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ABSTRACT

1. Today’s marine ecosystems experience multiple stressors that complicate management and pose risks to
resource protection. Clam aquaculture has several potential environmental effects including disturbance, space
occupation, and modification of nutrient availability, which were assessed through a crossed experimental
design of eelgrass (Zostera marina L.) removal and geoduck clam (Panopea generosa Gould) addition in 1 m2

plots, in an eelgrass meadow in Puget Sound, Washington, USA.
2. Gaps recovered via clonal growth, with gap edges requiring more than 1 year and gap centres almost 2 years.

Clams neither increased nor impeded eelgrass recovery, and clams did not reduce winter density of eelgrass.
3. During summer, clams reduced eelgrass density by 30% but increased shoot length by 13% and clonal

branching by 9%. Eelgrass growth rates (~1 mgDW shoot-1 d-1) and C:N ratios (~11) did not differ across
clam-addition treatments, indicating no enhancement by fertilization.

4. At the end of the 2-year experiment, clams were harvested, and this disturbance reduced eelgrass density by
70% in the geoduck plots.

5. As managers consider expansion of intertidal geoduck aquaculture regionally, these data indicate only a
minor effect on eelgrass from the presence of clams themselves, but harvest disturbance is comparable with
other studies of fishing in eelgrass. Nets and tubes that serve as predator-exclusion devices during the early
stages of the 5-year crop cycle for geoduck clams remain to be examined for their ecological effects.
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INTRODUCTION

Global efforts to increase aquaculture production
have in some cases presented conflicts with coastal
management of seagrass (Goldburg et al., 2001;
Dumbauld et al., 2009). The US Nationwide Permit
for shellfish aquaculture recognizes this potential
conflict between aquaculture and native seagrass
and therefore requires an evaluation of any activities
planned in seagrass (‘Preconstruction Notification’
in Army Corps of Engineers Nationwide Permit 48;

March 2007, revised 2012). A critical distinction
should be drawn between the effects of the
cultured shellfish, the disturbances associated with
aquaculture practices, and the potential interactive
effects of how cultured organisms influence recovery
following disturbance.

Seagrasses frequently enhance diversity and
abundance of associated species relative to
unstructured environments (e.g. in Washington
state, Thayer and Phillips, 1977; Simenstad, 1994;
Hosack et al., 2006; Ferraro and Cole, 2011), and
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these species can have feedbacks that influence
seagrass performance. Bivalves can ameliorate
nutrient limitation in primary producers through
increased cycling or pools of nutrients (Reusch
and Williams, 1998; Peterson and Heck, 2001;
Nizzoli et al., 2006), and burrowing bivalves can
aerate sediment and lower sulfides (Reynolds
et al., 2007). Other effects of bivalves could make
conditions less suitable for seagrass, for instance,
biodeposits from suspension-feeders can enhance
denitrification (Newell et al., 2002) or promote
sulfate-reducing bacteria whose metabolic products
are toxic (Vinther et al., 2008). Given this general
context, the question arises regarding the effects
of cultured shellfish on seagrass. Based on studies
worldwide, at least three outcomes are suggested:
(1) disturbance from harvest is likely to reduce
seagrass density, with a context-specific recovery
rate (Peterson et al., 1987); (2) bivalves at high
density may reduce seagrass shoot density (Booth
and Heck, 2009; Tallis et al., 2009); and (3) bivalves
could alter local chemical conditions that affect
individual-level performance of seagrass (Peterson
and Heck, 2001; Vinther et al., 2008).

Because multiple stressors have the potential to
contribute synergistically to population declines
and biodiversity loss (Paine et al., 1998), it is
worth considering the separate and joint effects of
aquaculture practices and cultured organisms on
the environment. Many studies reveal that the
presence of one stressor may influence an
organism’s ability to respond to another (Crain
et al., 2008). This study specifically examines how
eelgrass (Zostera marina L.) responds to addition
of a large infaunal bivalve and to small-scale
disturbances in a stressful intertidal zone. The
clam (geoduck, Panopea generosa Gould) is native
in Washington state, USA, but recently expanded
in distribution due to intertidal aquaculture.
Although geoducks are not generally planted in
eelgrass, tideflats occupied by eelgrass can be
suitable for aquaculture, and eelgrass has also
appeared within cultured beds. In a factorial
experiment, the response of intertidal eelgrass to
two types of potential stressors was tested:
disturbances removing shoots to form gaps, and
clams at aquaculture densities. Sediment and
nutrient properties of the plots were examined to
determine how the physical environment for
eelgrass was altered by these stressors, especially
nutrient availability to eelgrass that could improve
with clams. Tests were made to determine how
clams affected eelgrass density and growth (main

effect) and altered the pace of recovery (interactive
stressors).

METHODS

Study site and species

Natural populations of P. generosa and Z. marina
overlap in a narrow low-intertidal and near-subtidal
zone. Z. marina is restricted to the photic zone
(Thom et al., 2008), whereas P. generosa can
occur much deeper (increasing in density to >25 m;
Goodwin and Pease, 1991). The study took place on
a tideflat used for shellfish aquaculture in south
Puget Sound, Washington, USA; geoducks are
grown in the low intertidal zone and Pacific oysters
(Crassostrea gigas Thunberg) and Manila clams
(Ruditapes philippinarum Adams and Reeve) at
higher elevations. Aquaculture occupies a stretch of
shoreline 700 m long and 150 m wide. The eelgrass
meadow of our experimental study was at the
northwest edge (N47.3666� W122.8147�), bordered
alongshore within 10 m and upslope within 50 m by
commercial aquaculture beds. At this site, Z. marina
has a short, narrow morphotype, often associated
with stressful salinity, hydrodynamic exposure or
emersion (Backman, 1991; Baden and Boström,
2001). Salinity is quite stable throughout the year
(summer 29 psu, winter 25 psu), but water
temperatures can exceed 20�C in summer and drop
to 7�C in winter (http://www.ecy.wa.gov/apps/
eap/marinewq/mwdataset.asp). Tidal amplitude is
large (diurnal range 4.36 m), and although eelgrass
is rarely exposed to air (~1% of time at the upper
limit of the bed), low tides occur mid-day during
summer and mid-night during winter and can result
in eelgrass desiccation for up to 3 h at a time.
Sediments are sandy (>98% sand), indicating high
water motion.

Experimental design

Within existing eelgrass beds, eelgrass density
(present/removed) and geoduck density (absent/
added) were manipulated in a completely crossed
design. Plots were 1 m2 with 2 m spacing and were
established on 30 June 2004 at �0.6 m relative to
mean lower low water. Treatments were assigned
to plots at random, with 10 replicates of each
treatment. The eelgrass removal treatment involved
manual removal of all shoots and rhizomes; before
removal, a subsample of plots had 2039 shoots
m-2 (S.E. = 101, N= 23). Geoducks were added at
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aquaculture densities (12 m-2). Four year-old
geoducks (2000 year class, shell length = 10 cm)
were planted into plots by locally liquefying the
sediment with high-volume sea water pumped
through a long tube, then placing the geoduck in
the sediment to a depth of about 0.5 m.

Eelgrass responses

Eelgrass density was measured in a 25� 25 cm area at
the centre of all plots and also at the edge of the
eelgrass-removal plots seasonally over 2 years (July
2004 immediately post-harvest, November 2004,
May, June, August, December 2005, April, June,
July 2006), with growth rates measured five times
(November 2004, April, June, July, August 2005).
To measure shoot growth (Short and Duarte, 2001),
a small-gauge syringe needle was used to poke a hole
through the leaf sheath of at least five shoots per
plot, and shoots were collected 3 days later. Because
Z. marina has a basal meristem, the extension of
holes on inner, growing leaves provides a metric of
shoot growth. The extension of each leaf, as well as
the total length of each leaf still in the process of
extending (extension stops in outer leaves) were
measured. Leaf material was divided into two
categories – distal material beyond the holes on
growing leaves (‘old’) and leaf extension between the
original mark and the holes (‘new’) – then dried
(60�C for 4 days) and weighed. Shoot size
(maximum leaf length above the sheath), raw shoot
growth (mg shoot-1 day-1), and size-corrected growth
rate as a ratio of new:old leaf material were
calculated. Because the growing leaves above the leaf
sheath represent only about a quarter of the biomass
of the ramet (Ruesink, unpublished data), this
size-standardization generates percentage biomass
increase that is higher by at least a factor of 4
compared with common metrics, but was preferred
in this case because of low variance despite short
time intervals between marking and collecting.
Rhizomes of at least 10 shoots were examined to
determine if they had originated as new branches
within five nodes. From the shoots collected
for growth rate measurements in July 2005,
newly-produced tissue was ground, homogenized by
plot and analysed for carbon and nitrogen by the dry
combustion method (Perkin-Elmer 2400 Elemental
Analyzer; University of Washington Soil Analysis
Lab).

Sediment responses

Physical conditions in each plot were described by
sediment organic content, grain size, and porewater

nutrients. These sediment characteristics were
measured after 4, 10, and 11–13 months from
initiation of the experiment. Sediment was collected
by homogenizing three cores (1.8 cm diameter, 1 cm
depth) per sample. These samples were dried (to
constant weight at 60�C) and organic content
determined by comparing initial and final biomass
of ashed samples (3 h at 500�C). Ashed samples
were sieved through a 0.063 mm mesh to assess silt:
sand ratio. Sediment porewater was collected from a
field piezometer at a depth of 5 cm and 10 mL were
filtered through Nalgene 0.45 mm pore cellulose
acetate filters and diluted with 40 mL distilled
deionized water. Samples were kept on ice and, after
processing, frozen until analysis for nitrate, nitrite,
ammonium, and orthophosphate on a Technicon
AutoAnalyzer II (UW Oceanography lab; UNESCO
1994). Ammonium is readily taken up by eelgrass
(Dennison et al., 1987) and was at least 10 times
greater than other forms of nitrogen in porewater,
therefore only those results are reported.

Geoduck harvest

Geoducks were harvested on 12 July 2006 from all
the plots where they had been transplanted, with a
sediment-liquification method similar to the initial
transplant and used in both aquaculture and the
subtidal fishery for wild geoducks. Shoot densities
(25� 25 cm subsample) were recorded in all plots
immediately before and immediately after harvest,
and in August and November 2006 and May and
October 2007.

Data analysis

Linear mixed-effects models were constructed
with both treatments (eelgrass, geoduck) and their
interactions as fixed effects, and plot was a
nested random effect when data were collected
multiple times. The physical variables considered
as dependent variables were: organic content, silt:
sand, and ammonium concentration in porewater.
Eelgrass response metrics were calculated per plot
by averaging across shoots when several shoots per
plot were measured. Eelgrass size (maximum leaf
length above sheath), branching (arcsine-square root
transformed proportion), growth (biomass increase
and size-corrected growth rate), and leaf nutrient
content were only tested with respect to the presence
of geoducks, because data were not collected from
gaps. For eelgrass density, each sample date was
analysed separately by analysis of variance: a main
effect of eelgrass removal was used to gauge whether
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gaps had recovered; a main effect of geoduck addition
was used to gauge clam effects; and a statistical
interaction could emerge from a synergistic effect, if
recovery was delayed more than expected from
clams in intact eelgrass, or antagonistic effect, if
clams did not influence or actually accelerate
recovery. By 2006, eelgrass had recovered in
removal plots, so the effects of a single factor
(geoducks) were examined for all plots comparing
before and after harvest. Post-hoc tests were carried
out with Tukey’s HSD. Statistical analyses were
performed in R 2.9.2 (r-project.org).

RESULTS

Sediment responses

Experimental treatments of eelgrass removal or
geoduck addition caused small changes in sediment
and nutrient conditions. Plots with eelgrass had
higher organic content than those where eelgrass
was removed (F1,36= 5.13, P=0.03), but there was
no effect of geoducks (F1,36 = 0.2, P=0.65) or
their interaction (F1,36= 2.1, P=0.16, Figure 1
(A)). Silt:sand ratio followed the same trends as
organic content but was not statistically different
across treatments (Figure 1(B), all P> 0.1).
Porewater ammonium was higher in plots with
geoducks and eelgrass than in other treatments
(interaction F1,36 = 4.4, P=0.04; main effects of
eelgrass F1,36= 2.9, P=0.1 and geoducks F1,36 = 8.9,
P=0.005; Figure 1(C)).

Eelgrass responses

Transplanting geoduck clams resulted in lower
eelgrass density than control plots immediately after
experimental setup (July 2004; F1,6= 9.1, P=0.024),
but geoduck-addition plots were indistinguishable
from controls by Nov 2004 (F1,18=0.365, P=0.55;
Figure 2(A)). In contrast, gaps showed no recovery for
at least 4 months after establishment (Figure 2(B)).
Beginning with samples in May 2005, the appearance
of eelgrass in gaps, along with overwinter
amelioration of the initial transplanting effect,
enabled analysis of clam presence and eelgrass
removal effects concurrently (Table 1). Figure 2(B)
shows the pattern of recovery for gap centres,
demonstrating rapid increase in shoot density 1 year
following gap formation, and recovery by April
2006. For clarity, gap edge data are not shown in the
figure, but recovery was notably faster at the edges,
reaching a shoot density of 740 m-2 (S.E. = 150)

1 year following disturbance, when eelgrass averaged
200 shoots m-2 in gap centres, and matching control
plots 1.5 years following disturbance (Dec 2005;
Table 1). For eelgrass shoots in plot centres,
significant interactions (eelgrass� clam) in the
summer following gap formation were common
(Table 1) because geoducks reduced the density of
intact plots but had no effect on recovering plots
(Figure 2(A),(B)). Main effects of geoducks were
not detectable in Dec 2005 or Apr 2006, but
in July 2006, a 30% reduction of eelgrass density
by geoducks re-emerged, albeit with marginal
statistical significance (Table 1). The comparison of
Figures 2(A) and 2(B) visually shows that 1 m2 gap
recovery took 2 years and was not affected by
geoducks. Within Figure 2(A), control plots showed
substantial density variation by dropping in winter,
whereas geoduck-addition plots were more stable;
thus geoducks reduced eelgrass density primarily in
summer months when control densities were
relatively high.

Figure 1. Sediment characteristics (mean+S.E. of 10 plots) across
experimental treatments measured three times from 4–13 months
post-treatment. (A) Organic content (significantly lower in gaps), (B)
silt:sand (no statistical difference), (C) ammonium in porewater

(*statistical difference from other treatments).
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In geoduck-addition plots, eelgrass shoots had
13% (~2 cm) longer leaves (F1,18 = 14.9, P=0.001,
Figure 3(A)) and 9% more shoots recently
originating as branches (F1,18 = 4.36, P=0.05,
Figure 3(D)). Growth rates did not differ across

treatments, whether examined as leaf biomass
per shoot (F1,18 = 2.85, P=0.1, Figure 3(B)) or
size-corrected growth (F1,18 = 0.06, P=0.8,
Figure 3(C)). Nutrients in leaf tissue were also
similar across treatments when measured in July
2005, with a trend opposite that expected from
fertilization by clams: nitrogen made up 3.23%
(0.04 S.E.) of leaf dry weight in geoduck-addition
plots and 3.34% (0.05 S.E.) without geoducks
(F1,18 = 3.1, P=0.10); C:N ratios were 11.27 (0.17
S.E.) in geoduck-addition plots and 10.91 (0.10 S.
E.) without geoducks (F1,18 = 3.2, P=0.09).

In July 2006, the geoducks were harvested, now
market sized (13 cm shell length, >0.9 kg, 6 years
old), from plots where they had been planted.
Geoduck number (average 7.25 per plot) and size
were indistinguishable across eelgrass treatments
(unpublished data). Eelgrass shoot density was
reduced 70% by geoduck harvest, whereas
measurements of non-harvested plots remained
similar (Figure 4). Statistically, the change in
eelgrass due to harvest differed from the pattern in
unharvested plots (F1,38 = 25.6, P< 0.0001). As
these plots were tracked over the following year,
the most dramatic change was a reduction in
eelgrass shoot density in the unharvested plots
during the winter of 2006/2007 (Figure 4), when
shoot density dropped from 1000 to 300 m-2 in a
band that included the study plots. Because the
control plots dropped in density to the same extent
as harvested plots, albeit offset temporally, we
were unable to assess recovery rate. Both
treatments had similar low-density eelgrass by
October 2007 (217 m-2, S.E. = 2, N=36).

Figure 2. Zostera marina density in experimental treatments. (A)
Eelgrass present. (B) Eelgrass removed from 1 m2 plots in July 2004.
Mean values (+S.E.) based on 10 replicate plots. Analysis of variance
was carried out for each sampling date separately (1-factor for
eelgrass plots in July and Nov 2004, 2-factor for eelgrass and gap plots
thereafter). Statistical results are presented in the text and in Table 1,
and the letter codes distinguish significantly different values spanning
both parts of this figure, with subscripts representing the nine different

sampling times.

Table 1. Results (F-ratios, P-values) of analysis of variance of eelgrass density in a factorial design of gap disturbance (eelgrass removal) and geoduck
clam addition set up in July 2004. Forty plots are included in each analysis unless otherwise noted. Statistical results from analysis of variance at each
sampling time are coded: Bold P< 0.05, Italic 0.05<P< 0.1. Post-hoc comparisons from Tukey’s Honestly Significant Difference test to distinguish
among the four treatment groups are shown in Figure 2

Effect May 2005

Jun 2005

Aug 2005

Dec 2005

Apr 2006 Jun 2006 Jul 200636 plots 19 plots

Plot center results: Measurements taken in center of gaps
Eelgrass removal 77.7 157.1 21.6 5.0 0.12 0.03 0.05

<0.001 <0.001 <0.001 0.04 0.73 0.87 0.83
Clam addition 7.0 9.9 2.88 0.23 0.75 2.38 3.63

0.01 0.004 0.1 0.64 0.39 0.13 0.06
Eelgrass�Clam interaction 5.7 10.3 4.1 0.03 2.47 1.47 0.28

0.02 0.003 0.05 0.88 0.12 0.23 0.60
Plot edge results: Measurements taken at edge of gaps
Eelgrass removal 16.2 17.5 2.1

<0.001 <0.001 0.17
Clam addition 3.95 5.3 0.07

0.054 0.03 0.79
Eelgrass�Clam interaction 2.6 3.0 2.9

0.11 0.09 0.11
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DISCUSSION

A common ecological method was used to
determine whether disturbance, imposed as gap
formation, and the presence of geoduck clams,
had additive, synergistic, or antagonistic effects on
eelgrass density (Crain et al., 2008). The significant
statistical interaction between geoduck-addition

and eelgrass-removal treatments 1 year into the
recovery process reflects an antagonistic interaction
because the full effect was less than the sum of
the individual treatments. In our case, because
recovering eelgrass treatments always grouped
together, regardless of the presence or absence of
geoducks, clams did not affect recovery dynamics
(Table 1, Figure 2(B)). Yet, geoduck clams
did have several effects within intact eelgrass
meadows, which ranged from abiotic changes
(increased porewater ammonium, Figure 1(C)) to
modification of eelgrass density (decrease in
summer density, Figure 2(A)), clonal branching
(Figure 3(D)), and size (Figure 3(A)).

Competition for space from bivalves can reduce
rhizome extension (Reusch and Williams, 1998) or
density of seagrass (Booth and Heck, 2009) and
disturbances are also associated with poor shoot-level
performance (Terrados and Ramírez-García, 2011).
Interestingly, eelgrass shoots may individually
perform better at low density, for instance, by
increasing growth or asexual reproduction (Yang,
2011; Ruesink et al., 2012). So, two potential
mechanisms could underlie increased size and
branching in plots with geoducks. First, nutrient
release from bivalves may fertilize seagrass and
increase production, size, or growth (Reusch et al.,
1994; Reusch and Williams, 1998; Peterson and
Heck, 2001; Carroll et al., 2008). Alternatively,
shoots at lower density may benefit from reduced
intraspecific competition. Chemical analysis of leaf
tissue provided additional information to evaluate
these two mechanisms, since the fertilization pathway
should result in higher nutrient levels in plant tissue.
In contrast, nitrogen levels did not differ by geoduck
treatment. Overall, nitrogen concentrations (3.3%)
were well above those of Z. marina collected from

Figure 3. Zostera marina size and growth with and without geoduck
clams. (A) Plant size (maximum leaf length above the leaf sheath). (B)
Raw growth rate (dry weight of biomass produced per shoot per day).
(C) Size-corrected growth (dry weight of ‘new’ per ‘old’ leaves, as
defined in Methods). (D) Proportion of shoots that originated as
recent branches. All data points represent 10 plots, mean+S.E.; each
plot value was calculated from the average of 3–5 shoots per plot
(A–C) or proportion of >10 shoots (D). Sampling dates are shown
separately but were statistically included as a random effect of
multiple measurements. Treatment differences were detected
statistically for leaf length and branching, but for neither growth

metric (results in text).

Figure 4. Zostera marina density (mean+S.E., N= 20) following
geoduck clam harvest from 1 m2 plots. Harvest occurred in July 2006,
shown by arrow, and resulted in a statistically detectable density

decline (results in text).
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nutrient-loaded estuaries on the east coast of the US
(2.0–2.8%), and C:N ratios (11.1) were
correspondingly lower (16.4–22.6; Lee et al., 2004).
C:N in the present study was also lower than in
Thalassia testudinum that had (13.4) or had not (16.3)
been fertilized with mussel biodeposits (Peterson and
Heck, 1999). High tissue nitrogen characterizes
numerous eelgrass populations in Puget Sound
(Yang, 2011) and may make them unresponsive to
small nutrient boosts from bivalves, although
sediment fertilization to 1000 mmol L-1 ammonium
increased Z. marina leaf extension at one Puget
Sound site (Williams and Ruckelshaus, 1993).

The largest effects in this study of geoduck clams
on eelgrass occurred during their removal (70%
shoot loss), which is a common response to a
variety of fishing or aquaculture activities.
Experimental dredging for scallops reduced
eelgrass density by 50–100% and biomass by
>60%, with larger effects as the number of dredge
passes increased (Fonseca et al., 1984). In a
comparative study of areas dragged for mussels,
eelgrass shoot density dropped an average of 97%
and biomass 99%. Recovery occurred primarily
from remnant shoots and required >7 years
(Neckles et al., 2005). In general, larger initial
impacts take longer to recover. For instance,
during the harvest of hard clams, moderate
disturbance from raking reduced seagrass biomass
by 25%, with recovery in a year, but a harvest
technique of sediment resuspension by propeller
wash resulted in a 65% initial decline and >4 year
recovery of seagrass (Peterson et al., 1987).
Similarly, in an Oregon estuary, experimental
raking for clams generated no difference in
biomass of Z. marina 2 weeks later, whereas
effects of clam digging were larger and persisted
longer (50% biomass reduction after one month;
Boese, 2002). Experimental raking of Z. noltii to
harvest clams initially reduced shoot density by
43%, which was not significantly different from
controls within 30 days, even though there was no
rhizome branching during the experiment (Cabaço
et al., 2005). Overall, published recovery rates of
eelgrass are almost all slower than reported for
other soft-sediment organisms exposed to
intertidal shellfish harvest; they appear more
similar to ~2-year recovery rates of biogenic
habitats (corals and sponges) after subtidal
trawling or dredging (Kaiser et al., 2006).

Gap recovery rate at this Puget Sound site was
slower than in some other populations of Z. marina:

1 m2 gaps recovered in 2 years, whereas larger gaps
(4 m2) required the same 2-year period for recovery
in two coastal estuaries (Boese et al., 2009; Ruesink
et al., 2012). It appears that gap recovery at our
study site faced two constraints; first, shoots with a
small morphotype extend their rhizomes slowly from
the edge, and second, sexual reproduction was
unsuccessful. Throughout the study, few flowering
shoots were observed, reaching a maximum of
<0.5% of total shoots (~10 m-2) in June 2004. There
were no obvious recruits from seeds, even in plots
that were cleared of eelgrass and scrutinized
carefully during recovery. This slow gap recovery
does not necessarily imply slow recovery following
clam harvest because remnant shoots can reproduce
clonally. In fact, asexual reproduction was
seasonally large, with populations consisting of 70%
recent branches in spring (Figure 3(D)), which
provides the capacity for a population to triple in
density. Harvest practices that generate small gaps
or leave higher densities of remnant shoots should
improve resilience in exclusively clonal populations.
Eelgrass densities in geoduck-harvested plots
matched unharvested plots 15 months following
harvest, but these data cannot adequately inform
recovery rates because eelgrass density declined
dramatically in unharvested plots, rather than
harvested plots increasing (Figure 4). The timing of
the decline during winter 2006/2007 did not coincide
with our experimental harvests (July 2006) or with
aquaculture activities in the vicinity (May–September
2007), and was more consistent with disturbance
from winter storms.

In this experiment, a small-scale experimental
approach was taken to test some aspects of intertidal
geoduck clam aquaculture, which has increased
since its inception in the mid-1990s to annual
production of 1 million pounds worth US$20
million currently (M.A. Plummer, pers. comm.,
Pacific Coast Fisheries Information Network,
unpublished data; B. Dewey, pers. comm.). Although
intertidal geoducks are uncommon today except
in aquaculture, this rarity represents a shifting
baseline, since even by 1904 they were probably
overexploited and ‘fast becoming a thing of the
past’ (Washington Department of Fisheries and
Game, 1904, p. 60). Results suggest that eelgrass of
the small morphotype found in south Puget Sound
coexists with geoduck clams, given reduced summer
density but enhanced size and branching. Geoduck
aquaculture would reduce eelgrass density primarily
as a result of harvest activities (Figure 4), but gap
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recovery was not constrained by the presence of clams
(Figure 2(B)). If aquaculture harvest activities
produced only small gaps, then recovery could occur
within the 5-year crop rotation period. However,
aquaculture activities typically occur on much larger
scales than our experimental design and involve
tubes and nets for 1–2 years to exclude predators
and improve juvenile geoduck survival. These
factors will be important to include in future studies
for a fuller understanding of geoduck aquaculture
with respect to eelgrass management.
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