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Environmental context may influence the sign, strength, andmechanisms of species interactions but few studies
have experimentally tested the potential for abiotic conditions to mediate interactions through multiple co-
occurring stress pathways. Abiotic conditionsmaymediate species interactions by directly or indirectly influenc-
ing the effects of habitat-modifying organisms that are capable of simultaneously ameliorating and exacerbating
multiple stressors. It was hypothesized that light availability changes seagrassmetabolism and thereby indirectly
regulates bivalve habitat modification and subsequent impacts on seagrasses by shifting net effects between al-
leviation of nutrient stress and intensification of sulfide stress. To test this hypothesis, manipulations of light
availability and blue mussel (Mytilus edulis) abundance were made in eelgrass (Zostera marina) mesocosms
and biogeochemical and plant responses were measured. Light modified the effect of mussels on porewater am-
monium, but eelgrass was not nutrient limited and, therefore, mussels did not enhance growth. Mussels in-
creased sediment sulfides irrespective of light availability and, by reducing net oxygen flux (production and
respiration), mussels and low light availability exacerbated sulfide intrusion of eelgrass tissues. Surprisingly, sul-
fide stress did not affect plant growth, survival, or energy stores. Thus, habitat modification bymussels may rep-
resent a risk to eelgrass, especially during low productivity conditions, but eelgrass can resist harm from short-
term stress, even during light limitation. These findings suggest that while small-scale bivalve impacts on
seagrassesmay be variable in oligotrophic estuaries, they have the potential to be negative in eutrophic systems,
which are increasing globally.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The sign, strength, and mechanisms of interactions among species
can depend on environmental context (Menge and Sutherland, 1987;
Connolly and Roughgarden, 1999). Abiotic stress is an important class
of environmental conditions that can shift the direction of species inter-
actions, as predicted by the stress gradient hypothesis (Bertness and
Callaway, 1994; Bertness and Hacker, 1994). This hypothesis has been
especially applicable to species that physically or chemically ameliorate
a single environmental stressor or increase the availability of a limiting
resource (e.g., Norkko et al., 2006). Habitat-modifying organisms often
simultaneously alleviate and exacerbate several stressors, creating the
potential for highly complex species interactions (Kawai and Tokeshi,
2007). However, few studies have experimentally assessed the
University of California, Santa

rani).
potential for environmental context to mediate the sign or strength of
species interactions through multiple co-occurring stress pathways.

Estuaries are excellent ecosystems for testing the effects of envi-
ronmental conditions on habitat modification and species interac-
tions by virtue of their dynamic abiotic gradients (e.g., salinity,
nutrients, light) and numerous species that modify physical and bio-
geochemical conditions of the seafloor, such as suspension-feeding
bivalves (e.g., Haven and Morales-Alamo, 1966; Bertness, 1984;
Kautsky and Evans, 1987) and seagrasses (e.g., Frederiksen and
Glud, 2006; Holmer, 2009; Castorani et al., 2014). Bivalves are com-
mon, often abundant inhabitants of temperate seagrass meadows
(e.g., Peterson et al., 1984; Peterson, 1986) and may have positive,
negative, or no effect on these plants. For instance, clams and mus-
sels may facilitate seagrass growth by increasing the availability of
sediment nutrients through biodeposition of feces and pseudofeces
(e.g., Reusch et al., 1994; Carroll et al., 2008). However, other studies
have shown that sediment enrichment by mussels can inhibit the
growth of seagrasses by increasing concentrations of toxic sulfides
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(Vinther and Holmer, 2008; Vinther et al., 2012). In other instances,
bivalves may have mixed (Reusch and Williams, 1998) or no
(e.g., Worm and Reusch, 2000; Wagner et al., 2012) effects on
seagrass growth. These variable and inconsistent effects cannot be
satisfactorily explained by nutrient availability, suggesting more
complex interactions. Variation in light availability—the primary de-
terminant of seagrass productivity (Dennison and Alberte, 1985;
Zimmerman et al., 1995)—might help reconcile these disparate
findings.

Here, the hypothesis is tested that bivalve modification of benthic
biogeochemical conditions and the sign and strength of subsequent
impacts on seagrasses are indirectly mediated by light availability
through changes to seagrass metabolism. It was predicted that bi-
valve biodeposition relieves seagrass nutrient stress by increasing
sediment nitrogen, but only when light is not limiting. It was also
predicted that bivalve enhancement of sediment sulfides inhibits
seagrasses under light limitation, when low productivity diminishes
the ability of seagrasses to maintain an oxygenated rhizosphere and
resist sulfide intrusion (Pedersen et al., 2004; Holmer et al., 2005;
Frederiksen and Glud, 2006). Thus, it was hypothesized that light
availability mediates bivalve impacts on seagrasses by shifting the
net effect between alleviation of nutrient stress and exacerbation of
sulfide stress. To test these predictions, bivalve abundance and
light availability were manipulated in seagrass mesocosms and bio-
geochemical and seagrass responses were measured.

2. Materials and methods

2.1. Study system

The bluemussel,Mytilus edulis L., is a suspension-feeding epibenthic
bivalve that commonly co-occurs with eelgrass, Zostera marina L., in in-
tertidal and shallow-subtidal zones of the temperate North Atlantic
Ocean, North Sea, and Baltic Sea (e.g., Reusch et al., 1994; Reusch and
Chapman, 1995; Reusch, 1998; Bologna et al., 2005). In the Baltic Sea,
studies of the effects ofM. edulis on Z. marina have had particularly con-
flicting results (e.g., Reusch et al., 1994; Worm and Reusch, 2000;
Vinther et al., 2012). This study was conducted with seawater, sedi-
ments, and organisms collected from the Danish Straits, which connect
the North Sea and Baltic Sea. Eelgrass and blue mussels are widely dis-
tributed within many Danish fjords and along most Danish coastlines,
co-occurring in both mixed and patchy spatial distributions (Reusch
et al., 1994; Worm and Reusch, 2000; Kristensen, 2002; Frederiksen
et al., 2004; Vinther et al., 2012). In this region of Denmark, coastal wa-
ters are often eutrophic (median total nitrogen=550 μgN L−1;median
chlorophyll a = 5.1 μg L−1) and turbid (median turbidity =
10.0 mg dry L−1), resulting in highly-variable benthic light availability
(Secchi depth range = 0.3–17.0 m) (Nielsen et al., 2002).

2.2. Experimental design

To determine the role of light availability in mediating blue mussel
habitat modification and impacts on eelgrass, mussel abundance
(present vs. absent) and light availability (high vs. low) were manipu-
lated in a factorial design for 37 days in an indoor mesocosm experi-
ment at the University of Southern Denmark (Odense, Denmark; 55°
22′ 9″N, 10° 25′ 40″ E).Mesocosms consisted of transplanted sediments
and eelgrass in 5.4 L plastic buckets (20 cmdiameter × 17 cm tall; n=6
buckets per treatment). Eelgrass mesocosms were housed in two
aquaria (each 1.1 m length × 0.7 mwidth × 0.6m height) that were re-
spectively illuminated at high and low light availability. Aquaria shared
flowing seawater (total vol.≈ 1200 L; connected through a sump with
plastic filtration media) that was collected unfiltered from the Marine
Biological Research Centre (Kerteminde, Denmark; 55° 27′ 11″ N, 10°
39′ 54″ E) and partially (15% = 175 L) replaced weekly to prevent nu-
trient accumulation. To maintain 100% air-saturation of the water, 14
air stones were distributed evenly across each aquarium. Both aquaria
were illuminated on a 12 h:12 h day:night cycle using Philips SGR
140/400 W lamps (three HQT-BT/D bulbs in high-light aquarium vs.
one bulb in low-light aquarium; Royal Philips, Amsterdam, The
Netherlands). To further reduce light in the low-light aquarium, the
top of this aquarium was shaded with neutral-density black plastic
netting.

To characterize abiotic conditions, temperature and light availability
were measured every 15 min using a data-logging pendant sensor
(HOBO UA-002-64, Onset Computer Company, Bourne, Massachusetts,
United States of America (USA)) in each aquarium, attached to stands
at eelgrass canopy height (30 cm above the sediment (see below) and
13 cm below the air-water interface). Illuminance readings were cali-
brated to photosynthetically-active radiation (PAR; 400–700 nm) mea-
sured with a PAR sensor (LI-COR LI-250A light meter with LI-193
Underwater Spherical QuantumSensor, LI-CORBiosciences, Lincoln,Ne-
braska, USA). During daytime, mean canopy-height irradiance in high-
light and low-light aquaria was 574 ± 289 (SD) and 97 ± 70 μmol
photons s−1 m−2, respectively (high variability in measured irradiance
was due to air bubbles periodically crossing the sensor and occasional
fouling of the sensor surface). These irradiance levels were chosen to
represent light conditions within the range experienced by natural eel-
grass communities and at which light availability typically does or does
not limit eelgrass growth (i.e., above and slightly below the light-
saturation point, Pmax), respectively (Dennison and Alberte, 1985). At
night, both aquaria were completely dark. Aquaria had similar flow
(1200 L h−1), temperature (14.4 °C), salinity (13.4 ± 0.8), water-
column oxygen air-saturation (100%), and water-column nutrients
(18.5 ± 1.7 μg NO3 L−1; 11.5 ± 7.7 μmol NH4

+ L−1).

2.3. Field collections

In February and March 2013, sediments and eelgrass were col-
lected from haphazardly-selected patches at a shallow (0–2 m
depth) subtidal site at Svenstrup Beach in western Funen, Denmark
(55° 28′ 7″ N, 9° 45′ 17″ E). Sediments were excavated from the
upper 15 cm by shovel, sieved to remove fauna and detritus
N1 mm, homogenized by hand, and stored in the recirculating sea-
water system until planting (3 days). Sediments were sandy (poros-
ity: 30 ± 3%) and low in organic matter (0.42 ± 0.12%). Eelgrass was
carefully uprooted, rinsed of sediments, and transported in coolers to
the laboratory (b2 h). To reduce thermal shock, eelgrass was kept in
a temperature-controlled room, with aerated seawater and intermedi-
ate light (150–250 μmol photons s−1 m−2), in which the temperature
was increased gradually (+1 °C d−1) from 1 °C to 14 °C, the typical sea-
water temperature in coastal Denmark in the spring and early summer,
when eelgrass productivity is high (Olesen and Sand-Jensen, 1994a,b;
due to time constraints, plants could not be collected in the spring or
summer). Next, undamaged terminal shoots (leaf length N 10 cm and
rhizome length ≥ 2 cm, with 3–5 internodes, intact roots, and no lateral
shoots) were selected and carefully removed of senescent tissues. Then,
each mesocosm was filled with sediment (10 cm layer) and 28 shoots
were transplanted in haphazard arrangement (=891 leaf shoots m−2,
corresponding to eelgrass densities typically observed in mixed eel-
grass–mussel patches (Reusch et al., 1994; Vinther et al., 2012)).
Transplanted eelgrass was allowed two weeks to establish under inter-
mediate light (150–250 μmol photons s−1 m−2) and then each
mesocosm was randomly assigned a light and mussel treatment.

In March 2013, mussels were gathered by hand from haphazardly-
selected floating docks at the Marine Biological Research Centre and
medium-sizedmussels (51.9±5.1mm length, a typical size formussels
from local mixed eelgrass–mussel beds; HF Vinther, unpublished data)
were retained. Mussels were transported to the laboratory and accli-
mated using the same procedure as for eelgrass. To half of the
mesocosms, 28mussels (=891musselsm−2 or 27.6±3.6 g dry soft tis-
sue per mesocosm) were carefully added in their natural orientation,
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creating an unhummocked epibenthic layer of approximately 100%
mussel cover. This mussel density corresponds to densities common-
ly found in mixed eelgrass–mussel patches in the Baltic Sea (Reusch
et al., 1994; Reusch and Chapman, 1995; Vinther et al., 2012). Mus-
sels that died during the experiment (b5%) were replaced. Mussels
were fed a microalgal diet of resuspended dried Spirulina sp.
(2 g dry d−1 ≈ 5 μg chl. a L−1 recirculated through the integrated sea-
water system), which supports the growth ofM. edulis (Alunno-Bruscia
et al., 2000, 2001).

After applying light and mussel treatments, the arrangement of
mesocosms was randomized within each aquarium and, to control for
within-aquarium heterogeneity in water flow or light availability, re-
randomized twice per week. Control mesocosms, filled with sediments
but not eelgrass or mussels, were also created in both high-light and
low-light aquaria (n= 4 per light treatment) to quantify initial benthic
biogeochemical conditions without disturbing the sediment in experi-
mental mesocosms.

2.4. Benthic biogeochemical measurements

Porewaters and sediments were collected to characterize treatment
effects on benthic biogeochemical conditions. To determine sediment
nutrient pools at both the start and end of the experiment, porewaters
(0–5 cm depth) were sampled from all mesocosms using porous “sip-
pers” (0.15 μm pore size, 5 cm length; Rhizon SMS, Rhizosphere Re-
search Products, Wageningen, The Netherlands; Seeberg-Elverfeldt
et al., 2005) oriented vertically and arranged haphazardly (3 per
mesocosm). Porewater samples were filtered (0.45 μm), frozen, and
later analyzed colorimetrically for the concentration of ammonium—the
preferred nitrogen source for eelgrass (Short andMcRoy, 1984)—by the
salicylate–hypochlorite method (Bower and Holm-Hansen, 1980) on a
flow-injection autoanalyzer (Lachat Quick Chem 8500, Lachat Instru-
ments, Loveland, Colorado, USA). From these same porewater samples,
concentrations of dissolved organic carbon (DOC) were also measured
via high-temperature catalytic oxidation (Suzuki et al., 1992) using a
total organic carbon analyzer (Shimadzu TOC-5000, Shimadzu Corpora-
tion, Kyoto, Japan).

To determine how light and mussels affected sediment sulfur
pools, sediments were collected at both the start of the experiment
(from control mesocosms only) and end of the experiment (from
all mesocosms) by coring haphazardly within each mesocosm
(18 mm diameter × 3 cm depth; 3 homogenized cores per
mesocosm). In experimental mesocosms, care was taken to avoid
coring roots and rhizomes. All sediments were preserved in 20%
zinc acetate, frozen, and later distilled (Fossing and Jørgensen,
1989) to quantify acid-volatile sulfides (AVS = porewater H2S +
iron-monosulfides) by colorimetric concentration analysis (Cline,
1969). Under short-term organic enrichment (e.g., biodeposition),
AVS is the main form of sediment sulfide accumulation (Holmer
and Frederiksen, 2007).

To aid in determining sulfide intrusion of eelgrass tissues (see
below), separate sediment cores were collected (at both the start and
end of the experiment, as above) and distilled tomeasure sulfur isotopic
composition (δ34S). Seawater (sulfate) δ34Swas quantified by collecting
water-column samples (n= 3) and precipitating sulfate using hot bar-
iumchloride (Frederiksen et al., 2006). Subsequently, sediment and sea-
water δ34Swere determined using a continuous-flow isotope ratiomass
spectrometer plus elemental analyzer (Frederiksen et al., 2008; Thermo
Scientific Delta V Advantage plus Flash EA 1112, Thermo Fisher Scientif-
ic Inc., Waltham, Massachusetts, USA). Stable isotope signatures are re-
ported in standard delta notation (units per mil, ‰):

δ34S ¼ Rsample=Rstandard
� �

–1
� �� 1000

where R = 34S/32S.
2.5. Production and respiration measurements

To estimate community-scale production and respiration, every
week for the first four weeks fluxes of oxygen were measured in sub-
merged mesocosm enclosures for a subset of experimental mesocosms
(n = 3 randomly-selected mesocosms per treatment per week; it was
not possible to concurrently measure all mesocosms). The enclosures
were clear cylindrical plastic bags (6 L) thatwere sealed over each buck-
et and contained a small pump (Ehiem AS1000, Eheim GmbH & Co. KG,
Deizisau, Germany) that circulated water (5 L min−1). Affixed to each
enclosure was an oxygen optode patch that was used to measure the
oxygen concentration every 10–15 min using a fiber-optic oxygen
optode setup (PreSens Fibox 3, PreSens Precision Sensing GmbH, Re-
gensburg, Germany). Incubations were conducted for 3–4 h across the
end of the light cycle and beginning of the subsequent dark cycle
(Fenchel and Glud, 2000). Hourly rates of oxygen change were calculat-
ed using linear regressions. Then, net community production (NCP)was
estimated as oxygen flux during the light incubation (more positive
values indicate greater production), community respiration (CR) as ox-
ygen flux during the dark period (more negative values indicate greater
respiration), and gross primary production (GPP) as NCP + |CR| (Glud
et al., 2009).

2.6. Eelgrass survival, growth, and condition measurements

To quantify changes in eelgrass survival over time, shoots were
counted weekly during the first 3 weeks and twice per week during
the final 2.5 weeks (changes to eelgrass density accelerated during
this time). The needle-punch method (Dennison, 1987) was used to
measure leaf growth by puncturing all shoots 10 days before the exper-
iment concluded and, at the end of the experiment, haphazardly-
selecting 10 terminal shoots from each mesocosm and measuring the
width and linear elongation of all leaves. Rates of leaf areal production
(mm2 shoot−1 d−1) were converted to leaf mass production
(g dry shoot−1 d−1) by linear regression of leaf area (estimated as
leaf length × width) and leaf dry mass (P b 0.0001, R2 = 93.8%).

At the end of the experiment (37 days after applying treatments), all
eelgrass was collected, separated by tissue type (shoots + leaves, rhi-
zomes, and roots), freeze-dried for 48 h, and weighed. Eelgrass leaves
were colonized by very few epiphytes and did not require scraping.
Young leaves (youngest leaf pair), young rhizomes (youngest two inter-
nodes), and young roots (attached to young rhizomes) were homoge-
nized and analyzed separately for total carbon and nitrogen content
by elemental analysis (Kristensen and Anderson, 1987; Carlo Erba
EA1108 CHN analyzer, Carlo Erba Reagents, Milan, Italy). To determine
eelgrass energy stores (i.e., non-structural carbohydrates), soluble
sugars and starches were sequentially extracted from young rhizomes
using hot ethanol and potassium hydroxide, respectively (Zimmerman
et al., 1995). Sugar and starch concentrationsweremeasured colorimet-
rically using an anthrone assay standardized to sucrose (Yemm and
Folkes, 1954). Young tissues were the focus of these analyses because
of confidence that they grew under the experimental manipulations
(as opposed to older tissues, which might reflect responses to prior
field conditions).

To assess sulfide intrusion of young eelgrass tissues (Frederiksen
et al., 2006), the fraction of tissue total sulfur (TS) derived from sedi-
ment sulfides (Fsulfide) was determined as:

Fsulfide ¼
δ34Stissue–δ

34Ssulfate
δ34Ssulfide–δ

34Ssulfate

where δ34Stissue is the value measured in the leaves, rhizomes, or roots,
δ34Ssulfate is the value measured in seawater, and δ34Ssulfide is the value
measured in sediment AVS pools (Frederiksen et al., 2006, 2008). Eel-
grass tissue was measured for TS and δ34S using methods identical to
sediments (see above). If sulfides invade eelgrass roots, the delivery of
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oxygen via aerenchyma causes sulfides to precipitate as elemental sul-
fur (S0) and other oxidized compounds (Holmer et al., 2005). Thus, to
provide ancillary evidence of sulfide intrusion, S0 concentrations were
measured in young roots by high-performance liquid chromatography
(Mascaró et al., 2009; Agilent 1100 Series HPLC with UV detector
(265 nm), Agilent Technologies Inc., Santa Clara, California, USA) fol-
lowing methanol extraction (Zopfi et al., 2001).
2.7. Statistical analyses

The effects of mussels, light, and the interaction between these fac-
tors on benthic biogeochemical and eelgrass conditions were tested
using separate fully-factorial analyses of variance (ANOVAs) in R (ver-
sion 3.0.2; R Core Team, 2013). The effects of light and mussel treat-
ments, time (i.e., week of sampling), and interactions between all
factors on NCP and CR were tested using repeated-measures ANOVAs
in JMP (version 10.0; SAS Institute Inc., Cary, North Carolina, USA). It
was hypothesized that porewater ammonium might explain variation
in leaf C:N. It was also predicted that porewater DOCmight explain var-
iation in sediment sulfides (AVS). Lastly, it was hypothesized that sedi-
ment AVS or oxygen flux during day (NCP) or night (CR) might explain
variation in sulfide invasion of plant tissues (Fsulfide or root S0). There-
fore, relationships between these a priori selected response variables
were tested using linear regressions in R.

Before performing ANOVAs or linear regressions, the normality of
the residuals was determined using normal probability plots and the
homoscedasticity of the residuals were assessed by visual examination
of the relationship between residuals and fitted values, and byCochran's
test for equality of variances. For linear regressions, data linearity was
evaluated by visual examination of the relationship between response
and predictor variables. Before performing repeated-measures ANOVAs,
sphericity was determined using Mauchly's test. When necessary, re-
sponse variables were log-transformed [ln(y+1)] tomeet the assump-
tions of these parametric analyses.
Table 1
Results of fully-factorial ANOVAs testing for the effects of light treatment, mussel treatment, and
grass nutrient condition, sulfide intrusion of eelgrass, and eelgrass survival, growth, and energ

Source of variation Light

Response variable df F P

Benthic biogeochemical conditions
Porewater ammonium 1, 20 8.542 0.008
Porewater dissolved organic carbon 1,19 2.469 0.133
Sediment acid-volatile sulfides 1,19 1.097 0.308

Eelgrass nutrient condition
Leaf percent carbon 1, 20 7.693 0.012
Leaf percent nitrogen 1, 20 119.71 b0.001
Leaf carbon:nitrogen 1, 20 201.834 b0.001

Sulfide intrusion of eelgrass
Leaf Fsulfide 1, 19 5.290 0.033
Rhizome Fsulfide 1, 19 14.182 0.001
Root Fsulfide 1, 19 6.528 0.019
Root elemental sulfura 1, 20 18.853 b0.001
Leaf δ34S 1, 20 2.412 0.136
Rhizome δ34S 1, 20 18.629 b0.001
Root δ34S 1, 20 5.536 0.029
Leaf total sulfur 1, 20 20.262 b0.001
Rhizome total sulfur 1, 20 11.595 0.003
Root total sulfur 1, 20 2.111 0.162

Eelgrass survival, growth, and energy stores
Total shoot density 1, 20 139.401 b0.001
Terminal shoot density 1, 20 99.011 b0.001
Lateral shoot densitya 1, 20 198.416 b0.001
Leaf growth rate 1, 20 211.888 b0.001
Rhizome soluble sugars 1, 20 218.559 b0.001
Rhizome starches 1, 20 0.391 0.539

a Variables log-transformed [ln (y + 1)] prior to analysis.
3. Results

3.1. Benthic biogeochemical conditions

Mussel and light treatments had an interactive effect on porewater
ammonium concentrations (Table 1). At high light availability, mussels
increased porewater ammonium concentrations relative to initial levels
(819 ± 59 μmol L−1) and to eelgrass mesocosms lacking mussels
(Fig. 1A). At low light availability, however, ammonium concentrations
were high regardless of mussel presence (Fig. 1A). In contrast, neither
mussels nor light affected porewater DOC (Table 1). AVS pools
increased in all mesocosms relative to initial levels (0.39 ±
0.04 μmol cm−3 sediment) and mussels enhanced sediment AVS
pools irrespective of light treatment (Table 1; Fig. 1B). Porewater
DOC was positively correlated with sediment AVS pools (P =
0.0099, R2 = 27.7%).

3.2. Production and respiration

Mussel and light treatments had an interactive effect on net commu-
nity production (Table 2), as both low light and mussels suppressed
NCP, but mussels had a relatively greater effect in high light than in
low light (Fig. 2A). High light and mussels enhanced community respi-
ration without interaction (Fig. 2B). Neither NCP nor CR varied through
time. NCP data revealed that high-light mesocosms were net autotro-
phic (NCP N 0) and low-light mesocosms were net heterotrophic
(NCP b 0; Fig. 2A). On occasion, measurement inaccuracies caused GPP
values to be slightly negative for mesocosms under low light with mus-
sels (Fig. 2C).

3.3. Eelgrass condition: nutrient content and sulfide intrusion

High light reduced leaf nitrogen (Table 1; Fig. 3A), increased leaf car-
bon (but this effectwas slight: 36.05±0.36 vs. 35.39±0.74% byweight
for high light and low light, respectively), and increased leaf C:N
the interaction of light andmussel treatments on benthic biogeochemical conditions, eel-
y stores. P values b 0.05 are shown in bold.

Mussels Light × mussels

df F P df F P

1, 20 12.231 0.002 1, 20 6.48 0.019
1,19 0.822 0.376 1,19 0.096 0.761
1,19 10.234 0.005 1,19 1.419 0.248

1, 20 1.196 0.287 1, 20 0.574 0.458
1, 20 1.513 0.233 1, 20 0.757 0.395
1, 20 1.210 0.284 1, 20 0.597 0.449

1, 19 17.754 b0.001 1, 19 7.751 0.012
1, 19 13.755 0.002 1, 19 0.674 0.422
1, 19 0.005 0.945 1, 19 0.984 0.334
1, 20 6.444 0.020 1, 20 0.598 0.448
1, 20 22.329 b0.001 1, 20 15.882 b0.001
1, 20 16.665 b0.001 1, 20 2.433 0.134
1, 20 0.641 0.433 1, 20 1.329 0.263
1, 20 2.427 0.135 1, 20 0.153 0.700
1, 20 7.608 0.012 1, 20 1.249 0.277
1, 20 0.076 0.786 1, 20 1.918 0.181

1, 20 1.024 0.324 1, 20 0.000 1.000
1, 20 0.309 0.584 1, 20 1.104 0.306
1, 20 0.218 0.646 1, 20 1.422 0.247
1, 20 2.235 0.151 1, 20 0.553 0.466
1, 20 0.059 0.810 1, 20 0.383 0.543
1, 20 0.018 0.895 1, 20 b0.001 0.999



Fig. 1. Effects of light and mussels on benthic biogeochemical conditions. Mean (+1 SE)
concentrations of (A) porewater ammonium (μmol L−1) and (B) sediment acid-volatile
sulfides (μmol cm−3 sediment). Horizontal solid and dashed lines indicate mean± SE, re-
spectively, for sediments and porewaters collected at the beginning of the experiment
from control mesocosms.
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(Fig. 3B), while mussels had no effects on these variables. Porewater
ammonium was positively correlated with leaf nitrogen (P = 0.0205,
R2 = 22.1%) but not leaf growth, regardless of light treatment (P =
0.4996 and P = 0.3453 for high light and low light, respectively).
Table 2
Results of fully-factorial repeated-measures ANOVAs testing for the effects of light treat-
ment,mussel treatment, time (i.e., week of sampling), and interactions between all factors
on net community production (NCP) and community respiration (CR). P values b 0.05 are
shown in bold.

Response variable NCP CR

Source of variation df F P df F P

Light 1, 8 359.389 b0.0001 1, 8 304.132 b0.0001
Mussels 1, 8 158.986 b0.0001 1, 8 75.856 b0.0001
Light × mussels 1, 8 6.085 0.0389 1, 8 0.271 0.6167
Time 3, 6 2.343 0.1724 3, 6 0.129 0.9392
Time × light 3, 6 1.152 0.4019 3, 6 0.164 0.9169
Time × mussels 3, 6 0.749 0.5615 3, 6 4.388 0.0587
Time × light × mussels 3, 6 0.289 0.8320 3, 6 0.898 0.4948

Fig. 2. Time series of (A) net community production (NCP), (B) community respiration
(CR), and (C) gross primary production (GPP = NCP + |CR|), expressed as mean oxygen
flux ± SE. Note that more positive NCP values indicate greater production, whereas
more negative CR values indicate greater respiration. Small negative GPP values in
mesocosms under low light with mussels are likely caused by measurement inaccuracies.
Symbols indicate separate treatments. Note differences in the scale of y-axes.
Mussels and light both caused changes in sulfide intrusion of eel-
grass (evidenced by Fsulfide, root S0, δ34S, and TS (Tables 1 and 3)). Fsulfide
was greatest for roots (range = 23–85%), followed by rhizomes
(13–45%) and leaves (4–23%). In high light, mussels increased sulfide
intrusion of leaves (Fsulfide (Fig. 4A) and δ34S), while in low light leaf sul-
fide intrusion was high regardless of mussel treatment (low light in-
creased leaf TS irrespective of mussel treatment). Low light and
mussels increased sulfide intrusion of rhizomes (Fsulfide (Fig. 4C), δ34S,



Fig. 3. Effects of light andmussels on eelgrass nutrient condition.Mean (+1 SE) leaf tissue
(A) nitrogen content (percent by weight) and (B) carbon-to-nitrogen ratio (mol:mol).
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and TS). Root Fsulfide (Fig. 4E) and δ34S were highly variable, with effects
of light but not mussels (neither affected root TS). However, low light
and mussels both increased root S0 concentrations (Fig. 5A).
Table 3
Summary of δ34S (‰) for sediment acid-volatile sulfides (AVS) and leaf, rhizome, and root tissue
of light and mussel treatments. Values are reported as mean ± SD.

Light treatment High light

Mussel treatment Absent Presen

Response variable
δ34S (‰)

Sediment AVS −24.41 ± 3.97 −20.5
Leaf 16.59 ± 0.63 12.1
Rhizome 13.08 ± 0.48 8.7
Root 1.93 ± 5.86 0.9

TS (μmol [g dry tissue]−1)
Leaf 121.90 ± 7.05 137.0
Rhizome 84.06 ± 11.06 123.4
Root 148.51 ± 22.01 196.6
Sulfide intrusion of eelgrass tissues was only partly driven by sedi-
ment sulfides. AVS was positively correlated with leaf Fsulfide (P =
0.0019, R2 = 37.6%) but not rhizome Fsulfide (P=0.0619) or root Fsulfide
(P=0.0837). Instead, sulfide intrusion was primarily influenced by ox-
ygen flux during day (i.e., NCP), but not night (i.e., CR). NCP explained
substantial Fsulfide variation for all tissue types (leaves: P = 0.0004,
R2 = 45.8%, Fig. 4B; rhizomes: P b 0.0001, R2 = 56.4%, Fig. 4D; roots:
P = 0.0418, R2 = 18.3%, Fig. 4F). In contrast, CR was not correlated
with leaf Fsulfide (P = 0.9967) or rhizome Fsulfide (P = 0.2797), and
only modestly correlated with root Fsulfide (P = 0.0443, R2 = 17.9%).
Root S0was not correlatedwith sediment AVS (P=0.9088), but strong-
ly negatively correlated with NCP (P b 0.0001, R2 = 59.6%, Fig. 5B).

3.4. Eelgrass survival, growth, and energy stores

Despite mussel impacts on benthic biogeochemical conditions,
oxygen consumption, and sulfide intrusion of eelgrass tissues, light
drove all differences in eelgrass survival, growth, and energy stores
(Table 1). Shoot density had a stable-to-increasing trend under
high light, while eelgrass deteriorated under low light, particularly
after about 3 weeks (Fig. 6A). Declines in shoot density in low light
were driven by mortality of (transplanted) terminal shoots (Fig. 6B)
and near-absence of (new) lateral shoot propagation (Fig. 6C). By con-
trast, nearly all eelgrass survived in high light and propagated an aver-
age of 10 ± 4.3 new shoots per mesocosm. Similarly, leaf growth
(Fig. 6D) and rhizome soluble sugars (Fig. 6E)were over six times great-
er in high light than low light, but were unaffected bymussels. Rhizome
starch concentrations were unaffected by treatments (Table 1).

4. Discussion

Environmental context can alter the degree of habitat modification
and the sign and strength of subsequent species interactions in plant
and animal communities (e.g., Menge and Sutherland, 1987; Bertness
and Hacker, 1994; Connolly and Roughgarden, 1999; Norkko et al.,
2006), but complex interactions can arise when abiotic conditions si-
multaneously affect multiple stress pathways (Kawai and Tokeshi,
2007). In this study, light availability indirectly mediated blue mussel
habitat modification by altering plant metabolism, and these biogeo-
chemical changes (i.e., sulfide and oxygen concentrations) fed back to
influence eelgrass vulnerability to sulfide stress but not eelgrass perfor-
mance. Light modified the effect of mussels on porewater ammonium
(Fig. 1A), but eelgrass was not nutrient limited (Fig. 3) and, therefore,
mussels did not enhance growth (Fig. 6). Mussels increased sediment
sulfides irrespective of light availability (Fig. 1B). Light, mussels, and
their interaction strongly affected oxygen fluxes (Fig. 2) and these in
turn regulated sulfide intrusion of eelgrass tissues (Figs. 4 and 5;
Table 1). Light mediated the effect of mussels on sulfide intrusion of
leaves, but not rhizomes or roots, which were governed by light and
s, and total sulfur (TS; μmol [g dry tissue]−1) for leaf, rhizome, and root tissues as a function

Low light

t Absent Present

6 ± 3.28 −22.94 ± 4.59 −19.43 ± 4.17
8 ± 2.03 13.79 ± 0.95 13.41 ± 0.84
9 ± 2.30 8.61 ± 2.28 6.69 ± 1.79
0 ± 5.04 −8.27 ± 8.62 −2.59 ± 8.32

6 ± 18.04 159.97 ± 24.65 169.05 ± 21.69
1 ± 35.53 129.98 ± 22.48 146.63 ± 24.14
1 ± 51.17 230.72 ± 102.41 198.58 ± 80.89



Fig. 4. Effects of light andmussels on sulfide intrusion of eelgrass tissues, measured as Fsulfide. Panels A, C, and E showmean (+1 SE) Fsulfide (%) in leaves, rhizomes, and roots, respectively.
Panels B, D, and F show linear regressions between net community production (mmol O2 m−2 12 h−1) and Fsulfide in leaves, rhizomes, and roots, respectively. Symbols indicate separate
treatments. Note differences in the scale of y-axes.
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Fig. 5. Effects of light andmussels on sulfide intrusion of eelgrass roots,measured as root elemental sulfur (S0). Panel A showsmean (+1 SE) root S0 (μmol [g dry tissue]−1). Panel B shows
linear regression between net community production (mmol O2 m− 2 12 h− 1) and root S0 (log-transformed, ln(y + 1)). Symbols indicate separate treatments.

48 M.C.N. Castorani et al. / Journal of Experimental Marine Biology and Ecology 472 (2015) 41–53
mussels without an interaction of these factors (Figs. 4 and 5; Table 1).
Surprisingly, sulfide stress did not affect plant survival, growth, or ener-
gy stores,whichwere categorically impaired by low light but unaffected
by mussels (Fig. 6). Thus, although low light and mussels exacerbate
sulfide stress, eelgrass is capable of resisting harm, at least over short
time scales (e.g., weeks).

4.1. Nutrient dynamics in sediments and eelgrass

Results from this study indicate that the potential for bluemussels to
enhance sediment nutrients depends on light availability. Suspension-
feeding bivalves are capable of enhancing porewater nutrients by cap-
turing phytoplankton and suspended particulates, and transferring
this organic material to the sediment via biodeposition (Haven and
Morales-Alamo, 1966; Bertness, 1984; Kautsky and Evans, 1987). Se-
vere reductions in light availability have been associated with increases
in blue mussel feeding and biodeposition (Nielsen and Strömgren,
1985). Here, however, mussel biodeposition increased porewater am-
monium in high light, whereas concentrations were high regardless of
mussel presence in low light (Fig. 1A). Thus, the interaction between
mussels and light availability on porewater nutrients was likely due to
reduced root uptake of ammonium by eelgrass (Dennison et al., 1987)
and/or eelgrass mortality and decomposition of leaf litter (Pedersen
et al., 1999) under low light availability, irrespective ofmussel presence.

As expected, leaf nitrogen was positively correlated with porewater
ammonium (Pedersen and Borum, 1993), but changes to nutrient avail-
ability among treatments did not translate into differences in eelgrass
nutrient condition (Fig. 3), probably because nitrogen supply exceeded
plant demand (Dennison et al., 1987). Instead, light availability primar-
ily drove patterns of leaf nitrogen. Nitrogen content may have been di-
luted by greater growth in high-light plants, whereas low-light plants
with impaired photosynthesis and reduced carbon demand may have
stored nitrogen in their tissues instead of assimilating it into new
growth, resulting in leaves with greater nitrogen and lower C:N
(Moore and Wetzel, 2000). Furthermore, porewater nutrients were
not correlated with leaf growth, regardless of light treatment. Mussels
probably did not enhance eelgrass growth because for all treatments
ammonium concentrations were above levels at which eelgrass growth
saturates (~100 μmol NH4

+ [L porewater]−1; Dennison et al., 1987;
Williams and Ruckelshaus, 1993). Water-column and porewater nutri-
ent concentrations in this experiment were similar to those found in
many eelgrass beds of eutrophic regions, such as in the Baltic and
North Seas (Pedersen and Borum, 1993; Nielsen et al., 2002; Govers
et al., 2014), suggesting that similar dynamics may occur in the field.

4.2. Sulfur dynamics, oxygen fluxes, and sulfide intrusion of eelgrass

Bluemussels enhanced sediment sulfide concentrations irrespective
of light conditions (Fig. 1B). Mussels likely stimulated bacterially-
mediated sulfate reduction by depositing organic matter (Kautsky and
Evans, 1987), consuming oxygen (Fig. 2; Carlsson et al., 2010), and/or
reducing oxygen flux across the sediment–water interface with the
physical structure of their shells (Jørgensen, 1982). Interestingly, how-
ever, sediment sulfide concentrations were not the primary driver of
sulfide intrusion into eelgrass tissues. AVS pools explained Fsulfide pat-
terns in leaves, but not rhizomes or roots. Instead, NCP (i.e., daytime ox-
ygen flux; Fig. 2A)was the best predictor of sulfide intrusion (Figs. 4B, D,
F, and 5B). Because estuarine sediments are mostly anoxic and reduced,
seagrass roots and rhizomes experience periods of oxygen deprivation
and rely on oxygen supplied internally by leaves via photosynthesis or
externally by passive diffusion from the water column via aerenchyma
(Borum et al., 2006). In the absence of sufficient oxygenation of below-
ground tissues, the oxidative barrier surrounding eelgrass roots deteri-
orates (Pedersen et al., 2004; Frederiksen and Glud, 2006), allowing
for the invasion of toxic sulfides through root tips and eventually lead-
ing to meristem necrosis. In this experiment, eelgrass grown under
low light produced less oxygen (Fig. 2A) and mussel respiration en-
hanced near-bottom oxygen consumption (Fig. 2B). Therefore, it is like-
ly that sulfide intrusion was primarily driven by a combination of
reduced eelgrass photosynthesis and mussel respiration.

Corroborating previous studies (e.g., Frederiksen et al., 2006), results
here demonstrate that the risk of tissue intrusion by sediment sulfides is
greatest for roots, intermediate for rhizomes, and lowest for leaves
(Fig. 4). Mussels increased sulfide intrusion of leaves in high light,
whereas intrusion was relatively high regardless of mussel presence in
low light (Fig. 4A). For rhizomes, both low light and mussels exacerbat-
ed sulfide stress (Fig. 4B). For roots, it was expected that the fraction of
eelgrass tissue sulfur derived from sediment sulfides (Fsulfide) might be



Fig. 6. Effects of light and mussels on eelgrass density, growth, and energy stores. (A) Time series of mean (±SE) eelgrass density (shoots m−2), where symbols indicate separate treat-
ments. Panels B–E showmean (+1 SE) terminal (B) and lateral (C) shoot density (no. of shoots mesocosm−1), (D) leaf growth rate (mg dry shoot−1 d−1), and (E) soluble sugar concen-
tration in rhizome tissues (mg per g dry tissue).
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highly variable (Fig. 4E); eelgrass roots often have highly dynamic δ34S
due to the heterogeneous nature of porewater dissolved sulfide pools
(Oakes and Connolly, 2004). However, despite highly variable root
Fsulfide, the concentrations of elemental sulfur (S0) in root tissues clearly
indicate both low light andmussels enhanced sulfide intrusion (Fig. 5A).
Both indicators of sulfide intrusion that were measured in this
mesocosm study (Fsulfide and root S0) are similar to values observed in
situ for Zostera marina (Frederiksen et al., 2006; Borum et al., 2013;
Holmer and Hasler-Sheetal, 2014), suggesting that similar sulfur dy-
namics may occur in coastal regions of the North and Baltic Seas.

These findings suggest that mussel impacts on eelgrass depend on
environmental context. Mussel-driven enhancement of sediment sul-
fides may enhance the risk of sulfide intrusion only when eelgrass pro-
ductivity is reduced (e.g., under low light availability) or water-column
dissolved oxygen concentrations are diminished (e.g., during hypoxic
events). Eelgrass living amongmussels may be at greatest risk of sulfide
stress in low light environments, such as in turbid estuaries or near the
lower depth range for eelgrass, where mussels might limit colonization.
Lowwater clarity and benthic hypoxia commonly accompany eutrophi-
cation (Cloern, 2001; Howarth et al., 2011), suggesting that coastal nu-
trient pollution may mediate mussel effects on eelgrass sulfide stress.
This possibility is particularly concerningbecause eutrophication has in-
creased in temperate estuaries worldwide, including regionswhere eel-
grass and mussels frequently co-occur in the North Atlantic Ocean,
North Sea, and Baltic Sea (Burkholder et al., 2007; Howarth et al.,
2011, and references therein).

4.3. Eelgrass survival, growth, and energy stores

Sulfide intrusion of eelgrass is typically accompanied by a reduction
in photosynthetic activity (Goodman et al., 1995), growth (Holmer
et al., 2005), and rhizome sugar reserves (Holmer and Bondgaard,
2001). While estimates of sulfide toxicity vary widely (Lamers et al.,
2013; Hasler-Sheetal and Holmer, 2015), the levels of sulfide intrusion
measured in this study are indicative of harm (Frederiksen et al.,
2008; Borum et al., 2013). Nevertheless, while light and mussels both
influenced sulfide intrusion of eelgrass, mussels did not affect eelgrass
nutrient content, growth, rhizome energy stores, or survival (Figs. 3
and 6). Instead, light availability drove all changes in these responses ir-
respective of mussel presence. Not surprisingly, eelgrass thrived under
high light, growing quickly, propagating new lateral shoots, and accu-
mulating excess sugars in their rhizomes. Conversely, plants under
low light grew slowly, suffered high shoot mortality, propagated few
lateral shoots, and nearly exhausted their energy stores.

The findings presented here suggest that during short periods
(i.e., days toweeks), eelgrass is resistant to sulfide stress caused bymus-
sels, even under low-light conditions. However, this conclusion may be
contingent on the temporal scale of study. While sulfide intrusion was
relatively substantial, even the highest sediment sulfide concentrations
in mesocosms in this study were modest when compared to eelgrass
sediments in many field settings (e.g., Frederiksen et al., 2006; Holmer
and Nielsen, 2007; Holmer, 2009; Borum et al., 2013). Therefore, had
this experiment been longer in duration or higher in temperature
(which reduces oxygen solubility and enhances the rate of sulfate re-
duction; Robador et al., 2009), it is possible that mussel biodeposition
could have caused an accumulation of sediment sulfides and cumulative
harm to eelgrass. In the field, mussels may also have stronger negative
effects on eelgrass seedlings, which are more sensitive to sulfide stress
than adults (Dooley et al., 2013; Jovanovic et al., 2015). Lastly,
mesocosms in this study contained sandy, low-organic sediments typi-
cal of exposedDanish coastlines. The effects ofmussels on sediment bio-
geochemicalfluxes and feedbacks to eelgrass are perhapsmore subtle in
systems with high-organic silts and muds, such as low-energy fjords,
which are typically higher in porewater nutrients and sulfides, and
lower in dissolved oxygen (Frederiksen et al., 2006; Carstensen et al.,
2013).
4.4. Context-dependent effects of bivalves on seagrasses

Despite intensive research efforts, generalizations about the effects
of suspension-feeding bivalves on seagrasses remain elusive. Findings
from this and prior studies indicate that although bivalve habitat mod-
ification and impacts on seagrasses appear to vary based on environ-
mental context, they are not deterministically governed by light or
ambient nutrient concentrations. The novel results described here
helps to resolve this puzzle, but further experiments are needed to dis-
entangle the complex physical and biogeochemical mechanisms that
mediate bivalve–seagrass interactions.

In oligotrophic waters (b~150 μmol NH4
+ [L porewater]−1),

where seagrasses can be nutrient limited (Dennison et al., 1987;
Williams and Ruckelshaus, 1993), bivalves are capable of facilitating
seagrass growth. For example, blue mussels (Reusch et al., 1994) and
hard clams (Mercenaria mercenaria; Carroll et al., 2008) can relieve
nutrient limitation and enhance growth in eelgrass, even under
moderate shading (Carroll et al., 2008). Similarly, by fertilizing
porewaters, tulip mussels (Modiolus americanus) can improve
turtlegrass (Thalassia testudinum) leaf nutrient condition (Peterson
and Heck, 1999) and growth (Peterson and Heck, 2001a,b). Howev-
er, other studies have shown that enhancement of porewater ammo-
nium by blue mussels, geoduck clams (Panopea generosa), and
cultured oysters (Crassostrea gigas) does not affect eelgrass leaf ni-
trogen or growth (Worm and Reusch, 2000; Ruesink and Rowell,
2012; Wagner et al., 2012), despite low ambient nutrient concentra-
tions (b30, b100, and b20 μmol NH4

+ [L porewater]−1, respectively).
Impacts on eelgrass by non-native Asian nest mussels (Arcuatula
senhousia) in an oligotrophic bay (b100 μmol NH4

+ [L porewater]−1)
vary from facilitative to inhibitive depending on the physiological re-
sponse considered (i.e., leaf vs. rhizome growth; Reusch and
Williams, 1998). In fact, at least two studies have documented nega-
tive impacts of oysters (Crassostrea virginica and C. gigas) on
seagrasses (shoal grass, Halodule wrightii, and eelgrass) in low nutri-
ent (b~150 μmol NH4

+ [L porewater]−1) estuaries, possibly by
stimulating sediment sulfides or physically competing for space
(Dumbauld et al., 2009; Booth and Heck, 2009). Some of these appar-
ent inconsistencies may be explained by variation in water-column
nutrient availability, particularly in coastal upwelling regions such
as in the eastern North Pacific, but further studies are needed to dis-
entangle the interaction between benthic and pelagic nutrient
fluxes, bivalve fertilization, and seagrass growth.

In contrast to studies in oligotrophic systems, experiments under eu-
trophic conditions (N~500 μmol NH4

+ [L porewater]−1) have found ex-
clusively that bivalves negatively impact seagrasses by enhancing
sulfate reduction and inducing sulfide stress (Vinther and Holmer,
2008; Vinther et al., 2008, 2012). This mechanism may help explain
why, in some eutrophic regions of the Baltic Sea, blue mussels and eel-
grass have an inverse spatial relationship in otherwise similar habitats
(Vinther et al., 2012). The results from this experiment, which mim-
icked eutrophic conditions, generally support these earlier findings,
improve the understanding of the biogeochemical mechanisms under-
pinning bivalve–seagrass interactions, and illustrate the potential role
of light in governing some of these dynamics.

Based on comparisons between this and other studies, the effects of
bivalves on seagrasses over small spatial and temporal scales may be
variable in oligotrophic ecosystems, where light availability is usually
high and nutrients can limit productivity, but are likely to be negative
in high-nutrient estuaries, where the potential for fertilization is mini-
mal but the risk for sulfide stress is high due to reduced light availability
and oxygen concentration that typically accompany eutrophication
(Cloern, 2001; Howarth et al., 2011). Seagrasses generally facilitate bi-
valves by fostering settlement (Bologna and Heck, 2000), improving re-
cruitment (Peterson, 1986; Reusch, 1998), enhancing growth (Peterson
et al., 1984), and offering refuges from predation (Peterson, 1982;
Irlandi, 1994) and storm disturbance (Reusch and Chapman, 1995). In
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eutrophic systems, however, the results presented here suggest that
this facilitation could ultimately tip the balance away from seagrass
dominance via increased sulfide stress.

4.5. Caveats

It is important to consider a few caveats to these conclusions. First,
mesocosm experiments are, by design, controlled approximations of
real ecosystems. Several factors excluded in this study, such as tides,
strong hydrodynamicmixing, continuous diel changes in light availabil-
ity, bioturbation by infauna, and predator effects on bivalve populations
and feeding behavior, may play important roles in mediating bivalve
habitat modification and impacts on seagrasses.

Second, if bivalve structure plays an important role in driving sulfate
reduction by altering porewater advection and diffusion (Jørgensen,
1982), surface-dwelling (e.g., Crassostrea spp., Mytilus spp.) and
burrowing (e.g., Cerastoderma spp., Macoma spp., Mercenaria spp.) bi-
valvesmay have very different impacts on seagrasses under eutrophica-
tion. Furthermore, relative to surface-dwelling bivalves, burrowing
bivalves may have fundamentally different impacts on sediment
biogeochemistry by enhancing sediment turnover and increasing
porewater irrigation, thus improving remineralization (Aller, 1994)
and sulfide oxidation (Jørgensen, 1982).

Third, this experiment tested seagrass–bivalve interactions on
very small spatial and temporal scales. Generalizing from small,
short-term experiments to scales of space and time with greater rel-
evance is a central challenge in ecology and ecosystem management
(Levin, 1992; Thrush et al., 1997). Bivalves may inhibit seagrasses in
eutrophic systems on small scales (e.g., cm2 to 10 s of m2) by causing
sulfide stress, but at landscape to ecosystem scales (e.g., hectares to
1000 s of km2) bivalves may facilitate seagrasses by improving
light penetration through filtration of the water-column (Wall
et al., 2008). In fact, suspension-feeding bivalves are capable of re-
ducing phytoplankton populations on the scales of entire estuaries
(Officer et al., 1982; Newell and Koch, 2004; Ruesink et al., 2005), al-
though there may be limits to this top-down control (Pomeroy et al.,
2006). Due to the increasing eutrophy of temperate estuaries world-
wide (Cloern, 2001; Howarth et al., 2011), it is possible that bivalve–
seagrass interactions may be commonly represented by simulta-
neous small-scale inhibition (via increased sulfide stress) and
large-scale facilitation (via decreased light stress).

5. Conclusions

Seagrass populations, including eelgrass, are rapidly declining
worldwide due in large part to accelerating coastal eutrophication
(Orth et al., 2006; Burkholder et al., 2007; Waycott et al., 2009;
Howarth et al., 2011). Concurrently, human activities have dramatically
changed the abundance and composition of bivalve assemblages in and
near seagrass meadows through commercial aquaculture (Pawiro,
2010), overharvest of wild populations (Newell, 1998; Cloern, 2001),
restoration or mitigation of water quality using bivalves (Petersen
et al., 2014), and introduction of non-native bivalves, which sometimes
compete directly or indirectly with native species (Ruesink et al., 2005;
Trimble et al., 2009; Castorani and Hovel, 2015). Thus, understanding
how bivalves and eutrophication interactively impact seagrasses is
important to ecosystem-based management and conservation of
estuaries.

Results from this and earlier studies indicate that blue mussels en-
hance sulfate reduction (Vinther and Holmer, 2008; Vinther et al.,
2008, 2012) and induce sulfide stress in eelgrass by depositing organic
matter (Kautsky and Evans, 1987), increasing community respiration
(Carlsson et al., 2010), and/or reducing benthic oxygen flux
(Jørgensen, 1982). By changing eelgrass metabolism, light mediates
the impacts of these biogeochemical changes on eelgrass growth, sur-
vival, and energy storage. While reductions in light availability may
increase sulfide intrusion of tissues, eelgrass appears to be capable of
resisting harm from short-term stress, even during light limitation.

Experimental studies of bivalve–seagrass interactions under eutro-
phic conditions are largely limited to a single pair of species (Z. marina
and M. edulis) within one region (the western Baltic Sea). Therefore,
to determine the degree to which the hypotheses explored here can
be generalized, future studies should assess bivalve–seagrass interac-
tions in other eutrophic estuaries and across a broader taxonomic
range. Future work should also aim to disentangle the conflated physi-
cal and chemical effects of eutrophication (e.g., light availability, nutri-
ent concentrations in the porewater and water column, and dissolved
oxygen saturation) in mediating bivalve impacts on seagrasses, as well
as the potential for dependency on the spatial or temporal scales of
bivalve-mediated changes.
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