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Abstract The transport and establishment of non-in-
digenous species in coastal marine environments are
increasing worldwide, yet few studies have experimen-
tally addressed the interactions between potentially
dominant non-native species and native organisms. We
studied the effects of the introduced mussel Musculista
senhousia on leaf and rhizome growth and shoot density
of eelgrass Zostera marina in San Diego Bay, California.
We added M. senhousia over a natural range in biomass
(0-1200 g dry mass/m?) to eelgrass in transplanted and
established beds. The effects of the non-indigenous
mussel varied from facilitation to interference depending
on time, the abundance of M. semhousia, and the re-
sponse variable considered. Consistent results were that
mussel additions linearly inhibited eelgrass rhizome
elongation rates. With 800 g dry mass/m> of M. sen-
~ housia, eelgrass rhizomes grew 40% less than controls in
two eelgrass transplantations and in one established
eelgrass bed. These results indicate that M. senhousia,
could both impair the success of transplantations of
eelgrass, which spread vegetatively by rhizomes, and the
spread of established Z. marina beds to areas inhabited
by M. senhousia. Although effects on leaf growth were
not always significant, in August in both eelgrass
transplantations and established meadows leaf growth
was fertilized by mussels, and showed a saturation-type
relationship to sediment ammonium concentrations.
Ammonium concentrations and sediment organic con-
tent were linear functions of mussel biomass. We found
only small, non-consistent effects of M. senhousia on
shoot density of eelgrass over 6-month periods. In es-
tablished eelgrass beds, but not in transplanted eelgrass
patches (=0.8 m in diameter), added mussels suffered
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large declines. Hence, eelgrass is likely to be affected by | bi
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M. senhousia primarily where Z. marina beds are patchy | m
and sparse. Our study has management and conserva-| 19
tion implications for eelgrass because many beds are| in
already seriously degraded and limited in southern| co

California where the mussel is very abundant.
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Introduction

In marine coastal environments, accidental species| o
introductions are reaching an unprecedented scale. Al{ |
though the magnitude and importance of introductions,

in particular through ballast water, have been ac “ee

knowledged (Carlton 1989; Carlton and Geller 1993),}
few studies have experimentally addressed how the
newly arriving non-native species interact with indige %
nous ones {(but see Brenchley and Carlton 1983; Posey |
1988; Trowbridge 1995). In noting this striking lack of )
manipulative experiments, Kareiva (1996) pondered}:
whether this gap had impeded progress in understanding 8
the ecological effects of species invasions. .G
This study addresses the effects of the introduced|.
mussel, Musculista senhousia, on native eelgrass, Zoster? }
marina. M. senhousia was introduced from East Asia 0§
the Pacific west coast of North America in the 19205
(Kincaid 1947) and arrived in southern California in the
1960s (MacDonald 1969). M. senhousia is an extraor
dinarily successful invasive species which has established
populations in New Zealand (Willan 1985), Australi? {:
(Slack-Smith and Brearley 1987) and the Mediterranea?
Sea (Hoenselaar and Hoenselaar 1989; Lazzari 1994)-
M. senhousia occurs on intertidal mudfiats (Crooks
1996a,b), in saltmarshes (Pacific Estuarine Research|
Laboratory 1994), and in deeper subtidal regions of &
tuaries (MacDonald et al. 1990). Although the mussel J; ¢
co-occurs with seagrasses Zostera spp. both in its it {
digenous habitat, which ranges from Siberia to the R
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Sea (Kikuchi and Pérez 1977), and in the invaded envi-
ronments (Takahashi 1992; Sewell 1996; J.A. Crooks,
ersonal communication), experimental information on
the nature of the interaction between M. senhousia and
eelgrass is lacking.

M. senhousia is a small (<34 mm) mytilid bivalve
with a short life-span (<2 years), living endobenthically

just below the sediment surface, where it filters partic-

plate matter from the water column with a short
&5 mm) siphon (Morton 1974). M. senhousia has the
potential to profoundly alter the physico-chemical pa-
rameters of its habitat. In part, this is due to its nu-
merical dominance. Dense beds of up to 15,000 adult
M. senhousia individuals (25 mm in length) per square
meter can be found in the shallow subtidal zone of San
Diego Bay (T.B.H. Reusch and S.L. Williams, unpub-
lished work). In addition, M. senhousia builds an en-
casing cocoon of byssus and sediments. When sufficient
biomasses are attained, individual byssal cocoons of the
mussel fuse to form continuous byssal carpets (Morton
1974; Crooks 1992; Crooks 1996a,b), which markedly
increase sediment firmness (J.A. Crooks, personal
communication). Also, the mussels deposit large
amounts of organic matter in the sediment (Morton
1974) that possibly results in accumulation of toxic
metabolites such as sulfide (Ito and Kajihara 1981).
Although aquatic angiosperms seem adapted to the
highly reducing sediments in which they are rooted
(Crawford 1978; Penhale and Wetzel 1983), sulfide can
have adverse effects on seagrass growth (Robblee et al.
1991; Carlson et al. 1994; Goodman et al. 1995). On the
other hand, beds of co-occurring filter feeders may en-
hance angiosperm growth. Specifically, nutrient limita-
tion of coastal marine macrophytes, including eelgrass,
can be mitigated by the excretions of muytilid bivalves
(Kautsky and Wallentinus 1980; Bertness 1984; Reusch
et al. 1994).

The loss of eelgrass habitat is accelerating worldwide
(Short and Wyllie-Escheverria 1996) such that only 10%
of historical distributions remains in some locales, such
as southern California (MacDonald et al. 1990). Several
explanations have been invoked for the declines. The
contribution of non-indigenous species to declines is
poorly known (but see Posey 1988). Our research was
motivated by reports that eelgrass transplantations in
San Diego Bay, California, were unsuccessful when at-
tempted where M. senhousia was abundant (M. Perdue,
US Navy Southwest Division, and R. Hoffman, Na-
tional Marine Fisheries Service, personal communi-
Cation). This observation was of particular concern
because Musculista may represent an additional threat
to eelgrass restoration, acting in concert with other
CQuses of failure which had resulted in a net loss of
Seagrass habitat in the past despite considerable resto-
fation efforts (Fonseca et al. 1988).

We present a series of experiments designed to test
the effects of M. senhousia on eelgrass abundance, leaf
8rowth, and vegetative propagation in experimental
telgrass transplantations and natural beds.
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Materials and methods

The experiments tested the responses of eelgrass to M. senfiousia in
both established eelgrass beds (three experiments) and eelgrass
transplantations (two experiments) (Table 1). Two experiments in
experimental eelgrass transplantations (Musculista-eelgrass trans-
plantation experiments, METE) investigated whether the success of
eelgrass transplantation is affected by M. senhousia. The other three
experiments (established meadow experiments, EME) investigated
how eelgrass leaf and rhizome growth and eelgrass shoot density
are affected by M. senhousia (Table 1) within established eelgrass
beds where the closed canopy creates a different environment and
where eelgrass is less susceptible to disturbances.

Two established meadow and all eelgrass transplantation ex-
periments were carried out at a sheltered site (wind fetch <0.5 km)
at Harbor Island, San Diego Bay (32°4325” N, 117°11'19” W).
Water temperatures ranged from 13 to 22°C (2-weekly measure-
ments) and salinities from 34 to 35.5 g/kg (monthly measurements)
during the study period. The site experienced vigorous tidal flush-
ing because it was only =5 km to the mouth of the bay. Sediments
were sandy (80% particles >0.02 mm). A portion of the eelgrass
meadow at Harbor Island was established by transplantation using
nearby stands in 1988 to mitigate eelgrass loss at a marina next to
the site. The original transplanted bed (0.1 ha) has since expanded
to merge with the surrounding established eelgrass population and
stretches from 0.8 m depth below mean low low water, MLLW, to
a depth of 3 m (width of bed =20 m).

In urban San Diego Bay, where much subtidal habitat is re-
stricted to military purposes or commercial port, choosing a site
with suitable conditions for growth of eelgrass to perform a
transplantation experiment is difficult because many potential sites
already possess eelgrass. Clearing an area of established eelgrass to
perform a transplantation experiment is not permissable in a region
where a 90% decline in eelgrass has occurred. We planted in areas
without eelgrass to simulate local transplantations. At a given site,
the lack of eelgrass does not necessarily imply that it will not grow
unless there is some obvious habitat unsuitability. We selected the
site Harbor Island because in addition to a large established bed,
there was an area without eelgrass >200 m? in the shallow subtidal
zone (0.5-0.8 m depth below MLLW) that seemed suitable for
transplantation, although during one transplantation experiment
we realized that this area was devoid of eelgrass due to regular
grazing by brant geese (Branta bernicla) in the winter months
(December—February). ‘

One established meadow experiment was performed in an eel-
grass bed at Le Meridien (32°41°41”N, 117°09°52”"W), located
=2 km further into San Diego Bay. Although part of this extended
meadow was the site of another mitigation project performed in
1990, our experiment was located away (>20 m) from the original
mitigation site. Both sites are typical of steep-sided shores (slope 5-
12°) inhabited by eelgrass in San Diego Bay and eelgrass abun-
dance and shoot morphology is typical for subtidal beds in San
Diego County (Ewanchuk 1995). Eelgrass beds at Harbor Island
and Le Meridien have reduced genetic diversity compared to beds
that have not been disturbed by dredging (Williams and Davis
1996) but in this regard they are representative of eelgrass habitat
in urban bays in southern California (S.L. Williams, unpublished
work).

Manipulation of Musculista senhousia abundance

All manipulations and measurements were made by SCUBA div-
ing. In all experiments, we used the area of substratum inhabited by
M. senhousia as a surrogate for mussel biomass because it was
impractical to count the number required for each experiment
(>25,000 mussels). A prospective donor mussel bed in which the
mussels were densely aggregated in carpets was found within 5 m of
the study eelgrass bed at Harbor Island. Here, mussel abundance
was sufficiently homogeneous to use area as a surrogate for density.
This was verified on two dates when we sampled randomly selected
areas of 0.5 m> (n = 4,5 respectively) within the mussel donor bed
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Table 1 Design of field experiments on effects of Musculista senhousia on eelgrass Zostera marina the nU
jvidu
Experiment/duration Replication Experimental factors (levels) Response variable dl
Musculista-eelgrass iﬁ)sc‘l
transplantation £
experiments (METE) . The fi
Hypothesis: M. senhousia affects eelgrass transplantations in terms of shoot density, leaf and rhizome grow wis it
METE 1 3 Musculista (4 biomasses) Shoot density” (4-weekly) 1995
30 Sep 9410 Feb 95 Spatial blocking factor Rhizome growth (Nov 94) a{)ﬁas]
50 cm
METE 2 7 Musculista (4 biomasses) Shoot density, rhizome (100%
25 May-30 Nov 95 Water depth (2) Growth (Sep + Nov 95) ppin
Spatial blocking factor Leaf growth (Aug + Oct 95) n="7
Porewater ammonium, g{o:k-
. sulfide (Aug/Oct 95) odim
Established meadow zan dq-
experiments (EME) - MLL
Hypothesis: M. senhousia affects established eelgrass beds in terms of shoot density, leaf and rhizome growth fiat a1
EME 1° 5 Musculista (4 biomasses) Shoot density (4-weekly) test fi
30 Sep 94-30 Jan 95 Spatial blocking factor Rhizome growth (Nov 94) The ¢
natur
EME 2 6 Musculista (4 biomasses Shoot density (4-weekly) tered
Spatial blocking factor) Leaf growth (Mar 95) levels
12 Feb-20 Jun 95 exper
Hypothesis: predators of M. senhousia indirectly affect eelgrass through consumption of mussels 01?njtv
EME 3 Musculista (2 biomasses) Shoot density (6-weekly) i an
15 May-20 Nov 95 5 x exclusion of predators Leaf growth (Aug 95) befor
Spatial blocking factor proce
Eelgr
# Leaf and reproductive shoots small experiments after
® This experiment ran at station Le Meridien during the same time interval as METE 1| treat!
tache
Table 2 Population parameters . eelgr
for M. senhousia in the donor M- senhousia Date trans
b 1 i seca
ed used for all five experiments Sep 1994 Feb 1995 May 1995 Fioh
j beari
Biomass (dry mass/50 cm®) + SE (n = 20) 3.1 £ 0.19 23 £ 03 2.6 £ 0.18 trans
Density (n0./50 cm?) % SE (n = 20) 37 + 4 237 % 3.2 138 £ 23 othe
Mean length (mm) £ SE (n = 250) 13 £ 05 14 £ 03 177 = 0.4 pecti

with five replicate cores (50 cm?, 6 cm deep). The cores were sifted
through | mm mesh screen and mussels were measured to the
nearest 1/10 mm with a vernier caliper (mussels <5 mm in length
were not considered). The size distribution of M. senhousia in the
donor bed was approximately unimodal with few juvenile mussels
present. The census revealed only small, non-significant differences
in mussel biomass among replicate areas (maximal biomass dif-
ference among plots in February 1995: 0.7 g/50 cm?, one-way
ANOVA, F 16 = 1.45, P = 0.266; maximal difference among plots
in May 1995: 0.9 g/50 cm?, Fy 20 = 1.30, P =0.305).

We collected a substratum area of 0.25, 0.5, and 1 m? in the
mussel donor bed and added these doses to the circular experi-
mental plots (0.5 m?). Including a fourth treatment receiving no
M. senhousia addition (0x), the M. senhousia treatments were thus
an addition of 0x, 0.5x, Ix and 2x of the ambient biomass at
Harbor Island sand flat. Treatment levels spanned 0-1100 g dry
mass (tissue + shell, no cocoons)/mz, corresponding to abun-
dances between 0 and 14,000/m? (individuals =5 mm shell length).
The same mussel donor bed was used for all experiments. Varia-
tions in treatment levels among experiments occurred because the
donor bed changed its density and biomass over time (Table 2).
The treatment levels represented the natural range of M. senhousia
biomass in shallow subtidal areas of San Diego Bay (T.B.H. Re-
usch and S.L. Williams, unpublished work).

one

Prior to the addition, the M. senhousia carpets were washed in2
mesh bag (mesh size 4 x 4 mm) in the field to remove sediment and
other infauna. During this procedure, about half the mussels} ;
remained in byssal cocoons. The mussels were placed in the¥:
experimental plots and homogeneously spread by hand. In the
Ox-addition plots, the sediment was disturbed to simulate musse!
addition. By the next day, virtually all mussels re-established within
the sediments, as they readily do upon disturbance. 1

We also assessed whether the disruption of the mussel carpets of e
M. senhousia caused a significant increase in mussel mortality | A
caused by factors other than predation. For this purpose, We } ¢
transplanted small (15 individuals) mussel populations (1) as a coré §.d
of 50 cm? within their intact byssal carpet (2) as single individuals § ee
but within the byssal bag (3) as single individuals without byss2! | (#
bag onto two habitats: (1) the shallow sand flat and (2) the estﬁ!’?
lished eelgrass at Harbor Island (n = 3). Mussels were planted I?
their natural position into completely buried vexar rings (18 cm I
diameter, 8 cm height, mesh size 8 x 8 mm) to prevent migratio®
This experiment was conducted twice (August and October 1993)
thus, the experiment had 12 treatments (3 transplantation proce’
dures x 2 habitats x 2 dates). After 3 weeks, the mussels wer
retrieved, sifted through 1 mm and categorized as alive, dead all
undamaged, and dead due to predation by whelks/crustaceans. W
expressed the mortality due to unknown causes as the {raction of




he number of undamaged dead shells/number of transplanted in-
gividuals.

Muscu/isra-eelgruss transplantation experiments (METE)

The first Musculista-eelgrass transplantation experiment (METE 1)
[} yas initiated in September 1994, and the second (METE 2) in May
1 1995 (Table 1). The eelgrass transplantations were performed in
greas With moderate densities of M. senhousia (=2.5 g dry mass/
50 ¢m?) which were situated shallower and deeper than the closed
(100% cover) canopy at Harbor Island. Experimental plots were set
gpin g randomized block design with blocks (n = 5in METE 1 and
p=71in METE 2) arranged parallel to the shoreline and separated
py =5 m. Each block had plots (n = 4) separated by =2 m. We
plocked as a precaution for along-shore variation in currents and
sediment characteristics. The plots of METE 1 were located on the
sand flat shallower than the established eelgrass bed at 0.8 m below

2| MLLW only. In METE 2, plots were located on the shallow sand

] flat and also at the depth limit for eelgrass distribution at the site to
test for an interaction of M. senhousia addition with water depth.
The deep plots were placed beyond the closed eelgrass canopy in
natural clearings (each =4 m long and 2 m wide) among the scat-
ered vegetated patches at 3-3.5 m depth. Only two M. senhousia
levels (Ox and 2x) were used at 3.5 m depth. We used a lower
experimental effort for these treatments because there was insuffi-
'] cient space for more experimental units among the clearings.

M. senhousia in. the surrounding substratum were first removed
in an area of 0.5 m? around each plot (diameter 80 cm) by hand
pefore adding the mussel treatment levels to the plots. The removal
procedure only affected the superficial (5 cm) layer of the sediment.
Eelgrass transplants were added to the experimental plots 1 week
after removal of resident mussels and addition of M. senhousia
treatment levels.

We used terminal leaf shoots of main rhizome branches at-
tached to a 10-cm piece of rhizome (the typical morphology of local
eelgrass), taken from the adjacent (<5 m) eeclgrass bed, as a
transplant. Transplants were anchored with a metal staple (Fon-
seca et al, 1982) evenly in the central 0.25 m® portion of the plots.
Each experimental plot received a total of 19 ramets (7 transplants
bearing one, and 6 bearing two ramets, respectively, thus 13
transplants in total). One transplant was in the plot center, the
other 12 were planted in two circles of 12 and 24 cm radius, res-
pectively, around the plot center. In each circle, transplants bearing
one and two leaf shoots alternated.

Established meadow experiments (EME)

The same experimental design as in the shallow plots of METE 1
and 2 was used in the first 2 established meadow experiments, EME
land 2, which were performed at 2 different sites (Table 1). EME 1
was situated within the center (mid-bed) of a continuous estab-
lished eelgrass bed at Le Meridien at 0.5-1 m depth below MLLW.
The bed was >150 m long (along-shore) and 20 m wide. In
November 1994, eelgrass shoot density was 128 + 15/0.25 m?
{n= 10) and mean shoot height (+SE) was 40 £ 4 cm (n = 35).
At Harbor Island, EME 2 and 3 were situated in the center of a
tontinuous eelgrass meadow =35 m long and 20 m wide at 1-1.8 m
depth below MLLW. One month after the initiation of experiments
eelgrass shoot densities/0.25 m? + SE were 104 + 9and 100 £ 11
{n= 10), and mean shoot heights £ SE were 60 + 4 cm and
ST+ 3'em (n=130) in EME 2 and EME 3, respectively. At both
Sltes, mussels living in the eelgrass bed at the beginning of the
tperiment were not abundant enough (< 0.2 g dry mass/50 cm?)
10 remove them before treatment mussels were added. EME 1 was
®xecuted identically and at the same time to METE 1 above, using
the same donor mussel population.

A third established meadow experiment (EME 3) was con-
ducted in May 1995 after aggregations of up to 30 individuals per

L | ®perimental plot (0.5 m?) of the predatory muricid snail, Prer-

%urpura festiva, had decimated M. senhousia additions in EME 2
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at Harbor Island (Table 1). Within 4 months, snails consumed
=90% of the transplanted mussels (T.B.H. Reusch, unpublished
work). EME 3 thus was conducted to determine the effects of
predators on M. senhousia and indirectly, through M. senhousia
biomass alterations, on the eelgrass. The experiment was situated in
1-1.8 m depth below MLLW in the established bed. In a 2 x 2
factorial experiment, predators were either excluded from the ex-
perimental area of 0.5 m? by means of 25-cm-tall circular fences
(mesh size 12 x 12 mm, upper Scm bent outwards) buried
5cm into the sediment, or allowed access through three large
(10 x 50 cm) openings at the base. Fences were = half as tall as the
eelgrass canopy (mean leaf height in June 95+ 1 SE = 58 = 1.6 cm,
n = 120). Fencing was successful in excluding the snails. During 2-
to 4-weekly inspections we found and removed only two snails
inside the closed fences. In contrast to the other four experiments,
we applied 1.5x ambient M. senhousia-addition and no addition
fully crossed with complete fences/open fences. The replication was
n = 5. Completely unfenced treatments served as controls for fence
effects on eelgrass. Fouling organisms were removed after 3 months
with a wire brush.

Response variables: mussel biomass, leaf and rhizome
growth rates, leaf shoot abundance, sediments

In all experiments, M. senhousia biomass was monitored at the
beginning of each experiment and then every 3 months by ran-
domly taking three cores (depth 6 cm, area 50 cm?) within each
plot for a total sampling effort of 60--72 cores per sampling date per
experiment. Mussels were sifted through 1 mm mesh screen and
measured to the nearest 0.1 mm. The biomass was estimated using
the following relationship, determined from a sample of n =40
mussels collected in October 1994: dry mass = 0.0762 x 103
x length (mm)*¥. Holes left in the substratum were filled with
ambient sediment to minimize disruption of the eelgrass rhizomes
but mussels were not replaced. Sampling for biomass represented a
maximal disruption of 6% of the experimental unit (2 x 3%)
during each experiment. We also sampled the biomass and size
distribution of M. senhousia every 3 months throughout the year in
the donor bed to detect potential differences in mussel biomass
among experiments and undisturbed M. senhousia beds.

In the METE, the eelgrass transplants quickly expanded
through lateral growth and vegetative shoot recruitment beyond
the initial planting area of 0.25 m”. In these experiments as well as
in the EME, all eelgrass response variables were measured only
within the central 0.25 m® of the plots to avoid edge effects. We
measured leaf growth on five plants per plot (thus a total of 100-
140 plants) with a leaf puncture technique (Williams and Ruck-
elshaus 1993). After 3-7 days, we collected the tagged plants. On
average, only 5% of the plants in the plots were harvested, and we
assume that this did not lead to differences among treatments. In
total, we performed five sets of leaf growth measurements in 1995.
Leaf growth in EME 2 was measured on 4-10 March 1995 and in
EME 3 on 8-11 August 1995. In METE 2, leaf growth was mea-
sured on 2-7 August, and 3—-10 October 1995. In the deep plots of
the METE 2, leaf growth was measured only once (20-26 October
1995).

Rhizome elongation rates were measured by tagging five vege-
tative shoots in each experimental plot (thus a total of 100-140
plants per measurement) with small flexible cable ties between the
first and second root bundle. After 2-3 weeks the new rhizome
produced was measured in sifu with vernier calipers without col-
lecting the plants. Three to five tagged plants could be recovered
per plot as limited by complete burial of some tags. We performed
four sets of rhizome growth measurements: November 1994
(METE 1 at Harbor Island, and EME 1 at Le Meridien), Sep-
tember 1995 (METE 2), and October/November 1995 (METE 2).

Eelgrass leaf + reproductive shoots were counted every 4-6
weeks during the experiments. Initial shoot counts were made 1-3
days after the mussels were added to the plots in all EME.

Biodeposition by M. senhousia hypothetically results in in-
creased sediment porewater nutrients, which in turn can fertilize



432

leaf growth. To address this, we sampled porewater in the shallow
plots of the METE 2 in August and November 1995. In each plot,
duplicate samples were taken-at random using methods in Williams
and Ruckelshaus (1993). Due to time constraints, one block se-
lected at random was deleted, leaving n = 24 experimental plots.
We assumed a priori that phosphate would be of minor importance
to eelgrass in the silicate sediment present at the site (Short 1987)
and focused on nitrogen given demonstrated nitrogen limitation of
Pacific coast eelgrass (Williams and Ruckelshaus 1993). In August,
we determined the organic content of the sediment (upper 5 cm) in
a random subsample of 20 out of 28 experimental plots as the loss
of mass of the dried sediment (90°C to constant mass) in a muffle
furnace at 550°C.

Because the buildup of hydrogen sulfide in the presence of
mussel biodeposits might have negative effects on leaf growth, we
measured free hydrogen sulfide in the sediment porewater. Sedi-
ment cores to a depth of 8 cm were taken with a modified 50-ml
syringe and tightly closed with a rubber stopper. They were
transferred in a cooler on ice in <4 h to the laboratory where they
were extruded quickly into Nj-purged, 50-ml centrifuge tubes,
capped, and centrifuged. After centrifugation, 2 ml of porewater
was immediately placed into test tubes with reagent. Sulfide was
determined colorimetrically after Cline (1969), modified for a
sample volume of 2 ml. In addition, samples were checked for
sulfidic odor after opening the sampling syringes to ambient air.

Statistical analysis

We assessed the effects of the transplantation procedure on
M. senhousia mortality through three-way factorial ANOVA, in-
cluding the experimental factors eelgrass presence/absence, date,
and transplantation procedure. In the METE 1 and 2, we compared
the M. senhousia biomasses between the donor bed and the 1x
ambient M. senhousia treatments of the experiments with r-tests to
test for differences in population abundances over time, using the
mean biomasses (7 = 3) obtained within 0.5-m® areas (n = 5 to 7).

To determine the response function of eelgrass leaf and rhizome
growth to M. senhousia biomass, we used the mussel biomasses
determined within each plot instead of the categorical M. senhousia
treatment levels as predictors for plant growth in a polynomial
regression. Generally, there were < 2 weeks between assessing
M. senhousia biomass and eelgrass growth response except for
October rhizome growth in METE 1 (5 weeks) and October leaf
growth in METE 2 (4 weeks). In both METEs, however, our re-
peated sampling revealed that M. senhousia treatment levels were
sufficiently stable to assume that no marked biomass changes oc-
curred in the interim (see Resu/ts). The general linear model in-
cluded the first and second-order polynomial and had the following
form:

y1j=axi2j+bxij+c+Bj+€ij

where y;; is the mean leaf or rhizome growth per plot, x; is the
biomass of M. senhousia associated with each growth measurement,
a, b and ¢ are the coefficients for the polynomial regression, B; is the
effect of the jth block and e;j is the random error associated with
each mean. We hypothesized that under moderate mussel abun-
dances, leaf growth is enhanced while under very high M. senhousia
abundances, negative effects might prevail. Hence, we included the
quadratic term to detect a potential dome-shaped function of
maximum growth at intermediate mussel additions. Because no
plot-specific mussel biomasses were available in the EME 1 at Le
Meridien (see Results), rhizome growth data were analyzed using
one-way ANOVA (with spatia} blocking factor).

If eelgrass leaf growth were limited by sediment ammonium, it
should follow a saturation-type response to ammonium concen-
tration (_Williams and Ruckelshaus 1993; Reusch et al. 1994). To
assess this, we fitted data from the METE 2 to a hyperbolic tangent
function of leaf growth vs. interstitial ammonium concentrations:

C
G = gmuxm

where G is leaf growth, g..x is the maximal growth rate, C is th
interstitial ammonium concentration and Ky is the half-saturatig,
constant.

All ANOVAs and ANCOVAs for shoot densities included ,
spatial blocking factor. Shoot densities as a function of M. s
housia addition levels were analyzed with one-way ANOVA j,
METE 1 on each sampling date. In METE 2, we analyzed the daj,
with a one-way ANOVA including only the shallow plots, and wig,
a two-way ANOVA incorporating the 0x and 2x Musculista-ag,
dition plots at 0.8 m and 3.5 m depth. The initial shoot density j,
the EMEs varied considerably within blocks (coefficient of varis.
tion 16-22%). Therefore, we included the shoot densities counteg

2-3 days after M. senhousia addition as covariate in an ANCOV4 |

model. EME 3 was analyzed with a 2x2 ANCOVA wig
M. senhousia addition/no addition and predators absent/present a
experimental factors.

Linear regressions of sediment parameters (organic conteny,
sediment nutrients) as a function of mussel biomass were per.
formed using the plot means.

Results
M. senhousia transplantation control

In the experimental tests for M. senhousia transplanta-
tion procedures, we recovered (live plus dead) an aver

age of 14.2 animals/experimental unit (95%). Over 3}

weeks, the mortality rate of M. senhousia due to
unknown causes was not significantly different among

individuals which were transplanted (1) within an intact} -

byssal carpet, (2) as isolated individuals within their bag,
or (3) as isolated individuals without byssal bag
(Table 3). Thus, we found no evidence for increased
M. senhousia mortality due to the transplantation pro-
cedures which involved disruption and sifting of the
mussel mat through 4-mm-mesh screen. None of the
other factors (date, presence of eelgrass) nor their
interactions was significant (all P>0.2).

Effects of M. senhousia on eelgrass transplantations

Eelgrass leaf growth

Leaf growth was not measured in the first experiment
(METE 1). In METE 2, M. senfousia additions had a
significant effect on leaf growth in August (Table 3). To

Table 3 Comparison of mortality rates of M. senhousia among |
different transplantation treatments (n = 12). Fifteen individuals |

were transplanted in August and October 1995 into the eelgrass
Z. marina meadow and onto the sand flat. None of the differences
are significant in a three-way factorial ANOVA (P > 0.19)

M. senhousia Mean fraction SE
transplantation treatment dead/total no.

transplanted
Intact byssal carpet 0.037 0.0121
Isolated, byssal bag 0.029 0.0172
Isolated, no byssal bug 0.054 0.0168
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o] emove variation due to significant block effects in plots

of leaf growth versus mussel biomass, we adjusted leaf
2] ;;owth by plotting the difference of each observation
%‘ from the respective block mean. Bj — x;;. Leaf growth
was a dome-shaped function of M. senhousia biomass in
August, as indicated by the highly significant negative
LY yrvilinear  component of the model (P = 0.007,
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Fig. 1 Leaf growth rates of eelgrass (Zostera marina) adjusted by
their associated spatial block mean (B; —x;;) as a function of the
to-occurring biomass of the mussel Musculista senhousia in the
Musculista-eelgrass’ transplantation experiments (METE). Data are
means of 5 leaf growth and 3 mussel biomass determinations per plot.
The statistically significant equations of the general linear model are
8iven. See Table 4 for statistical analysis
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Table 4). Eelgrass growth was enhanced with mussel
densities up to =4 g/50 cm? With increasing mussel
biomass (>5 g/50 cm?), leaf growth tended to decline
(Fig. 1a) to values similar to those with very few
M. senhousia present, In October, mussel additions did
not have a significant effect on leaf growth in the shallow
or deep plots (Table 4, Fig. 1b,c). Because at that time,
all M. senhousia biomasses had declined to <6 g dry
mass/50 cm? in METE 2, the absence of a dome shaped
function in October is not at odds with the August
results.

Eelgrass growth as function of porewater ammonium
and M. senhousia effects on ammonium

In Fig. 2, we plotted August leaf growth as a hyperbolic
tangent function of porewater ammonium concentra-
tion. The maximum leaf growth rate gp..,was 7.8 cm
shoot™ day™' attained at approximately 100 um NHJ in
the porewater. The equation explained 44% of the vari-
ance in leaf growth and hence supports the hypothesis
that nitrogen was limiting for eelgrass leaf growth. For
the calculation of the model, we excluded three of the
highest ammonium values (Fig. 2, open circles) because
they were associated with declining leaf growth at
M. senhousia biomass > 6 g/50 cm® (Fig. la). Inclusion
of these high NH," values was not justified because a
hyperbolic tangent function only describes the limited
and saturated range of nutrient concentrations, but not
adverse effects at high nutrient doses.

It was not surprising that leaf growth was a signifi-
cant function of both interstitial ammonium concen-
trations and mussel biomass because M. senhousia
increased both the organic matter and the interstitial
ammonium in the sediments in an approximately linear
way (Fig. 3a, b). Because we detected no significant
difference between slopes and intercepts of the August
and October regressions (ANCOVA, interaction
M. senhousia biomass X date, P = 0.39), we summa-
rized both dates into one regression model. Presumably
the organic enhancement resulted from the accumula-
tion of M. senhousia pseudofeces and feces in the
sediment.

Table 4 General linear model:

effects of the mussel M. sen- Experiment, depth Effect df MS F P
housia (dry biomass/50 cm?) . )
on eelgrass leaf growth (cm METE 2, 0.5-0.8 m Musculista, lme.ar term I 5.414 12.02 0.003**
shoot™! day™', means of 5 August 1995 Musc. quadratic term 1 4516 9.178 0.007**
shoots per plot) in Musculista- Block 6 2.437 9.935 0.001**
telgrass transplantation experi- Residual 19 0.390
{’fﬁ“ﬁ;gefﬂg“ﬁﬂs of the SPa-  METE?2, 0.508m  Musculista biomass 1 0618 1.090 0.308ns
iOmasC ng lac tor'WI'f mussel  Qctober 1995 Block 6 1.265 2.245 0.081ns
any ans were not significant in Residual 20 0.563

alysis (P > 0.3). The
Quadratic effect of M. senhousic  METE 2,3.5m Musculista biomass 1 0.082 0.068 0.803ns
0omass was removed from the October 1995 Block 5 2.612 2.186 0.205ns
Model if P > 0.5 Residual 5 5.972 1.194

** P <0.01, ns not significant
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Despite the organic accumulation in sediments in-
habited by M. senhousia, the hypothesis that such ac-
cumulation can lead to increased sulfide in the sediments
was not supported. Surprisingly, we were unable to de-

Lcéf growth rate (cm x shoot™ x d!)

44 : -
. Growth =8 —-C—- °
3 m(CHK,) -
R1=0.44
2 T T T T T
0 30 60 90 120 150 180

Ammonium concentration in porewater (LM)

Fig. 2 Leaf growth of Z. marina as a function of the interstitial
ammonium concentration in the eelgrass transplantation experiment
METE 2 in August 1995. Each data point is the mean of 5 growth
measurements and duplicate porewater determinations. The equation
ofa hyperbolic tangent function is given C is interstitial ammonium
concentration 1n the sedlment Zmax 18 maximum growth rate and was
7.8 cm shoot™ day™!, Ky is the half-saturation constant and was
24 nMNH}. The 3 open circles indicate data points which were
excluded because they were assoc1ated with decreased growth rates at
M. senhousia biomasses > 6 g/50 cm” (Fig. 1a)
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Fig. 3 a Organic content of the sediment (upper 5 cm) and b intersti-
tial ammonium concentrations (mean of duplicate samples) as a
function of M. senhousia biomass (mean of 3 cores of 50 cm).
Samples were taken in the shallow plots of METE 2

tect sulfide concentrations above the detection limit o) gyt
the method (2 pm). Also, samples never smelled sulfid, jfect
to the several persons who sniffed the cores immediate], j1
after sampling. Sediments were reddish after combuyg s
tion, suggesting that the sediments contained relative]
hlgh concentrations of iron which could have bound the
sulfides. :

Rhizome elongation rates

Rhizome elongation rates declined with increasing
M. senhousia biomass in both experiments (all dat
included, Table 5, Fig. 4). Rhizome growth was up tof
40% lower at M. senhousia biomass of 4 g/50 m? com.| =
pared to mussel free treatments. In all experiments,
could be argued that the effects observed were due tg
organisms associated with M. senhousia or its byssa
cocoons. While true, we inspected rhizomes and roots
for signs of chewing or other damage and found none.

Leaf + flowering shoot abundance
and M. senhousia persistence

Both shallow eelgrass transplantations did very well and
shoot numbers increased exponentially during the first 3
mo (Figs. 5, 6) demonstrating that, except for brant
grazing during 2.5 months in winter, all other environ- |
mental variables were suitable for eelgrass. At the end of |
the experiment, the transplanted eelgrass patches were
0.5-0.6 m and 0.8-0.92 m in diameter in METE 1 and 2,
respectively. In general, we found only weak and non-
significant effects of M. senhousia biomass on eelgrass
shoot density. In METE 1, although the rate of shoot
increase was slowest at the highest mussel treatment
level, the only significant negative effect on shoot density
occurred between 4 and 5 months in February 1995
(Fig. 5, one-way-ANOVA, P = 0.012). The plots of
METE 1 were shallow enough to allow brant geese t0
graze on the eelgrass starting in late November 1994. By
mid-February 1995, the geese had destroyed the entire
experiment. Because of unidentified interactions betweel
goose grazing and mussel additions, these results should
be viewed with caution. In all other experiments we
never observed interference by geese. In METE 2
mussel biomass as high as 7 g/50 cm® had only small
non-significant effects on shoot densities (Fig. 6a). Eel
grass transplantation success, measured as shoot de
sity, was not more susceptible to high mussel biomass at
the lower depth limit for eelgrass growth (3.5 m, Fig. 6b;
two-way ANOVA, interaction depth x M. senhousi

= 0.3).

M. senhousia biomass persisted at the original treat*
ment levels, although at the end of METE 2, the
differences among the levels became less pronounced
(Fig. 6). The changes in mussel biomass in the expert:
mental plots paralleled those in the donor mussel be
(Fig. 5, 6), demonstrating that the transplantation of
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it o rable 5 General linear model: -
Ifid; ;| ects of the mussel M. sen- Experiment Effect df MS F P
o jousia (dry biomass/50 cm~) on - )
dte’l{ Jgrass rhizome growth (mm METE I Musculista biomass 1 1.1097 6.3565 0.0244*
1bug za)’—l’ mean of 5 shoots per November 1994 Block 4 0.2822 1.6163 0.2252
iv&"ﬁﬁ plot) All interactions of the Residual 14 0.1746 '
1 t#] spatial blocking factor with METE 2 Musculista biomass 1 3.142 5.867 0.025*
Xy, senhousia biomass were August 1995 Block 6 0.096 0.179 0.979
i deleFed because they were not Residual 20 0.535
| significant (P > 0.5 )
METE 2 Musculista biomass 1 0.5201 5.3064 0.0321*
November 1995 Block 6 0.1010 1.0305 0.4347
Residual 20 0.0980
+p<0.05
S+ -
a METE 1, November 1994 METE 1 Zostera Musculista
4] | 907 Musculista 2x ambient —0— --o-- -8
S y= -0.22 x +2.33 addition Ix ambieat —fr—— --A--
0.5x ambient —%— _.yw_. S
3 - conro] —O—— _.g-- a8
® 04 O “g -6 §
i A 2% i g 60 5
° o =] g
1] o ° - g -4 8
= a
o T T T T 2 )
5 g
S 5. S 307 -2 S
i b METE 2, September 1995 3 §
é 4 O%c o o -} - a,.,
"g 3 °% ® o o
R I 2 i o
:)D 24 oo ° e 8¢ -] - §§ I l é I ] Eg I
g -]
2 14 y=-0.15 x + 3.43 - Fig. 5 Time courses of shoot densities in plots with 4 different
5 0 M. senhousia additions in the Musculista-eelgrass transplantation
3 T T T T experiment METE | with associated mussel treatment levels (£ 1 SE).
= METE 1 was conducted in a single depth at 0.5-0.8 m below MLLW.
45 Significant differences among treatments are indicated as follows
¢ METE 2, Oct/Nov 1395 005 > P> 00l P,(*) = 0.1 > P > 0.05. The dashed boldface line
34 . y=-011x+17 [ denoted by s is the biomass in the source bed for M. senhousia
2 ~ e o B . .
o ® L eelgrass transplantations compared to the adjacent
1 ° %o °8 B mussel donor bed, a difference which was marginally
o significant (¢-test, n = 7, P = 0.06). '
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Fﬁg. 4 Rhizome growth of Z. marina as a function of the M. senhousia
biomass in 2 M usculista-eelgrass transplantation experiments
{METE). The equations of the significant linear regressions are given.
Each data point is the mean of 5 rhizome growth measurements and 3
Mussel biomass determinations per plot

M. senhousia had little effect on mussel mortality. A
Statistical comparison of the M. senhousia biomass be-
tween the donor bed and the 1x ambient treatment in
METE 1 after 4 months experimental duration revealed
only small, non-significant differences (¢-test, mean bio-
Mass of 3 determinations per plot, n = 5, P = 0.14).
lkewise, after 3 months of experimental exposure in
METE 2, only small, non-significant differences among
the biomass of transplanted and non-transplanted
M. senhousia were present (z-test, n 7, P = 0.6).
After 6 months, however, the biomass of M. senhousia

{Was 27% lower in the Ix ambient treatment of the

Effects of M. senhousia on eelgrass
in established meadows

Leaf growth was not measured in EME 1. In March
1995 in EME 2 there was no significant effect of
M. senhousia on leaf growth (Table 6, Fig. 7a). In con-
trast, in August in EME 3, we found a significant posi-
tive effect of M. senhousia (Fig. 7b). Similar to the
transplantations, leaf growth rates increased linearlzy
with mussel biomass until approximately 4 g/50 cm”.
However, there was no parallel decline in leaf growth
rates with high mussel biomass. At the time of leaf mea-
surements, mussel biomass had declined to <4 g/50 cm?,
below the level associated with declines in growth rates
in the Musculista-eelgrass transplantation experiment 2
(Fig. 1a).

Rhizome elongation rates, measured at Le Meridien
(EME 1), declined significantly with M. senhousia
biomass (Table 7), similarly to the effect in the trans-
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METE 2
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Fig. 6 a,b Time courses of shoot densities of plots with 4 different
M. senhousia additions in the Musculista-eelgrass transplantation
experiment METE 2 (£1 SE). Here, eelgrass was also transplanted
to 3.5 m depth, the lower distribution limit of Z. marina at the site
(b). The dashed boldface line denoted by s is the donor bed for
M. senhousia :

Table 6 General linear model: effects of the mussel M. senhousia
(dry biomass/50 cm?) on eelgrass leaf growth (cm shoot ™! day™!,
means of 5 shoots per plot) in established meadow experiments.
Interactions of factor “‘spatial block™ with mussel biomass were not
significant in any analysis (P > 0.3). The quadratic effect of
M. senhousia biomass was removed from the model if P > 0.5

Experiment  Effect df MS F P
EME 2 Musculista 1 2.237 2.987 0.102ns
biomass
March 1995 Block 5 0.961 1.283 0.317ns
Residual 17 0.749
EME 3 Musculista 1 3.740 9.296 0.009**
biomass
August 1995 Block 4 0.622 1.546 0.243ns
Residual 14 0.402

** P <0.01, ns not significant

Table 7 Rhizome growth of Zostera marina as a function of four
different Musculista senhousia additions at Le Meridien (EME 1) in
November 1994. Significant differences among treatment means
(n=35, Tukey-Kramer test) are indicated with different capital
letters (P < 0.05)

Musculista biomass g

Rhizome growth
dry mass + SE

(mm day~!) £ SE

0.13 £ 0.05 1.16 + 0.08 A
1.02 £ 0.31 1.22 + 0.04 A
341 £ 0.30 0.89 £ 0.13 AB
4.59 £ 0.29 0.84 + 0.08 B
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Fig. 7 a,b Leal growth rates of eelgrass (Z. marina) as a function of }. ¢

the co-occurring biomass of the mussel M. senfousia in the established
meadow experiments (EME). Leaf growth data are plotwise means

(5 plants per experimental unit) and mussel biomasses are triplicate
plotwise means. The statistically significant equation of the general §°

linear model is given. See Table 6 for statistical analysis

plantations (ANOVA with spatial blocking factor,
MSeror = 0425, F315 = 519, P = 0.0159). At the
time of rhizome measurements, M. senhousia was still
abundant enough to form visible carpets.

A striking finding was that M. senhousia biomass
added to 2 different established meadows declined to low
levels in all three experiments (Figs. 8, 9), in contrast to
population persistence when M. senhousia were added to
the eelgrass transplantations (Figs. 5, 6). Therefore, it

was not surprising there were few significant effects of |-

M. senhousia on eelgrass shoot density in established

beds. In EME 1, the only marginally significant or sig |

nificant negative effects, respectively, of M. senhousia on
eelgrass shoot density occurred at 5 and 9 weeks
(Fig. 8a, ANCOVA, P = 0.07 at 5 weeks and P = 0.02
at 9 weeks). In EME 2, there were no significant effects
on shoot density (all 7 > 0.3, Fig. 8b). In this experi-
ment, M. senhousia was not protected from the predator

Pteropurpura festiva and treatment levels of M. sen-f

housia declined by roughly 50% within the first 6 weeks.

After 5 months, less than 8% of the originally trans- |

planted M. senhousia were alive (Fig. 8b).

Assuming that predation was the cause of the bio-
mass decline at Harbor Island, EME 3 was designed
with fences to maintain mussel treatment levels. Snail
exclusion by fences did result in higher mussel biomass

" " Zostera shoots/0.25 m®

at the end of the experiment, but this effect of fencing |

was small (Fig. 9). The initial M. senhousia biomass still

declined by 84% whereas the low unmanipulated

M. senhousia abundances in the surrounding vegetatﬁd
areas rvemained nearly constant (biomass 0.31 and 0.25/
50 em” in July and November 1995, respectively). We
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Fig. 9 Time courses of eelgrass shoot densities and M. senhousia
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). In this experiment, based on the observations made in EME 2,
Predator presence/absence was an additional experimental factor fully
CFOSSEd with 1.5 x ambient M. senhousia addition/no addition.
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detected no fence artifacts on eelgrass shoot density
(paired #-test, partially fenced vs. unfenced treatments,
P = 04). In the main experiment, most effects of
M. senhousia on eelgrass shoot density in the EME 3 were
statistically non-significant (all £#>0.2). In this experi-
ment, only at 6 weeks (July 1995) was the main effect of
mussel addition significant, resulting in 19% lower shoot
density with M. senhousia (2-way ANOVA, main factor
M. senhousia-addition, P = 0.0041).

Discussion

At natural abundances found in San Diego Bay, the
non-indigenous mussel M. senhousia has negative, pos-
itive or no effects on native eelgrass depending on the
M. senhousia biomass present and the response variable
considered. M. senhousia and eelgrass interact in com-
plex ways and our conclusions would have been in-
complete if we had done a single experiment or had
considered only eelgrass transplantations or only one
response variable. In summary, M. senhousia (and per-
haps associated organisms) had consistent negative
effects on the asexual propagation of eelgrass (Fig. 4,
Table 7), which is the most important mode of repro-
duction for population growth of this clonal angiosperm
in southern California (Ewanchuk 1995). Leaf growth
was either facilitated by mussels or not affected (Figs. 2,
7). In all experiments, the effects of M. senhousia on
eelgrass shoot density were inconsistent and weak
(Figs. 5, 6, 8, 9).

This study was devoted to determining the nature of
a hypothetical eelgrass-Musculista interaction. Identifi-
cation of the underlying mechanisms will require further
research. As a starting point, several mechanisms can be
hypothesized for the effects observed. Alleviation of
nitrogen limitation is a reasonable mechanism underly-
ing the enhancement of eelgrass leaf growth at low to
moderate mussel densities in August (Figs. 1a, 7). Other
studies also have demonstrated that biodeposition of
feces and pseudofeces by bivalves can increase ammo-
nium availability for rooted angiosperms (Bertness
1984; Reusch et al. 1994). The saturation-type growth
response of leaf growth in August is similar to other
eelgrass populations growing under nitrogen limitation.
Eelgrass leaf growth was maximal at =100 pv NHJ in
the sediment porewater, a concentration that supports
maximum leaf growth in other eelgrass beds (Dennison
et al. 1987; Williams and Ruckelshaus 1993; Reusch
et al. 1994). Less obvious is why there was no fertiliza-
tion of leaf growth in March and October. Other studies
have demonstrated that nitrogen limitation of eelgrass
can be seasonal (Williams and Ruckelshaus 1993).
Hence, it is reasonable to suggest that leaf growth was
not affected by nitrogen availability in months when
light is reduced (T.B.H. Reusch and S.L. Williams, un-
published work; Ewanchuk and Williams 1996; Sewell
1996).



438

We have no explanation for why leaf growth declined
significantly at high mussel densities in METE 2. There
was no evidence that sulfide reached toxic levels (Carl-
son et al. 1994; Goodman et al. 1995). We suggest that
some attribute of mussel carpets is deleterious to eel-
grass, but have only anecdotal observations to suggest a
mechanism. Rhizomes, which unlike leaves and shoots,
are in intimate contact with mussels in the sediments,
consistently grew more slowly as mussel biomass in-
creased. We found no evidence for physical damage of
rhizome or root tissue that would indicate chewing by
animals associated with the carpets. We did observe that
the rhizomes of eelgrass plants often grew across the top
of the carpets at high mussel biomass. Qualitatively,
byssal carpets are much firmer than ambient sediment
and can be rolled up intact. Because all M. senhousia live
in the same sediment horizon just below the surface, it is
reasonable to approximate the area occupied by the
M. senhousia population as the sum of areas each indi-
vidual occupies (shell + bag). If we do so, at carpet-
forming biomasses (>3 g dry mass/50 cm?), 65-100% of
the topmost sediment layer consists of M. senhousia in-
dividuals including their byssal bag. Thus, in contrast to
most other soft-bottom environments (Peterson 1979),
spatial interference through M. senhousia may be an
explanation for reduced eelgrass rhizome growth. To
test whether rhizome elongation through the byssal mats
was impeded, byssal carpet firmness must be measured
in a way. biologically relevant to rhizome elongation.
Such research was beyond the scope of this study.

In all experiments, shoot densities were hardly af-
fected by M. senhousia. Several hypotheses may account
for this. First, in modular clonal plants like seagrasses,
there can be significant lags between effects of
environmental changes, such as fertilization or grazing,
on different plant parts, e.g., fast-growing leaves, slow-
growing rhizomes, and the production of new shoots,
which depends upon both new leaf and rhizome pro-
duction (Williams 1987). Although our experiments
continued for 6 months, perhaps this was not long
enough for M. senhousia effects on shoot density to be
manifested.

In all established meadow experiments, we would not
expect M. senhousia to affect eelgrass shoot density be-
cause the transplanted mussel population declined rap-
idly. This even applied to EME 3 where predatory snails
were excluded (Figs. 9). In contrast, the mussel popu-
lation in the eelgrass transplantation experiments per-
sisted both shallower and deeper than the closed eelgrass
canopy and their abundance remained similar to the
mussel donor bed where there was no eelgrass
(Figs. 5, 6). In particular at the onset of the experiments,
the eelgrass transplantations had lower shoot densities
compared to the established meadows at Le Meridien
and Harbor Island (compare Figs. 5, 6 with Figs. 8, 9,
respectively). We suggest that, besides predation, the
cause of the M. senhousia die-off in the established beds
was starvation. Probably within the denser, extended
(>5 m diameter) eelgrass beds, the food supply to the

filter-feeding mussels was markedly reduced due to Te. i

duced water flow in eelgrass canopies (Kerswill 194y
Gambi et al. 1990; Worcester 1995). Our observatigy,

ns Ay g

differ from studies conducted in coastal waters of the :
Northwest Atlantic. Several authors have demonstrate|yo

an enhancement of bivalve growth and food availabﬂity i3t

to suspension feeders inside seagrass canopies compareg Jienst:

to adjacent sand flats (e.g., Peterson et al. 1984; Petersg,

and Beal 1989; Irlandi and Peterson 1991; Judge et al 3
1993; Irlandi 1996). However, it is likely that this ey g

hancement does not apply to the subtidal eelgrass beg

of San Diego Bay, based on research now underway,
These ongoing experiments conducted at three sites r. | ™

vealed that M. senhousia grew at less than half the rag

inside closed (100% cover) canopy eelgrass beds com.| s

pared to adjacent sand flats (Reusch and Williams up.|

published work). In contrast, mussels grew almost g
well inside sparse eelgrass patches (0.8 m in diameter,
shoot density 50-70/0.25 m?) as on the adjacent san
flat. In addition, we found mussels living in extended
eelgrass beds to have lower flesh to shell weight ratio
indicating starvation. Moreover, food availability
(chlorophyll a) to the mussels, sampled in a protocol
that realistically simulates M. senhousia suspension
feeding (siphon diameter, intake speed) was consistently
lower inside the eelgrass bed compared to the adjacent
sand flat (Reusch and Williams, in preparation), sup-
porting the hypothesis that M. senhousia is food-limited
inside the canopy.

Although the eelgrass transplantations were manip-
ulations performed to address the critical conservation
and management issues, they also mimic other condi-
tions, increasingly common in disturbed eelgrass habi-
tats, and thus provide insight to the importance of
spatial heterogeneity. The response of the mussel pop-
ulations was dramatically different between more dense
established beds and sparse, small eelgrass transplanta-
tions. Consequently, eelgrass is likely to be affected by
M. senhousia primarily where the eelgrass bed is sparse
or fragmented, as in disturbed beds, at the lower
distribution limit, or in recolonizing patches. Eelgrass
shoot densities in the transplantations >3 months after
planting ranged from 55-100/0.25 m?, which falls within
the range of 50% (5 out of 10 sites) of the eelgrass
habitats in San Diego and Mission Bay we routinely
censused from 1994 to 1997 (Table 8). In addition, eek
grass beds in San Diego and adjacent Mission Bay were

either permanently patchy (<50% cover, n = 2), of |

suffered from die-offs which caused patchiness for peti-
ods of >8 months (7 = 2, Table 8). Low shoot density
or patchy eelgrass beds are also now common in San
Francisco Bay (Zimmerman et al. 1995) where M. ser-

housia already occurs. Such conditions are also not un- |-

usual in regions where the mussel has not invaded, €.+

parts of Chesapeake Bay (Orth et al. 1995) or large areas .

of the Baltic Sea (Reusch et al. 1994). Likewise, the
M. senhousia densities found at our study sites and ap-
plied in the experiments are within the range of othef
densities reported in the literature (Table 9).
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) Table 8 Range of eelgrass shoot

81 jensities at S sites in San Diego Station Position Range of shoot Structure of No. sampling
S gay and Mission Bay, San densities . eelgrass bed dates
piego, California. These data n0./0.25 m~ + SE
represent a subset of 10 sites -
1 ensused from 1994 to 1997 San Diego Bay s _
o[ s.L. Williams and T.B.H. Re- Harbor Island  32°43 2,5 N 3 £ 1.5-35 + 6 Patchy 4
“iL sch, unpublished work). 10-20 . UPITISW below 3 m depth
| quadrats of 50 x 50 cm were Naval Training 32°4431”"N I15+3-27 +7 Patchy 4
laced at random parallel to the Center ) “701,2 5,6, W
hore. Shoot densities refer to 5t‘h Street Fish 32°42 2,6 ,I>I 7+2-17 £ 4 Patchy 4
Jverage counts in vegetated and Pier 117°0997"W
gnvegetated areas, and include  psicsion Bay
"% yegetative and reproductive Kendall Frost  32°47°29”N 21 £7-62 +4 Patchy from 6
shoots. Patchy structureo of eel- 117°1324" W April 1994 to Feb 96
grass bed refers to < 50% cover  gqj| Bay 32°4726"N 10 + 35-65 + 4  Patchy from 6
117°15°00"W June 96 to February 97

*Only the deep edge of the eelgrass bed (3-3.5 m depth) was censused

Table 9 Abundance of M. sen-

housia in its indigenous and new Location Abpr}dance R Bior7nass Reference
i nabitats individuals/m~ g/m”
Indigenous habitat
Japan, Seto Inland Sea 28,650" Kikuchi 1964; Kikuchi
: and Perez 1977
Yokosuka Harbor, Japan 10,000 8,000 (fresh mass) Ito and Kajihara 1981
400,000*
Shitomo River, Japan 15,000 Kimura and Sekiguchi 1993
Tai Tam Bay, Hong Kong 2,500 Morton 1974
New habitat
Whangarei Harbor, 3,300 Willan 1987
New Zealand
Mission Bay, southern CA  200,000* . Crooks 1996a, b
8,600 250 (dry mass)

San Francisco Bay 2,000 i Hopkins 1986
San Diego Bay, channel 12,370 MacDonald et al. 1990
San Diego Bay, shallow 15,000 1,200 (dry mass) this study

ino i : btidal
* Including juvenile settlers sublidal zone

In addition to interactions of adult mussel popula-
tions with eelgrass, heavy mussel recruitment via pelagic
settlers has the potential to rapidly change a site from
cr | eelgrass meadow to mussel carpet.-In 1995 in nearby
Mission Bay, San Diego, recruitment onto eelgrass
leaves was intense enough ‘to weigh down the leaf can-
opy (Sewell 1996). Z. marina beds in northern Burope
dpparently also can be changed within weeks to Mytilus
elulis beds after heavy spatfall (Griindel 1980; Ruth
191; T.B.H. Reusch, personal observations). Conse-
Quently, any changes that favor mussel growth and
®production, e.g., increased phytoplankton availability
or further reductions in eelgrass cover, could have future
harmful effects on eelgrass. Non-indigenous species
| ®present only one disturbance to eelgrass on heavily
deVeloped coastlines. Attributing the cumulative effects
of, for example, non-native species, poor water quality,
habitat loss, and reduced genetic diversity on eelgrass is
& daunting problem for estuarine ecologists and man-
%ers (Short and Wyllie-Escheverria 1996; Williams and
vis 1996).

Until the ecological effects of marine non-indigenous
species are known, both the rationale and the necessary
scientific details for formulation of management plans
are missing. This study revealed that M. senhousia is a
problem for eelgrass habitat restoration because the
mussel had negative effects on rhizome elongation that
increased linearly with mussel biomass in all experi-
ments. The area of substratum covered by eelgrass,
which is the usual criterion for judging the success of a
transplantation (Fonseca et al. 1988), obviously depends
on rhizome elongation. We have found dry ‘biomass of
M. senhousia >4 g/50 cm® (corresponding to >800 g/
m?) at 3 of 8 sites which we routinely census. Trans-
plantation of eelgrass should be avoided in such areas
unless the mussel carpet is thinned to moderate biomass
(<2 g/50 cm?, corresponding to 400 g/m?).

Non-indigenous species which alter the habitat
through modifying the access to resources for other
species (ecosystem engineers sensu Jones et al. 1994) are
likely to strongly affect native species in the invaded
environment. Gregarious filter feeders including
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M. senhousia are a case in point. Other examples include
the invasive freshwater bivalves Dreissena polymorpha
(Hebert et al. 1991) and Corbicula fluminea (McMahon
1983), and the marine clam Potamocorbula amurensis
(Kimmerer et al. 1994). Common to these bivalves is
that they can have profound effects on the structure and
function of the invaded ecosystems because they are very
abundant, change the physico-chemical nature of the
sediment they live on or in, and enhance the transport of
carbon and nutrients from the pelagic zone to the
benthos (see also Lenihan et al. 1996).

Not all non-indigenous species, even if they become
dominant, will have negative effects on the native species
of the invaded environments. For example, introduc-
tions of the non-native aquatic angiosperms Zostera
Japonica and Hydrilla verticillata resulted in increased
faunal abundance and species numbers, similar to the
effects of native macrophytes (Posey 1988; Posey et al.
1993; but see Harrison 1987). In the intertidal mudflats
of Mission Bay, San Diego, M. senhousia enhances the
abundance of many benthic invertebrate groups, except
oligochaetes and larger bivalves which decreased in
abundance, within dense mussel mats (Crooks 1996b;
J.A. Crooks, personal communication).

Certainly, once established, some non-indigenous
species can profoundly change the biodiversity and
ecological function in their new environment. Little at-
tention, however, has been paid to the complex range of
responses of a single native species to non-indigenous
organisms, which can vary from enhancement to inter-
ference, depending on the relative abundances of the two
species, the season, and the attribute of the native target
species considered (e.g., growth versus abundance).
Partly, this gap is due to a surprising lack of experi-
mental information on the quantitative effects of non-
native species (Grosholz and Ruiz 1995; Kareiva 1996).
Our study demonstrates that within a single native target
species, eelgrass Zostera marina, all three principal out-
comes of ecological species interactions (neutral, nega-
tive, positive) are possible. It is likely, that with an
increasing number of experimental studies, other com-
-plex arrays of ecological effects of non-indigenous
species will be revealed.
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