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EXECUTIVE SUMMARY

The objectives of this study are to understand effects of ferry terminals and ferry
operations on eelgrass (Zostera marina L.) meadows in Puget Sound and to design
appropriate measures to avoid, minimize, and compensate for associated impacts.
Dramatic increases in population and ferry traffic in western Washington have resulted in
the need to expand existing terminals. Our studies have shown that eelgrass meadows
near ferry terminals are affected by light reduction and other initial and long-term
disturbances associated with terminal construction and maintenance, propeller wash, and
bioturbation by macroinvertebrates (i.e., sea stars and Dungeness crab). Experimental
work on light showed that below about 3M m? d"' photosynthetically active radiation
(PAR) for one to two weeks resulted in death of the plants. Long-term growth and PAR
monitoring, as well as short-term measurements in eelgrass meadows, corroborated this
value. Technological measures to mitigate impacts showed that concrete blocks with clear
plastic centers, reflective material placed under terminals, and artificial lighting could all
enhance light under the terminals. Restoration of damaged meadows adjacent to the

terminals is proposed as a viable alternatives for mitigating impacts from terminal

expansion.



BACKGROUND

Demand for increased ferry service and growth projected in regional transportation

plans in Washington State mandate that the Washington State Department of

INTRODUCTION TO STUDIES

by

Charles A. Simenstad
School of Fisheries
Box 357980
University of Washington
Seattle, Washington 98195-7980

Ronald M. Thom
Marine Science Laboratory
Battelle Pacific Northwest Laboratories
1529 West Sequim Bay Road
Sequim, Washington 98382

and

Annette M. Olson
School for Marine Affairs
Box 355685
University of Washington
Seattle, Washington 98195-5685
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Transportation (WSDOT) consider expanding existing dock structures over the waters of

Puget Sound. However, because many of these terminals are over or proximite to

intertidal and shallow subtidal eelgrass (Zostera marina L.) habitats, there is concern that

expansion of terminals could impact the diverse ecological functions of these eelgrass

communities. Docks over water are believed to affect eelgrass primarily by limiting light
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(“shading™), but associated ferry operations may also disturb the eelgrass habitat directly
(e.g., through scouring by propeller wash) or indirectly (e.g., through resuspension of
bottom sediments and subsequent light limitation due to turbidity). Our research challengé
was to evaluate the configuration and arrangement of docks and associated ferry activities
that create "significant" light reduction and promote other disturbances of eelgrass, and to
evaluate alternative designs that would prevent or compensate for the impacts.

Zostera marina is a rooted flowering plant that in Puget Sound grows in sand to mud
substrates between mean lower low water (MLLW) and approximately -6.1 m (-20 ft)
MLLW. It forms densely vegetated “beds” or “meadows” and constitutes one of the most
structurally complex of lower littoral and sublittoral estuarine/marine habitats. Eelgrass
beds are well known to support important fisheries and wildlife resources, including
juvenile salmon (Oncorhynchus spp.), Dungeness crab (Cancer magister), Pacific herring
(Clupea harengus pallasi), and @any types of waterbirds.

Eelgrass requires an underwater light environment sufficient to maintain growth and
reproduction, and reduction or alteration of this light environment can result in reduced
growth rates and plant loss. Reduction in light energy created by the placement of a
structure over water is generally thought to be the primarycause of loss of seagrasses.

The depth and distribution of eelgrass is undoubtedly controlled to a great degree by
available photos&nthetically active radiation (PAR; Olson and Doyle 1995, Zimmerman et
al. 1994). Zimmerman et al. (1991) hypothesized that periodic episodes of light
attenuation, as occurs when boats moor or pass over seagrasses, can affect eelgrass

survival. This variability has been undersampled in previous investigations of the light
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requirements of eelgrass, as discussed in Kenworthy and Haunert (1991) and Morris and
Tomasko (1993).

~ Concerns about the impacts of dock structures and ferry operations on eelgrass habitat
structure, function, and support of fisheries resources has prompted natural resource
agencies to require that widening of ferry docks or construction of new facilities impose
minimal or no impact on the eelgrass resource. These concerns are representative of many
coastal zone management policies regarding the effects of docks and boat activity on
eelgrass in a variety of marine and estuarine environments in diverse locations. For
example, Burdick and Short (1995) showed that eelgrass density and canopy structure
were impacted directly under and directly adjacent to boat docks in Waquoit Bay and
Nantucket Harbor, Massachusetts. Pentilla and Doty (1990) concluded after a survey of
several boat docks in Washington State marine waters that shading structures can
eliminate the existing macroflora under and adjacent to them. Scars in seagrass meadows
created by boat moorings (Williams 1988, Walker ez al. 1989) and propellers (Loflin
1993, Ehringer 1993) are commonly observed, especially in very shallow areas such as in
Florida.

To address the critical need for further information, WSDOT sponsored an applied
research project conducted by the University of Washington's School of Fisheries
(UW/SOF) Wetland Ecosystem Team (WET) and School of Marine Affairs (UW/SMA),
and Battelle Pacific Northwest Laboratories’ Marine Sciences Laboratory (PNL/MSL), to
develop a quantitative understanding of how docks affect eelgrass habitats and how to

minimize (i.e., mitigate) this effect.
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OBJECTIVES

Our objectives in this study were to develop a causal and quantitative understanding of
how ferry terminals and ferry operations impact eelgrass habitats in Puget Sound and to
investigate potential measures to minimize these impacts. An indirect objective was to
interpret the consequences of eelgrass habitat alterations and mitigation to fish, shellfish
and other living resources that use eelgrass. We documented the distribution and relative
density of eelgrass at three terminals in Puget Sound. In addition, we conducted
investigations of light under and near the terminals to document the effect of the terminal
on light and to define the light regime under which eelgrass persists. The investigations
also included experiments on the light requirements for eelgrass in the region. In addition,
we developed the use of a spatially-explicit computer (computer-assisted design, CAD)
model to define cumulative shading levels and patterns around the Clinton ferry terminal.
Finally, we examined the use of various methods for enhancing light under the terminals as
an in situ mitigation method. In the discussion, we present a conceptual model of the
effects of terminals and ferry operation on 'eelgrass. On the basis of the studies, we
describe how modifications in one terminal design may mitigate or avoid many of these
impacts.

As pointed out above, investigations of light requirements for seagrasses have been
extensive. Much of this previous work has quantified either photosynthetic rate of leaf
sections relative to instantaneous irradiance (photosynthetically active radiation, PAR), or
short-term growth relative to the integrated daily PAR. Our experiments specifically

investigated integrated daily PAR required to maintain long-term (seasonal to annual)
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growth of eelgrass. This information was required to assess the long-term impacts of light
reduction and to help design terminal expansions to limit the effects of shading on eelgrass

growth.

APPROACH AND WORK PLAN

Field studies were conducted at three ferry terminals in north-central Puget Sound,
Washington: (1) Clinton, (2) Port Townsend, and (3) Edmonds, Washington (Figure 1).
These terrrﬁnals were chosen because they are scheduled for expansion in the near future
and because they occur in areas containing eelgrass. The terminals extend from land
seaward over intertidal and shallow subtidal habitats to a depth of about '_15 m MLLW.
The terminals vary in width from 30 m at Clinton and Edmonds to 50 m at Port
Townsend. Ferries dock essentially straight in at the seaward end of the terminal at
Edmonds and Port Townsend, and at an angle to the long axis of the terminal at Clinton.
Propeller wash is evident at a minimum of 30 m from the landward end of the boats during
arrivals and departures. Ferries depart or arrive at approximately 20- to 45-minute
intervals at all terminals during the day, with the most fréquent arrivals and departures at
Clinton and Edmonds. Ferry activity is much reduced at night. Although studies were
conducted at all sites, because of pending dock expansion plans and permit applications,
much of our more detailed investigations and analyses focused on the Clinton ferry
terminal, and‘ most of the examples described herein are from that site.

Our principal research objectives included the following:

1. Correlate in situ light transects with a sampling of eelgrass distribution, coverage,

density, biomass and epiphyte biomass.



Nautical Mites

123° 00' W

1

Figure 1. Location of three eelgrass study sites associated with Washington
Department of Transportation ferry terminals
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2. Link light availability to growth and survival of Puget Sound eelgrass by
conducting a series of mesocosm experiments at the PNL/MSL facility.

3. Quantify spatial and temporal variation in the light environment by deploying
continuously recording in situ light intensity meters at the Clinton ferry terminal.

4. Develop a three-dimensional computer model of the Clinton terminal that permits

us to track the shadow of the terminal as it crosses eelgrass habitat in different

seasons.

Six tasks, with associated subtasks, were defined to assess the impacts of docks on

eelgrass distribution and to recommend mitigation alternatives:
e Task 1—Review existing literature and data on light requirements of eelgrass
e Task 2—Implement a field monitoring program

e Task 3—Evaluate the feasibility of using artificial lighting and selected physical

structures to reduce the shading effect of docks
¢ Subtask 3.1—field test the use of artificial lighting and physical structures
¢ Subtask 3.2—study the photosynthesis and growth response of eelgrass to
artificial lighting
¢ Subtask 3.3—evaluation of the effects of various grating types or other

physical structures to reduce shading
e Task 4—Identify mitigation alternatives

-4 Subtask 4.1—inventory of potential eelgrass mitigation sites
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¢ Subtask 4.2—inventory of overwater structures

e Task 5—Perform data filing, quality assurance, and initial summary analysis

e Task 6—Manage the study and communicate information

This research was accomplished in two phases: Phase I, conducted between May 1994
and June 1995, included Tasks 1, 2, 3 (in part) and 4 (iﬁ part); Phase II included the
remaining tasks and was completed in December 1996. This report summarizes the results
of both research phases.

Evaluating ecological interactions between environmental conditions and biotic
responses of a complex habitat such as eélgrass requires a tightly coupled, interdisciplinary
research effort. We assembled a diverse team of UW/SOF-WET, UW-SMA, and
PNL/MSL estuarine/coastal scientists to address these tasks. The team and their relevant
expertise was composed of the following:

University of Washington

‘¢ School of Fisheries
* Charles A. Simenstad, Senior Fishery Biologist; estuarine/coastal marine
ecology, food web structure, wetland restoration
+ Jeffery R. Cordell, Fishery Biologist; estuarine/coastal marine ecology,
benthic and epibenthic invertebrate taxonomy and ecology
* James Norris, Fishery Consultant; seagrass videograpﬁy, fisheries
¢ School of Marine Affairs
*  Annette M. Olson, Assistant Professor; community ecology, coastal

management, conservation biology



18

* Sandy Wyllie-Echeverria, Research Analyst; seagrass autecoiogy, ethnobotany,
videography
Battelle Marine Sciences Laboratories
* Ronald M. Thom, Senior Research Scientist; estuarine/coastal marine ecology,
marine plant/algal physiology, wetland restoration
* David Shreffler, Fishery Biologist; fisheries, wetland restoration
The primary investigators responsible for the different subtasks are indicated as
authors in following report sections that describe the results of the component research

tasks.
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REVIEW EXISTING LITERATURE AND DATA
ON LIGHT REQUIREMENTS OF EELGRASS

by

Annette M. Olson
School for Marine Affairs
Box 355685
University of Washington
Seattle, Washington 98195-5685

and

Ronald M. Thom
Marine Science Laboratories
Battelle Pacific Northwest Laboratories
1529 West Sequim Bay Road
Sequim, Washington 98382

INTRODUCTION

The design, construction, and operation of dock facilities (as well as other shoreline
structures) potentially affect the extent and quality of eelgrass habitats fhrough direct
shading, physical disturbance, a.ﬁd sedimentation. A major initial objective of our Phase I
research was to review the scientific literature on the light requirements of eelgrass and
evaluate alternative models for managing the impacts of altered light environments due to
docks and comparable shoreline structures, as well as anthropogenic activities (e.g.,
turbulence generated from ferry docking and departures), that indirectly affect light
incidence in water. We evaluated all relevant information on Z. marina;, however, we also

utilized information on other Zostera spp. and other seagrasses if applicable.
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To provide the context of these prior scientific literature results on eelgrass growth,
light requirements, and the in situ light environment to eelgrass communities near
WSDOT ferry terminals in Puget Sound, we also monitored long-term eelgrass growth in
situ and measured short-term (seasonal) growth relative to both ambient and manipulated

light levels using experimental chambers (mesocosms).

METHODS

Literature Survey

Using electronic bibliographic databases, we searched for literature on the light
requirements of eelgrass, concentrating on U.S. studies but including Europe and Asia (no
references on Asian populations were located). We also surveyed policy documents on

the management of light regimes or overwater structures.

Long-term Growth Monitoring and Chamber Experiments

Long-term in situ Growth Monitoring

In order to determine seasonal patterns in eelgrass growth, as well as understand the
relationship between PAR and growth, eelgrass growth rate was measured at a site
approximately -1 m MLLW in a meadow located near the PNL/MSL, Sequim,
Washington. Growth was measured using the shoot marking technique developed by
Kentula and MclIntire (1986), which consists of punching a small hole through all leaves at
a point just above the sheath. The marked plants were delineated by a thin wire quadrat

(0.1m” in area) that was anchored to the substrata. In general, all plants within three
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quadrats were marked. After approximately two weeks, the plants within the quadrats
were removed to the laboratory. The growth of the leaves relative to the mark in the
oldest (senescent) leaf was cut from the plant, dried, and weighed. The number of plants
in each quadrat for which growth was measured ranged from 18 to 155. Growth rate was
measured 25 times between June 1991 and April 1996. In situ PAR was recorded during

most of the growth experiments and converted to integrated daily average PAR for each

growth period.

Photosynthesis-Irradiance Experiments

Experiments were conducted to evaluate the relationship between net primary
productivity rate (NPP, as oxygen flux) and irradiance (PAR) in short-term incubations of
leaf sections held in bottles. For each experiment, two or three 10-cm long leaf sections
were cut from healthy leaves and placed in a 1-L canning jar. The jar was filled with
ambient sea water from near the PNL/MSL, and the initial dissolved oxygen was measured
with a YSI oxygen meter and probe. The jar was then incubated in shallow (outdoor)
water tables held at ambient sea temperature. Five replicate jars containing eelgrass were
run, along with five jars with water only as a control for plankton metabolism. Two to
five runs, each run consisting of the ten jars, were made each day that the experiments
were conducted. Instantaneous PAR was monitored during the 2-hr incubations, and
mean PAR was graphed against mean NPP. The experiments were conducted in summer

1991 and winter and Spring 1993, during which over 80 runs were made.
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Growth Chamber Experiments

We also experimentally evaluated irradiance requirements by manipulating light levels
in flowing seawater tanks at PNL/MSL. Three 2.1-m long x 0.5-m wide x 0.5-m deep
tanks were divided into four sections. A screen was placed over three sections in each.
tank to reduce the PAR reaching the plants. Two 15-cm diameter flower pots, each
containing three shoots in sediment, were placed under each of the four light treatments (3
with screen and one with no screen). At 7-d to 21-d intervals (depending on growth rate),
all shoots were trimmed to be 30 cm long. The material trimmed from the end of the
shoots was dried and weighed. Although some loss of material off the ends of the leaves
probably occurred, we observed this to be minimal since the plants were in a relatively
quiet environment not subject to wave action or other erosive forces. This “leaf trim”
method provided a convenient assay of growth differences among treatments without
severe damage or loss of plants. Before removing the eelgrass growth, epiphytic growth
was removed by gentle scraping. The epiphytes were dried and weighed. The
experiments ran from 24 November 1994 to 19 November 1995. Plants were replaced in
" February 1995 because most had died in the lower light treatments. The tanks were held
at ambient sea temperature by flowing seawater.

PAR reaching the plants was monitored periodically to quantify the difference in
irradiance among the treatments. Ambient PAR was monitored continuously. PAR in
each treatment was predicted on the basié of a regression relationship that developed

between continuous ambient light and periodic data on light in each treatment.
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RESULTS

Literature Survey

The complete report (authored by Olson, Doyle and Visconty) on the results and
synthesis of the literature survey is included as Appendix A. The following is a summary
of these findings.

We found that the bulk of research has focused on physiological-, individual-, and
population-level responses to changes in light regime; the effect of light on the structure,
persistence, and functioning of eelgrass beds has rarely been directly studied.
Furthermore, we found few published studies on the light requirements of eelgrass in the
Pacific Northwest; most studies we surveyed had been conducted in the Atlantic and in

California, where physical conditions differ substantially from those in Puget Sound.

Seagrass Management Authority and Implementation

In the United States, regulation of direct disturbance to seagrasses (as well as planning
for conservation of seagrass habitats) occurs under the Clean Water Act, Coastal Zone
Management Act, and other federal, state, and local mandates. Management of direct
disturbance may also include the issuance of guidelines for dock design and restrictions on
moorage and vessel operation in seagrass habitats. In Washington State, management
standards for seagrasses focus exclusively on direct physical alteration and/or destruction
of seagrass habitats.

Management of the light environment for submerged aquatic vegetation (SAV,

including seagrasses and freshwater macrophytes) has been proposed or implemented in
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several Atlantic Coast jurisdictions. In Washington State, however, mechanisms for
management of the light environment do not exist, and the light requirements of
seagrasses are not reflected in water quality or other management standards.
Furthermore, specific standards that regulate the shading impacts of docks and other
shoreline structures on seagrasses appear to be lacking in the U.S., and field studies that

document shading impacts are rare.

Approaches to Managing the Light Environment of Seagrasses

The light requirements of seagrasses are not simple to define because the light received
by a leaf does not translate directly into a "healthy," persistent éeagrass bed. Instead, a
complex set of adaptations determines a plant's carbon balance—a measure of how the
plant uses light and allocates photosynthetic products—and thus its potential for survival,
growth, and reproduction. Describing the light environment is also complex. Plants are
able to use only certain spectra of the available light, and the quantity and quality of the
light environment varies in time and space. We found two main approaches to defining
the light requirements and describing the light environment of seagrasses in a management

context: (1) a “seagrass depth limits” model, and (2) a “carbon balance” model.

Seagrass Depth Limits and Mean Light Attenuation

The seagrass depth limits model assumes that, if seagrasses are present, the available
light must be sufficient. Seagrasses themselves are viewed as "integrators" of the light
environment. Seagrass depth limits are correlated with mean light attenuation in the water

column to infer the minimum light needed to support seagrass populations (Table 1).
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Those taking the "depth limits" approach also assume that plant distribution reflects
average light conditions. The average light attenuation in the water column (or the
proportion of surface irradiance reaching the leaves) is thus used as an indicator of the
quality of the light environment.

The seagrass depth limits model has been applied to management of seagrasses in
several Atlantic and Gulf Coast jurisdictions (Kenworthy and Haunert 1991, Batiuk ez al.
1992, Morris and Tomasko 1993, Short ez al. 1993, Dixon and Leverone 1995), most
notably in Chesapeake Bay. By defining light requirements in terms of light attenuation,
one can predict the change in the deep edge of seagrass distribution associated with
different levels of light attenuation and, thus, determine the aerial extent of gain or loss of
seagrass habitat associated with a given change in attenuation. This permits managers to
set restoration goals in terms of increased area of benthos or depth extensions to be gained
and to determine the reduction in attenuation needed to attain those goals (Batiuk ez al.
1992, pp. 20, 21, 29).

Changes in water quality necessary to achieve the desired reduction in light attenuation
may be guided by water transparency or pollution reduction standards or both. Water
transparency standards based on seagrass light requirements have been proposed in
Florida (Morris and Tomasko 1993, Appendix II). Development of pollution-reduction
standards requires the additional step of determining how different classes of pollutants
contribute to light attenuation and.thus limit light availability at a given depth (e.g., Batiuk

et al. 1992, Morris and Tomasko 1993).
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Whole-plant Carbon Balance and Variable Saturating Irradiance

The alternative "carbon balance" model incorporates more biological complexity to
predict plant carbon balance in a given light environment. This approach assumes that if
available light is sufficient to produce a positive net carbon balance, plants will grow and
persist in that light environment. Carbon balance is determined experimentally in
laboratory studies of photosynthetic response to light. Those taking an alternative,
"carbon balance" approach note that variation in the light environment may be more
important for plant distributions than average conditions. Two measures of light
availability have been proposed to describe the quality of the light environment under this
model (Table 1) the daily integrated irradiance (DII, in moles of photons per meter

squared per day) and the daily period of irradiance-saturated photosynthesis (Hggy, in

hours).

Strengths and limitations of the carbon balance model derive from the premise that if
available light 1s sufficient to produce a positive net carbon balance, plantsi will grow and
persist in that light environment. The principle advantage of this approach is the direct
experimental link it makes between light availability and plant performance
(photosynthesis), making its definition of minimum light requirements more general than
those of the depth limits approach. Secondarily, temporal variation in light availability is
taken into account explicitly, because measurement of DII or H.,, requires frequent or
continuous in situ light monitoring.

The carbon balance model has had limited application to management, despite its

technical sophistication. The approach appears to have influenced the design of
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monitoring programs by calling attention to the problem of variability in the light
environment (e.g., Kenworthy and Haunert 1991, Morris and Tomasko 1993, Dixon and
Leverone 1995). In addition, it has been used to validate the depth limits approach (e.g.,
Dennison 1987, Dixon and Leverone 1995). However, we do not know of any program
that has attempted to manage the light environment of seagrasses by implementing water
quality or other management standards based on carbon balance.

However, several factors may make it difficult to translate the carbon balance model
intb management practices. First, the approach does not make any direct link between
light availability and plant distribution—a major concern of managers. The carbon balance
approach assumes that plants with positive carbon balance should grow and persist.
However, if factors other than light remove plant tissue (e.g., disturbance, herbivory,
epiphytes, or disease), then plants may not persist even where in situ light is predicted by
the model to be sufficient. Furthermore, to establish the minimum light levels needed for
positive carbon balance requires more technical expertise and equipment than those
needed to apply the depth limits approach.

Other factors that limit the application of the carbon balance approach to managément
involve the difficulty of using carbon balance-based criteria to monitor changes in the light
regime. Continuous in situ monitoring is needed to determine DII or H,, for a given
region or site, and thus the spatial scale of monitoring is limited by cost and logistics. The
carbon balance approach may be more applicable to managing the light environment
around stationary structures, such as docks, where variability in light attenuation is more

predictable and where the spatial extent of required monitoring is limited.
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Applications to Monitoring and Management of the Light Environment of Eelgrass Near
Docks in Puget Sound

Two main factors limit the extent to which existing approaches can be applied to
managing the light environment of eelgrass near docks in Puget Sound. First, the impacts
of docks on the light environment differ from those of degraded water quality. Second,
Puget Sound differs fundamentally from other systems for which management approaches
have been developed. Consequently, new applications must be devised to solve
ma;lagement problems posed by the design, construction and maintenance, and operation
of ferry terminals and other overwater structures in Puget Sound.

To date, most efforts to manage the light environment of seagrasses have attempted to
mitigate or reverse the effects of water quality degradation. The scientific approaches to
management (see Olson et al., and Thom and Wyllie-Echeverria, below) have thus been
developed in the context of water quality monitoring and regulation. However, the
impacts of docks and their use on Puget Sound populations of eelgrass present somewhat
different scientific and management problems and opportunities than associated with water
quality. For example, because light attenuation varies over space and time, water quality
impacts on specific eelgrass populations are difficult to predict. In contrast, shading by
over-water structures is highly predictable and related to architectural details of their
design (Burdick and Short 1995, Fresh et ql. 1995, Olson et al. 1996, Witherspoon and -
Rawlings 1994). Somewhat less predictable is shading due to construction and
maintenance equipment, parked and operating ferries, and the plume of suspended
sediments and bubbles cast off by docking and departing vessels. In addition, light

attenuation due to pollution in the water column varies at large spatial scales relative to
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the size of eelgrass beds, whereas shading due to dock design is site-specific and small in
spatial scale.

Finally, strategies for water quality management (water clarity and/or pollution
reduction standards) differ from options for mitigating the shading effects of docks.
Design options to mitigate shading effects include optimizing dock orientation, width,
height over the water, and distance of slips from shore; installing gratings, transparent
surfaces, reflective materials, or artificial lighting; and reducing the numbers of pilings
(Burdick and Short 1995, Fresh et al. 1995, Witherspoon and Rawlings 1994; Thom et al.
1995). Careful scheduling of construction and maintenance can minimize the impacts of
temporary equipment. Because the impacts of docks are small in spatial scale, relatively

~predictable, and susceptible to site-specific avoidance and minimization, we suggest that
methods such as the "carbon balance" model are feasible to apply to mitigation.

Differences between Puget Sound and other U.S. estuaries also affect the choice of
approaches to managing the light environmént near docks. The Puget Sound environment
is distinctly different from other areas where comprehensive research has been conducted
on light requirements of eelgrass: It differs in its bathymetry, and in salinity, terﬁperature,
nutrient, and tidal regimes. Because so little research has been conducted on the light
requirements of Pacific Northwest populations of eelgrass, the effects of these differences
for eelgrass abundance and distribution cannot be stated with certainty. However, it is
likely that short-term photosynthetic response is significantly affected by the macro-tidal
regime because both water column depth and currents vary significantly over the mixed

semi-diurnal tidal cycle. Additionally, the extreme tidal variation makes application of the
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depth limits approach inappropriate for defining light requirements of eelgrass in terms of

mean light attenuation (or percentage of surface irradiance).] Consequently, we conclude
that the carbon balance model is most appropriate for defining the light requirements of

eelgrass and for monitoring changes in the light environment.

Long-term Growth Monitoring and Chamber Experiments

The short-term NPP incubations showed that photosynthesis appeared to be saturated
at a PAR of about 300 to 400 uM m™ s (Figure 2) in all seasons. Peak NPP was
greatest in winter, intermediate in spring, and distinctly lower in summer.

The in situ growth rate of eelgrass at PNL/MSL showed seasonal patterns, with
slowest rates in mid-winter, maximum rates in late Spring, and intermediate rates in
summer and autumn (Figure 3). The growth rate appeared to peak at an avérage PAR of
about 3 to 5 M m? d* (Figure 4). However, very low PAR in late winter-early Spring of
1996 corresponded with growth rates comparable to rates at much higher PAR. PAR
monitoring between May 1995 and July 1996 at PNL/MSL showed the dynamic nature of
variability in PAR among seasons (Figure 5). In contrast, the consistently low PAR
between mid-December and mid-April is striking.

Experiments conducted 2 June 1995 indicated that the shading in the chambers
affected photosynthetic rate (Figure 6). The lowest rates occurred under the greatest

shade. There was little difference in photosynthetic rates between the least shaded and

T The depth limits approach assumes that variation in water depth is negligible, making it
possible to correlate the attenuation coefficient with the lower distributional limit of eelgrass in
order to define its habitat requirements. Because tidal extremes are so great in Puget Sound,
the water depth term (2) in the Beers-Lambert equation cannot be assumed to be constant, and
thus light attenuation (k) does not serve as a good proxy for the depth penetration of seagrasses.
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unshaded treatments, both had relatively high average instantaneous PAR levels during the
experiment.

The results from experiments in the growth chambers can be divided into four
relatively distinct groups: (a) a period of low light, low temperature and low growth in
winter (December-February); (b) a period of highest growth rate and rapidly increasing
light and temperature in spring (March-May); (c) a summer period (June-July) of highest
light and temperature but a growth rate somewhat less than that in spring; and, (d) an
autumn period (September-November) with intermediate light and temperature and a
growth rate between those of winter and summer (Figure 7A-7C).

The shade material effectively reduced PAR enough to aﬁ’ect growth rate in most
periods (Figure 7B-7C). PAR in the most shaded treatment was about 13 percent of that
in the unshaded treatment at high levels of natural irradiance. In December 1994 through
February 1995, growth of eelgrass was very low in most treatments and essentially ceased
in the most shaded treatments. Growth was very low in autumn 1995 in the lowest light
treatment. In comparing the light (Figure 7B) with the growth rates in Figure 7C, it
appears that during winter and autumn if PAR is below about 3 M m>d for
approximately one week, growth would either cease or be very low. Because of the much
greater ambient PAR in Spring and summer, cessation of growth did not occur in the
chambers even at the lowest light treatment. However, reduced light affected growth in
this treatment even during the per@ods of greatest PAR.

A scatter plot of growth versus irradiance for all treatments combined suggests that

light becomes limiting at about 4 to 5 M m™ d”' (Figure 8). Below about 1 M m™ d, no
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growth occurs. The data in Figures 4, 6 and 7B suggest that maintenance of growth
during winter and autumn would require about 3 to 4M m™ d™.

Epiphyte growth was &lso affected by variations in PAR in the chambers (Figure 9). A
period of very low growth in winter was followed by a period of increased growth in
Spring, a period of low growth in summer, and then a period of most rapid growth in late
summer and autumn. Although highly variable, growth appeared to decrease below about
7to 8 M m™ d” (Figure 10). There appeared to be a slight positive relationship between
eelgrass growth and epiphyte growth (Figure 11), with a major peak in epiphyte growth at
intermediate eelgrass growth rate. This increase corresponds with the autumn peak in

epiphyte growth, which is a period of intermediate eelgrass growth.

DISCUSSION

The long-term growth monitoring in the field and in the chambers indicates a strong
seasonal growth pattern that is tied to irradiance. A period of low but measurable growth
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