008.

In May 2009,2008transplants at all three tidal elevations wereisited and shootlensity
counted

During each sampling everqualitative ancillary data was recorded, such as the presence
of macroalgae and bubble snail spavitorbidity eventsandthe presence culfide odor.

2.4 ENVIRONMENTAL MONITORING

WATER TEMPERATURE

To characterize thevater temperaturg®C) in the direct proximity ofZ. marinaplants,

small temperature data loggdHOBO TidBit v2) were deployedat the sediment surface

at the migpoint of each transplant transectadt sites and tidal elevatiorecross Westcott

Bay (Fig. 23). Temperaturen the intertidal areavas recordedat 15-minutes intervals

from May to Julyin 2007and 2008concurrently to the transplantation experimentthe
transition zone and subtidal area, temperatures were recorded from May to August 2008.
Temperature data wefdtered and valuesecordedduring air exposureluring events of
extreme low tidesvere extracted (Appendix A). Extracted air temperature values were
further used to provide additional information on transplant air exposure.

AIR EXPOSURE

The total duration oZ. marinatransplant air exposure time was estimated by filtering
temperaturelata and extracting valuescorded during instancegen the datéogger @nd

Z. marinatransplantsyvasexposed to air. Air exposure of transplants was estimated in the
intertidal and transition area during low tides in spring and summer from May yanjul

2007 and 2008Estimated tide levels for the area of Westcott Bay (see below).6fm
and-0.9 m MLLW were used as thresholds to identify all observations whenearina

plants were exposed to air (Appendix A). The total air exposure time of laatspvas
calculated as the sum of individual air exposure events observed over the transplantation
experiment from May to July.

ESTIMATED TIDES FOR HE AREA OFWESTCOTTBAY

To estimate the tides in Westcott Balge mean hourly predicted tide for RodHarbor

(RH) and Hanbury PointHP) (Nobeltec Tides & Currents) was averaged to produce a
predicted tide for Westcott Bay. This predicted tide was then adjusted by the departure of
the observed tide at Friday HarbdFH) (http://tidesandcurrents.noaa.go®ation
9449880) from the predicted tide atiday Harbor (also predicted by Nobeltec Tides &
Currents) Estimated tides for Westcott Bay (WB est.) were calculddtgdDowty &

Ferrier 2009using the following equation

((RH + HP)/2) + (FH obs. FH pred.)= WB est.
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2.5 DATA ANALYSIS

Differences in shoot density over time were tested significancein the intertidal area in
2007 between the biveekly monitoring intervals from May 15 to July 12, and in 2008
between monthly monitoring intervals from Mayatduly 4.Differences in the aboveand
belowground biomass over time were tested betwkeninitial biomasgMay) and the
final biomass(July) in the intertidal arean both years. In the transition zone and the
subtidal areadifferences in shoot demngi over time were tested betweenwmekly
monitoring intervals from My 4 to August 6 as well as November.Z2hanges in laove
and belowgrounthiomass were tested monthly between May and Auz38

One-way ANOVAswere conducted to test foiffiégrencesin transplant performance (shoot
density, abowe and belowground biomass) between the sites across WestcotatBay
individual tidal elevationgn July 2007 and 2008.

For the purpose of relating the transplant performance to the total time of air explosure
relative transplant shoot densit{%o) and aboveground biomass acradissites and tidal
elevationdn Julywerecorrelatedwvith the cumulativetransplant air exposure tintlerough
June(including all air exposure events that the transplants expedeat different sites
and tidal elevation in both years)

Two-way ANOVAs were conducted to test for differences in mean water temperature
between months and sites separately for water temperatures in uradliyehrs and tidal
elevation).

For the purpose forelating transplant performance to water temperatthie relative
transplant shoot densitf{26) of each month (intertidal transplantdune & July and
transtion and subtidal transplantdune, July and Augustyas correlated with the mean
and maximum mnthly water temperatures of the previous mdMay, June, July)

The percentage of the relative shoot density was calculated fromatibebetween the
initial number of shoots transplanted and the remairshgot densityin individual
replicate transpint units at each sampling date.

All resultsarepresented either as arithmetic or geometric means (+ SE). If variables were
log-normally distributed, data were ldgansformed prior to analysis, and back
transformed means were used as a central measanes@onding standard errors were

calculated according to Mooet al. (1974). Differences between sites and experimental
effects were analyzed by means of analysis
honestsignificantdifferences (HSD) multiple coparison test (Sokal & Rohlfs 1995).

Data were tested for homoscedasticity of ve
assumption of ANOVA. Differences were considered to be statistically significamt, if

values were < 0.05. All statistical testsreseconducted by using STATISTICA (StatSoft

Inc.; Tulsa, Oklahoma).
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3 RESULTS

3.1 Z. MARINA TRANSPLANTATION EXPERIMENTS

3.1.1Z. MARINA TRANSPLANT ESTABLISHMENT

All Z. marinatransplants were established successfully across the different sitedadnd
elevations in Westcott Bay in 20070(7 m MLLW) and 2008-0.7 m, -0.9 m,-1.5 m
MLLW). In June2007, he mean shoadensity of transplanteemained atnitial values at

all sites 4 weeks after the transplantation, exceptPatvhere theshoot desity decreased

(Fig. 32, BP: Tukey tests of means p < 0.0@l!; other sites showed no differences in
shoot densitypetween May and June 20Q% confirmed by Tukey tests following a ene

way ANOVA testing fordifferences over timat individual sites)Similarly, in June 2008,

the mean shoot density met or exceeded initial values at all sites and tidal elevations 4
weeks after the transplantatidfig. 34, differences in shoot density over time were
determined as described abpve

The development of trapi&nts atMP generally follaved the trends in shoot density and
biomass of the surrounding donor population over the experimental period in 2007 and
2008, suggesting a low transplantation stress in both years, although there was a varying
trend in the abosground and belowground biomass between transplants and the donor
population at NP at-1.5 m MLLW (Fig. 34, 35). The observed differences between
transplants and the donor population at this parti@l@&rationmight have been caused by

the dislocationof the transplant transect line (Fig-6) (see further explanation about
estimated locations of transplants below). This reduced the number of tramsplaattes

(n=4) and relocated them across a range of deeper tidal elevatibris f>MLLW).

3.1.2 ESTIMATED LOCATIONS O F TRANSPLANTS

Plotted coordinates of transplants at the intertidal zone in 2007 in relation to Westcott Bay
bathymetry shows the core transplants at Wéte placedapproximately 0.2 m deeper
(mean depth0.89 m) than the expected.7 m MLLW (Fig. 3-1). Estimated raan depth

of core transplants at BP and WBS were at the same elevatiOryatm. Mean transplan
depth at WBN was measured-at66 m,slightly shallowerthan the former intertidaf.
marinapopulation

In 2008, the subtml transect line atl1.5 m MLLW at MP was partly displaced
(presumably by boaters) without notice prior to transplantation. This led to deeper
placementof some transplants at MP at the subtidal zone (%), and hindered the
recovery of individualTPUs during the transplant monitoring, resulting in a reduced
number of replicates at times. The estimated locatiors afarinatransplants at WBN
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suggest that the transplants located at the intertidal and transition zone might have been
placed slightly deger than thentended-0.7 m and0.9 m MLLW (Fig.2-6). However, all

Z. marinashoots transplanted at the different sites and elevations in Westcott Bay in 2008
were placed in areas formerly or currently vegetated. byarina(Fig. 2-6).

-0.60
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—e—wp
—0— 8P
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Fig. 3-1 Estimated elevations of individualcore transplantsalong transects in the intertidal zone at
WP=White Point,BP=Bell Point, WBS=Westcott Bay Soutrand WBN=WestcottBay North in 2007.
Mosquito Pass (MP) core elevations were not verified using these methods.

3.2 TRANSPLANT PERFORMAN CE & SURVIVAL

3.2.1Z.MARINA AT THE INTERTIDAL ZO NE (-0.7M MLLW)
2007

After the transplantation &f. marinaat the intertidal zone in May 2007, shoot density and
aboveground biomasgried over time at all sites across Westtday, except at White
Point, whereshoot densitiesemained stable from May to July (Fig2333A, Table 31).

Both shoot densityand aboveground biomass transplants decreased from the entrance
(MP, WP) towardghe inner bay (BP) and the heaBS, WBN) of the bayin summer
2007 (Fig. 32, 3-3A, Table 31). The mearshoot densityollowed a distinct iter-monthly
Zig-zag trend irZ. marinatransplantsat MP and the surrounding donor population over the
season, while the same trend was apparent (husigoificant) atwhite Point (Fig. 3,
Table 31). At BP, the initial shoot densitywas reduced by 60% at the end of May, and
thereafter remained stable through July. In contrastshibet densityat WBS and WBN
approached zero in July (Fig2, 3-3A).
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Concurrently, he mean aboveground biomass of transplants was lowest at thatdibes

head ofbay, where the initial abovegund biomass was reduced by¥®%:t WBN and

WBN in July 2007 (Fig. 3-3A, Table 31). Interestingly, the belowground biomass
remaned stable at all sites over the entire experimental period and showed no differences
across the sites in JURDO7 (Fig. 33A, Table 31).

Follow-up monitoring of the 2007 transplants at selected sites (MP,aB&,WBN in
April 2008 revealed that. maina did not surviveat BP or WBN in the intertidal zoneln
contrast, the transplants BIP intermingled with the surrounding donor population, and
could not balifferentiated

2008

After the transplantation &f. marinaat the intertidal zone .7 m MLLW in 2008, there
was no apparentariation inthe mearshoot densityf transplants amP or WBN, or the
donor population aMP from May to July. In contrast, the meahoot densityat BP

strongly varied ovethe season, and wasgnificantly reduced inJuly 2008 (Fig. 34A,

Table 31).

While shoot densities at MP and WBWNere stable the mean initial abovegrourahd
belowgroundbiomass of individuaZ. marinashoots decreased at all sites over the season
(Table 31). Aboveground mmasswas reduced byZP6 at MP, by 80% at BP and by &6

at WBN in July 2008 (Fig. 33B). Lowest values in the mean belowground bionvasse
reachedat BP in July 2008 (Fig.-3B).
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3.2.2Z. MARINA AT THE TRANSITION ZO NE (-0.9M MLLW)

At the transition zone at0.9 m MLLW, the meanshoot densitywaried over thestudy
period with a general trend of decreasiagoot densityowards Julyand August at all

sites (Fig. 24B, 36, Table 32). The initial meanshoot densityat BP was distinctly
reduced in July (BPT u k ey 8 o < 0.08)sfollowed by a strong reduction imitial

shoot densityat WBN and the donor population in August 2008 (WEMd donor
population’T u k e y § 3< Ot0@&)qRig. 34B, Table 32). By Novembe2008, theshoot
densityat BP andthe donor sitdhadrecoveredo initial values(BP:Tu k e y 6ps=0.83e st ,
donor site:Tu k ey 6 8 = (.66, Sig., 34B). In contrast, theshoot densityat WBN
approached zerim November 200@WBN: T u k e y 6ps< 0.0061s(Fig. 3-4B, Table 3

2).

The aboveground and belowground biomass followed similar trenbs. ifitial mean
aboveground biomass decreased at all sites from May to July 2008, exXéépiNathere

the aboveground biomass remained stable through July (WBNK e y § p = @.043F t
(Fig. 35A, Table 32). In August, the initial aboveground biomass was rediget2% at

BP and by 596 at WBN, whereas the aboveground biomasovered tanitial values at

MP transplants and the donor population (Figh)3Contary to thedevelopment in the
abovegroundiomass the mean belowground biomass exhibited no differences over the
season at MRr WBN transplantsor the donorpopulation betweenMay and August,
whereas the initial belowgund biomasshowed a decreasd 52% at BPby Augug 2008

(Fig. 3-5A).

3.2.3Z. MARINA AT THE SUBTIDAL ZONE (-1.5M MLLW)

Z. marinatransplants at the subtidal zond.6 M MLLW) showed less ier-seasonal
variability in shoot densityand biomassover thestudy periodthan transplantsat the
transition zone (Fig.-3C, Table 32). However, there waa strong effect ottime from
May to November on the meashoot densityat all sites, with a strong decrease in the
initial shoot densityat WBN by 706 in August that approached zero in Now&m2008
(Fig. 3-4C, Table 32). In contrast, the mean shoot density was distinctly increa&déiat
November 2008 (Fig.-3).

There was no effect dfime on the abovegroundr belowground biomass &. marina
shoots atany site exceptMP, where the abaground biomass was reducadd the
belowground biomass increased in July 2008, possibly atibluto the location of
transplants at different tidal elevation (F835B, Table 32).
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Fig. 3-3 A, B Mean (x SE) initial (May) and final (July) abovegind and belowground biomass 2f
marinatransplants at0.7 m MLLW across Westcott Bay in 2007(n=6-7) andB 2008(n=6-19). Note A

oneway ANOVA was conducted comparing the shoot densities between the sites in July 2007 and 2008.
Unlike letters denat significant differences (p< 0.05) amasites

3.2.4 TRANSPLANT PERFORMANCE THROUGH 2009

Results ofthe continued monitoringf the 2008Z. marinatransplantperformanceacross
the sitesin Westcott Bayin May 2009 revealed the same shoot densaielIP in the
intertidal and the transition ar@aMay 2009 as observed in these areas in May 2Big8
3-4, 36). The subtidal transplants &P could not be recovered. Howevet, marina
shootdensitywithin the surrounding donor population reveatedecease innitial shoot
density at the subtidareaat MP of approximately 3% from May 2008 through May
2009. In contrast, &P the Z. marinatransplans did not survivein the intertidalarea. h
the transitionarea atBP the transplantshoot densitiesvere decreased by approximately
65%, and in the subtidalrea by approximatel§8%. However, naZ. marinatransplants
could be recovered &/BN. Thus, transplastdid not survive at the head of the tatyany
tidal elevatiorthrough May 2009.
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Fig. 3-4 A, B, C Shootdensities ofZ. marinatransplant units (TPUs) and donor populatinA the

intertidal area ¢0.7 m); Unlike letters denote significant differences (p< 0.05) among sample, datibe
transition zone-0.9 m) andC the subtidal area-1.5 m) (MLLW) in 2008 (meas + SE). Note: No SE is
presented in May 2008 since the transplant experiment started with equal shoot density at all sites and tidal
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Fig. 3-6 Status ofZ. marinashoot densitfmean+ SE) of the 2008 transplantst the entrance (MP), the
inner (BP) and the head (WBN) of Westcott Bay at three tidal elevafion if1,-0.9 m,-1.5 m MLLW) in
May 2009 Z. marinadid not survivein the intertidal areaf the site inthe inner bay, and at all tidal
elevations at the head of Westcott Bay.
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Table 31 Oneway ANOVA table testingfor the effect of timeon Z. marina density and biomass
(aboveground and belowground ibiass) at individual siteis the intertidal zone-0.7 m MLLW) over the
studyperiodfrom May to Julyin 2007 and 2008.

2007 2008
Treatment -0.7 m MLLW -0.7 m MLLW

df MS F P df MS F P
Donor population
Shoot density 3 918227 3.906 <0.05 2 614756 2.848 ns
Aboveground biomass - - - - 1 143 27.972 < 0.0001
Belowground biomass - - - - 1 0.04 1332 ns
Transplantations
Mosquito Pass
Shoot density 4 90453.84 4.016 <0.01 2 5400.15 3.987 ns
Aboveground biomassl 111038.68 31.779 < 0.001 1 297 58.668 < 0.0001
Belowground biomass 1 1378.57 0.344 ns 1 0.06 5296 <0.05 ®
White Point
Shoot density 4 108697.71 2.295 ns - - - -
Aboveground biomassl 88496.98 19.020 < 0.01 - - - -
Belowground biomass1 5879.85 1.326 ns - - - -
Bell Point
Shoot density 4 90453.84 4.016 <0.01 2 78014.96 28.896 < 0.0001
Aboveground biomassl 193317.62 48.121 < 0.0001 1 5.38 137.245 < 0.0001
Belowground biomass1 3696.85 0.961 ns 1 057 29.088 < 0.0001
Westcott Bay South
Shoot density 4 69.42 31.912 < 0.00012 - - - -
Aboveground biomassl 251728.34 83.721 < 0.0001 - - - -
Belowground biomass1 2.99 0.001 ns - - - -
Westcott Bay North
Shoot density 4 65.05 23.802 < 0.00012 2 6389.08 2.356 ns
Aboveground biomassl 252765.44 84.204 < 0.0001 1 417 107.968 < 0.0001
Belowground biomass1 3679.19 0.712 ns 1 0.44 22.000 < 0.0001

& Logarithmic transformation

- not assessed
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Table 3-2 Oneway ANOVA table testingfor the effect oftime on Z. marina density andbiomass
(aboveground and belowground bionjass individual sitesin the transition zone-@.9m MLLW) and
subtidalzone(-1.5 m MLLW) over thestudyperiodfrom May to Augusin 2008.

2008

-0.9 m MLLW -1.5 m MLLW
Treatment df MS F P df MS F P
Donor population (control)
Shoot density 6 90583.65 92.28 < 0.00012 5 11862.4 17.4848<0.0001
Aboveground biomass 0.91 1112 <0.001 2 0.07 0.66 ns
Belowground biomass 0.01 036 ns 2 0.06 200 ns
Transplantations
Mosquito Pass
Shoot density 10442.86 16.09 < 0.0001 5 5391.93 11.64 <0.0001
Aboveground biomass 0.55 739 <001 2 017 481 <0.05 2
Belowground biomass 0.05 151 ns 2 019 757 <0.01
Bell Point
Shoot density 23398.51 11.78 < 0.0001 8577.54 4.63  <0.001
Aboveground biomass 1.39 27.27 <0.0001 0.31 205 ns
Belowground biomass 0.13 4.48 <0.05 2 0.06 206 ns
Westcott Bay North
Shoot density 90583.65 92.28 < 0.0001 7 37030.33 32.68 < 0.0001
Aboveground biomass 0.85 12.56 < 0.0001 0.12 070 ns
Belowground biomass 0.07 2.67 ns 0.02 080 ns

& Logarithmic transformation
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3.3 ENVIRONMENTAL STRESS ORS INVESTIGATED

3.3.1 AIR EXPOSURE
2007

In spring/summer 2007, the duratiand the number dir exposuresvents ofZ. marina
transplants at the intertidal zon®./ m MLLW) varied among siteand correspondeid
observed differences ithe transplanelevationat individual sites (Fig. -3, Fig. 37A,
Table 33). The higheswvalues of the duration and the number of exposure events were
observed at BP, WBS and WBN, withmaximum cumulative value oftransplant air
exposure of34 hours (h)at WBN, accumulated duringxposureeventsfrom May 21 to

July 13 (Fig. 37A, 3-8A). Interestingly, the air temperature at the sediment surface
indicates constantly higher values at extensively air exposedsitgdsasVBS andWBN,
throughout thestudyperiod in 2007 (Fig, A, Table 33).

After the transplantation df. marinain the intetidal zone in 2007, the transplants at BP
and MR andZ. marinaplants at the donor sjtevere observed to changieeir leaf color

from green to brown and leavé®quentlyappeared to be dry and crispy during tie
exposureavents at extreme low tidés May and JuneAt the end of the experiment in July
2007, the mean transplastioot densityand the aboveground biomass was distinctly lower

at WBS and WBN as compared to WP and MP, whereas there was no difference in the
belowground biomass of transplardcross the sites in Westcott Bay (Fig3/A8 3-8A,

Table 34, 35).

2008

In 2008, there were no distinct patterns in the duration and number of tranaplant
exposureevents at the intertidal zone and in the transition z@spectively, and the
overal time and number of exposure events during low tides was reduced by more than
50% at MP, BRPand WBN in 2008 as comparedao exposureevents at these particular
sites in 2007 (Fig.-3B, 39A, Table 33). The maximum air/sediment temperature during

air exposureevents was consistently higher at all transplants sites in 2007 than in 2008,
where the maximum aietnperature at WBN in 2007 (28@) exceeded theemperature

of WBN in 2008 (18.0C) by 7°C (Table ).

After the transplantation oZ. marinaat the intertidal zone in 2008, the plants looked
visually green and healthy at MP and WBN over the experimental period from May to
July. In contrast, the transplanted shoots aiw@Refound to be very dry and crispy during
theair exposureevents at extree low tides in June 2008, where intertidal transplants were
exposedabout4.5 hourdongerat BP (8.5 h) than at MP, and 3 hours longer than at WBN
(Table 33). Moreover, thehighestair temperature at the sediment surface was about 2.0
°C higher in Junat BP (21.6 °C) thaat the other sites (Table-3). These observations
correspondo the results of the transplant performance and survival at the intertidal in
2008, indicating no distinct difference in the mehnot densitypetween transplants at MP
and WBN, whereas the meahoot densityf transplants was slightly lower BP than at
WBN (Fig. 3-9B, Table 34, 3-5). Similarly, the mean aboveground biomass was slightly
reduced aBP as compared to WBN and the donor populatibhe mearbelowground
biomass differed between BP and the donor population (F3g, 3 able 33, 3-4).
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Fig. 37 A, B, C Duration ofZ. marinatransplant air exposureours(h) and related mean air/sediment
temperatures (°C) during thepmsure events # the intertidal zone in 2008 at the intertidal zone in 2008,

andC at the transition zone in 2008. Both transplant experiments in the intertidal zone were conducted from
May to July in both years, and ladifor a total of 8 weeks.
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At the transition zone, which was 0.2 m deeper than the intertidal zone, the estimated
exposure times were much shorter (MP 25%, BP 21%, WBN 33%), and the number of
exposure events were fewer (MP 33%, B0%, WBN 60%)as compared to the intertidal
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Table 3-3 Characteristicef air exposureavents (totakir exposurdime (), number of exposure events (d),
and related maximum air/sediment temperature (°C)X.ofmarinatransplants in the intertidal dnthe
transition zone during the experimental perimdune anduly in 2007 and 2008.

2007 2008
-0.7m -0.7m -09m
Month MP WP  BP WBS WBN MP BP WBN MP BP WBN
Total exposure (h) June 85 45 16.0 143 225 4 8.5 55 1.0 1.8 1.8
July 15 0.3 5.0 6.5 9.0 - 1
Number of exposure (d) June 8 4 9 8 10 3 6 5 1 3 3
July 4 1 5 5 5 - 1 - - -
Max air/sediment June 232 132 234 241 250 19.7 216 198 154 142 180
temperature (°C) July 13.7 148 209 231 241 - 16.7 - - -

- no desiccation event

zone in summer 2008@-ig. 37C, Table 33). The transplantx@osuretimes and number
of events were slightly higher at BP and WBN as compared to MP, and teenp&rature
at the sediment surface was about 4°C higher at WBN (18.0°C) thaR. &oth sites
experienced the same total exposure time and number of exposure(Eiger89A, Table

3-3).

Correspondingly, lowest values in the mean shoot density atrahsition zone were

observed at the donor population @@ in July 2008, although differences between the

sites were rather weak (donor population and BR:(p05 Tukey tests) (Fig.-8B, 3-9B,

Table 34, 35). Similarly, the mean aboveground biomassswower atBP (p < 0.05
Tukeyds test) than at WB N, whereas there w
belowground biomass in July 200Bid. 3-5A, Table3-4).

The correlation of the transplant performance with the total air exposure time reaealed
strong negative correlation @& marinashoot density in July with the total air exposure
time across all sites and tidal elevations in Westcott Bajculated as cumulative
exposuran June2007 and 2008 (Pearson correlation;0:86) (Fig. 310A). Similarly, the
aboveground biomass of transplants was negatively correlated with thaitaaposure
time (Pearson correlation, r9.64)(Fig. 3-10B).
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Table 3-4 Z. marinatransplanshoot densityabove and belowground biomass differert tidal elevations
(- 0.7 m,-0.9 m,-1.5 m MLLW) across the sites in Westcott Bay in July and August 2008 (means * SE).

2008

July August

-0.7 -0.9 -1.5 -0.9 -1.5 m MLLW
Donor population (control)
Shoot density 148 (5.5) 109 (22.2) 86.5 (6.6) 31.0 (3.8) 39.0 (4.6)
Aboveground biomass 0.45 (0.06) 0.62 (0.04) 0.91 (0.07) 1.13 (0.14) 1.06 (0.08)
Belowground biomass 0.44 (0.06) 0.43 (0.03) 0.44 (0.06) 0.45 (0.07) 0.38 (0.02)
Mosquito Pass (MP)
Shoot density 186 (30.89)  230.5 (21.0) 177.8 (7.9) . 142.6 (9.3)
Aboveground biomass 1.01 (0.06) 0.47 (0.08) 0.39 (0.05) 0.76 (0.11) 0.76 (0.11)
Belowground biomass 0.36 (0.05) 0.33 (0.05) 0.62 (0.06) 0.40 (0.08) 0.45 (0.05)
Bell Point (BP)
Shoot density 98.40 (28.4) 141.3 (21.1) 296.3 (25.8) 825 (24.3) 187.0 (15.8)
Aboveground biomass 0.21 (0.03) 0.25 (0.06) 0.48 (0.18) 0.25 (0.04) 0.86 (0.09)
Belowground biomass 0.27 (0.02) 0.46 (0.09) 0.47 (0.08) 0.23 (0.04) 0.41 (0.05)
Westcott Bay North (WBN)
Shoot density 227  (27.6) 222.2 (17.0) 222.2 (7.0) 704 (16.1) 59.7 (18.8)
Aboveground biomass 0.35 (0.03) 0.72 (0.07) 0.71 (0.10) 0.38 (0.07) 0.77 (0.13)
Belowground biomass 0.31 (0.02) 0.45 (0.03) 0.37 (0.07) 0.33 (0.04) 0.36 (0.05)

Th=1

Table 3-5 F-values and significance level (P) of ANOVA fdlifferencesin transpant performance
(shoot density anébove and béowground biomasshetween the sites in Westcott Baythe intertidal
(-0.7 m MLLW), the transition 0.9 m MLLW), and subtidal zone-1.5 m MLLW) describing the
conditionsin July 2007 and 2008.

Depth Parameter df MS F P
2007 -0.7m Shoot density 4 214973.1012.83 < 0.0001%
Aboveground biomass 4 20400.60 10.84 < 0.0001
Belowground biomass 4 1829.40 0.33 ns
2008 -0.7m Shoot density 3 20443.29 4.83 <0.05
Aboveground biomass 3 0.10 5.17 <0.01
Belowground biomass 3 0.04 3.53 <0.05
-0.9m Shoot density 3 16437.26 6.49 <0.01
Aboveground biomass 3 0.29 5.70 <0.01
Belowground biomass 3 0.03 1.41 ns
-1.5m  Shoot density 3 195 60.17 <0.0001%
Aboveground biomass 3 0.47 5.94 <0.01
Belowground biomass 3 0.09 2.26 ns

& Logarithmic transformation
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3.3.2 WATER TEMPERATURE

The mean daily water taperature and the monthly mean of daily water temperatures were
consistently higher at sites at the head of the bay compared tmshesrest of the bay at

all tidal elevations over the entire season in 2007 (WBS and WBOBLAm MLLW) and

in 2008 (WBN at-0.7 m,-0.9 m,-1.5 m MLLW) (Fig. 3-11 to 3-14), Table 36, 37).
Similarly, the maximum daily temperatures over the season tend to be higher at the sites at
the head of the bay relative to other sites in the bay at all tidal elevations in bot{Figars

3-11 t03-14, Table 36).
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entrance (MP, WP), the inner bay (BP) and the bay head (WBS entrance (MP), the inner bay (BP) and the bay head (WBN).
WBN).
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3 (a) Estimated tides Westcott Bay 2008
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3.3.21 INTERTIDAL WATER TEMP ERATURE
DAILY TEMPERATURE OVER SEASON

In 2007, he mean daily water temperatures at the intertidal aregedafrom a daily
minimum 0f9.8°C at MP in May to the highest medaily temperature of up to 16@ at
WBN in July (Fig.3-11B). Highest maximum d8i temperatures, exceeding 2Z43) were
recorded at WBN and BS (26.0C) in June 2007 (Fig-11C).

In 2008, the lowest value oféhmean daily temperature was observed at(BIB°C) in
May, whereas the highesteandaily temperature of 15.2°C was recorded at WBN at the
end of May 2008 (Fig.-32B). The highest maximum daily temperature in 2008 was
recorded at BP in June with 20 (Fig. 3-12C).

Interestingly, highest values of maximum daily water temperatures coincided with the
events of extreme low tides in both yeawghereas the values of the mean daily
temperatures tend to increase in periods between the extreme low tide avextter
moderate tidal amplitud€&ig. 3-11, 3-12).

Table 36 Mean (+ SE) and maximum water temperature at different sites and tidal elevations in Westcott
Bay describing the conditions during the experimental period in spring and summer 2000&nd 2

Water Temperature

Depth Mosquito Pass Bell Point Westcott Bay North
(mMLLW) Month Mean SEM Max Mean SEM Max Mean SEM Max

2007 -0.7 May 10.45 (0.12) 14.05 11.13 (0.17) 16.03 13.15 (0.37) 20.13
Jun 10.68 (0.10) 17.11 11.24 (0.11) 21.99 13.36 (0.17) 24.00

2008 -0.7 May 9.80 (0.13) 13.93 10.46 (0.15) 1501 11.71 (0.29) 16.77
Jun 10.34 (0.12) 16.87 11.09 (0.15) 19.98 12.45 (0.21) 18.60

-0.9 May 9.72 (0.13) 14.07 10.11 (0.12) 13.76 11.67 (0.26) 17.77

Jun 10.31 (0.12) 1477 10.81 (0.14) 1453 1240 (0.21) 17.25

Jul 11.63 (0.16) 16.34 11.88 (0.16) 1572 13.28 (0.20) 18.37

Aug 11.33 (0.11) 1494 1153 (0.13) 1508 12.69 (0.22) 20.22

Sep 11.35 (0.14) 13.98 11.47 (0.15) 14.77 1226 (0.18) 14.70

-1.5 May 9.50 (0.11) 1321 - - - 1114 (0.24) 16.18

Jun 10.10 (0.11) 13.62 10.45 (0.14) 13.86 11.82 (0.20) 16.73

Jul 11.23 (0.15) 1534 11.49 (0.16) 1525 12.68 (0.21) 17.37

- available values not comparable, due to low number of days (n=9)
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COMPARISONS BETWEEN MDNTHS

In 2007, there was nohangein the mean of daily water temperatusen the intertidal
zonebetweerthe months In contrastjn 2008, themonthly meandaily water temperature
increased from May to June at BP (Tukey tdFsmeans p < 0.0001) (Fi§-15A, B, Table
3-6, 37). The comparison adhe monthly mean dailytemperature®etween the sites in
2007 revealed the highestmperature at WBN in June (13785, where temperature
exceeds thealuesat BP(11.24°C) by apmximately 2.2C (Fig. 3-15A, Table 36, 3-7).
Similarly, in 2008, the highesteandaily temperature w&s obsrved in June at WBN
(12.45C). The monthlymean dailytemperatures differedignificantly across all sites
(Tukeyd &st of means p < 0.0001 fot sites) (Fig.3-15B, Table 36, 3-7).

COMPARISON BETWEEN YRARS

The comparison of the monthly means of daily temperatures revealed distinctly higher
temperatures at all sites in Westcott Bay in May 2007 than in May 2008 (@ uksy of
means p < 0.01 faall sites, following a ongvay ANOVA testing for differences between
sites). In contrasthe meandaily temperaturesn Junewere distinctly higher at MP and
WBN in 2007 as compared to 2008. contrast,there were no differences between the
temperatureg June 2007 and 20G8 BP (BP: ANOVA, df=1, F=0.625, p&.432; Fig.3-

15A, B, Table 36, 37).

Table 37 Two-way ANOVA testing for differences in mean water temperature between month and sites at
-0.7 m MLLW in 2007, and0.7 m,-0.9 m and1.5 m MMLW in 2008.

Depth  Source of Variationdf MS F p
2007 -0.7 Site 4 43.55 72.02 < 0.0001
Month 1 0.82 1.36 ns
Month x Site 4 0.09 0.14 ns
2008 -0.7 Site 2 58.33 69.81 < 0.0001
Month 1 27.90 33.39 < 0.0001
Month x Site 2 1.94 2.32 ns
-0.9 Site 2 83.25 101.42 <0.0001
Month 2 65.02 79.20 < 0.0001
Month x Site 4 0.39 0.48 ns
-1.5 Site 2 43.29 51.65 < 0.0001
Month 1 46.64 55.64 < 0.0001
Month x Site 2 0.29 0.34 ns
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3.3.2.2 TRANSITION & SUBTIDAL ZONE WATER TEMPERATURE

-0.9 m MLLW

In the transition zone, there was no difference in the monthly snefataily temperatures
between Mg and June at any sjtevhereas the mean daily temperasigteongly inceased

at all sites from June to July 2008 (Tukeyest of means p < 0.0001 at all sites) (Fig.
3-15C, Table 36, 37).

In accordance with temperature patterns at the intertidal zone, the monthly mean daily
temperature at the transition zone was sigaiitly higher at WBN than at MP and BP in
May, June and 9 tedt:WBN MR WBNIxuBPepE0001 for each
month) (Fig.3-15C, Table 36, 3-7). In this period no signifiant difference in water
temperaturevas found between MP and BPlighestvalues of monthly maximum daily
water temperatures were recorded at WBN at each month from May to Aligbl 36).

In September, maximum temperatua¢8VBN were similar to those at BfFable 36).

-1.5 m MLLW

Similarly, the monthly mean daily tempeua¢ at the subtidal zone did not differ at any site
between May and June, but increased at all sitegseleet June and July by roughlyCl

(Fig. 3-15D, Table 36, 3-7). Likewise, the monthly mean daily temperatures were
significantly higher in the inner lgaat WBN than at BP and MP during summer in June
and July (Tukeyods H S BP; pM/BON2 for eaghPmontiiB N X
significant differencan temperaturevas observed between MP and BP during June and
July 2008 (Fig.3-15D, Table 36, 3-7). Maximum day water temperatures in the subtidal
zone wereconsistentlyhighestat WBN throughout the sampling period from May to July
(Table 36).

3.3.2.3WATER TEMPERATURES & Z. MARINA PERFORMANCE

Following a period of approximately 2 weeks of elevated medy slanperatures at the
transition and the subtidal zone at WBN in the atecbf July, with maximum values of up

to 18.4C at-0.9 m MLLW, and 174°C at-1.5 m MLLW, the mearshoot densityof
transplantsubstantiallydecreased in August 2008 (Fig4B, C, 3-5B, 3-15C, D, Table 3

2, 36). Moreover, the continued recording of water temperatures at the transition zone
revealed maxnum daily temperatures above°20in August 2008 (Table-8), that were
followed by the loss oéll Z. marinatransplantsn the transition and subtidal zosdy
November 2008.

A correlation oftransplantshoot densityacross all sites and tidal elevations over the
experimental period from May to August confirmechaderatenegative correlation of the
Z. marina transplantshoot dasity with increasing maximum temperatures (Pearson
correlation, r=-0.48 (Fig. 3-16).
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