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Abstract Seagrasses are a critical marine habitat and are in
decline worldwide. Previous studies have demonstrated that
factors such as sediment conditions, resource availability,
and desiccation can influence life history transitions and
morphology in intertidal eelgrass (Zostera marina L.) and
therefore potential for recovery after a disturbance. We
combined these factors in an exploratory path model linking
environmental conditions to eelgrass vegetative (shoot size
and density) and reproductive traits (branching, flowering,
seedling recruitment). In this construction, significant path
coefficients reveal factors influencing recovery potential. To
test the path model, we collected abiotic and eelgrass data at
17 sites in the southern Salish Sea (Washington, USA) and
assessed model fit with structural equation modeling.
Significant path coefficients linked sediment organic

content to shoot size and seedling recruitment, tidal ampli-
tude to reduced flowering, and shoot size and density were
inversely correlated. We found no significant links between
any morphological or life history trait and nutrient availabil-
ity, possibly reflecting consistently high nutrients across
sites. Variable rates of asexual reproduction and a trade-off
between shoot size and density may reflect light limitation
in eelgrass’ intertidal range, where light is not expected to be
strongly limiting. Overall, structural equation modeling
identified organic-rich sediments as relatively more impor-
tant than desiccation and nutrient conditions for resilience
potential of intertidal eelgrass populations in this region.
Life history and morphological traits provide eelgrass with
recovery mechanisms from disturbance where sediments are
muddy, which has implications for both conservation and
restoration.
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Introduction

Seagrasses are important habitat-forming angiosperms in
coastal marine systems. They alter water flow, stabilize
sediment, support complex food webs, and provide habitat
for many animals, including commercially important fish
and crab species (Duffy 2006; Koch et al. 2006). As a result
of natural and anthropogenic disturbances, seagrasses are
declining worldwide (Short and Wyllie-Echeverria 1996;
Orth et al. 2006; Hughes et al. 2009; Waycott et al. 2009).
The importance of seagrasses as habitat necessitates a clear
understanding of how and when seagrasses are able to
recover from such declines and disturbances.
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A resilient population of seagrass is one that can recover
rapidly after a mortality event (disturbance). Recovery in-
volves both release from the cause of disturbance as well as
the underlying potential of seagrasses to recolonize (Thom et
al. 2012). Seagrasses have two strategies for recolonization
after disturbance: clonal branching (asexual) and seed produc-
tion (sexual). Asexual branching is the major mode of prolif-
eration for some seagrasses (Marbà and Duarte 1998), and it is
effective for spread at patch edges or into small gaps within an
eelgrass meadow, such as due to motorboat strikes (Boese et
al. 2009). Seagrasses rely on seeds for rapid recruitment
following large disturbances, such as grounding of large ves-
sels (Olesen et al. 2004), mass die-offs from anoxia (Plus et al.
2003; Greve et al. 2005), disease, environmental events (Orth
et al. 2012), and repeated, large-scale disturbances (Jarvis and
Moore 2010). Understanding the potential resilience of
seagrass populations to disturbance therefore involves identi-
fying factors that control the plants’ capacity to reproduce by
both asexual branching and sexual reproduction.

Eelgrass (Zostera marina L.) is a cosmopolitan seagrass in
the northern hemisphere. Populations and subpopulations of
Z. marina vary in their rates of sexual reproduction (Phillips et
al. 1983). In its subtidal range, eelgrass is light-limited (such
as: Dennison and Alberte 1985), and light availability can
dictate branching and flowering (for seagrasses in general,
Vermaat 2009). Here, we focus on eelgrass where it occurs
intertidally, and light is not expected to be strongly limiting.
Instead, desiccation at low tide and benthic substrate condi-
tions may restrict distribution and abundance (Koch 2001;
Boese and Robbins 2008).

Many hypotheses exist regarding the abiotic and biotic
factors that cause variation in intertidal eelgrass life history.
For example, tidal elevation can have a positive effect on
flowering (Boese and Robbins 2008). However, plant size is
negatively correlated with elevation (Backman 1991; Baden
and Boström 2001) and positively correlated with flowering
(Olesen 1999), which could lead to a negative effect of eleva-
tion indirectly on flowering. Previous results have been derived
from a concert of observational, lab and field experimental, and
modeling studies at many sites across coasts and continents.
These studies form a network of causal mechanisms that could
lead to potentially opposing direct and indirect effects.

We used a structural equation modeling (SEM) approach to
begin to reconcile the relative roles of direct and indirect
effects of factors relevant to reproduction by intertidal eel-
grass. Prior studies provided 18 expectations regarding the
response of eelgrass reproductive traits to emersion, sediment
characteristics, resource availability, and within-plant alloca-
tion trade-offs (Table 1). Based on these studies, we developed
an exploratory path diagram (Fig. 1a, described in the next
section), in which eelgrass reproductive traits were affected
directly by these external environmental variables or indirect-
ly via their effects on vegetative eelgrass traits. We tested the

path model with data from a regional scale field survey of
environmental and eelgrass reproductive traits at 17 sites,
which ranged in sediment type and desiccation stress, in the
Washington portion of the Salish Sea.

Hypothesized Path Model of Eelgrass Resilience

In our path model, we converted hypotheses from studies
specifically addressing eelgrass into links among measured
variables (Fig. 1a; Table 1). We used metrics of desiccation
stress, sediment conditions, and nutrient limitation as the
exogenous variables, following a culling of correlated vari-
ables (described in “Variables”). Tidal elevation and tidal
amplitude were used as local and regional measures of desic-
cation stress, respectively (Table 1; Fig. 1a).We used sediment
organic matter to describe sediment conditions. Plant carbon
to nitrogen (C/N) ratio was used as a comparative measure for

Table 1 Summary of factors affecting intertidal eelgrass reproduction
reflected in the path diagram (Fig. 1a)

Endogenous, reproductive eelgrass variables

1. Higher rates of branching:

a. With higher (Roberts et al. 1984) or lower (Nixon et al. 2001)
nitrogen availability

2. Higher rates of flowering:

a. At higher elevations (Harrison 1993; Boese and Robbins 2008)
because of greater desiccation stress

b. With larger shoot sizes (Olesen 1999; Moore and Short 2006)

3. Higher rates of seedling recruitment:

a. In organic-rich sediments that promote germination (Moore et al.
1993; van Katwijk and Wijgergangs 2004; Marbà et al. 2006)

b. At sites with fewer adult shoots that could shade out seedlings
(Wisehart et al. 2007; Boese and Robbins 2008)

c. With protection from desiccation (van Katwijk and Wijgergangs
2004)

d. With greater flowering shoots (the previous year, Boese and
Robbins 2008)

Endogenous, vegetative eelgrass variables

4. Lower shoot density:

a. At lower elevation (Harrison 1993; Boese and Robbins 2008) or
with higher desiccation stress (Specht and Boese 2009)

b. With lower sediment organic matter (Phillips and Meñez 1988)

c. With lower nitrogen pool (Phillips and Meñez 1988)

5. Larger plants:

a. With greater nitrogen resources (Nixon et al. 2001)

b. In conditions of lower desiccation stress (Backman 1991; Baden
and Boström 2001; Boese and Robbins 2008; Specht and Boese
2009)

c. In sediments with higher organic content (Baden and Boström
2001)

Partial correlations among endogenous variables

6. Shoot size: shoot density trade-off due to constant aboveground
biomass (Olesen and Sand-Jensen 1994)
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resource availability because it represents resource availability
integrated over time better than point measures of sediment or
water column nutrients (Burkholder et al. 2007). In some
cases, these exogenous factors directly affect endogenous
eelgrass reproductive traits of branching, flowering shoot
density, and seedling production by cuing investment to or
enhancing success of each of these stages. Environmental
factors could also act indirectly if they influence plant size
and density, which in turn affect reproduction. A trade-off
between plant size and density was represented as a partial
correlation of these endogenous variables.

Methods

Field Survey

Study Region and Sites We sampled eelgrass over a geo-
graphic range of >200 km in the southern Salish Sea,

including Puget Sound and north to Lummi Bay
(Washington, USA). Eelgrass (Z. marina L.), the dominant
seagrass in the Pacific Northwest, USA, covered 22,000±
3,600 ha in this region in 2009, which was similar to the 10-
year weighted mean of 21,500±1,400 ha (Gaeckle et al.
2011). We chose sites based on ease of foot access, sediment
type, latitude (associated with tidal exposure patterns and
thus desiccation conditions), and proximity to sites sampled
by the Washington Department of Natural Resources (Berry
et al. 2003; Gaeckle et al. 2011). During spring tide series in
April (19–21) and May (16–20) 2007, we sampled 17 sites
(Fig. 2). This timing coincided with three life history events:
differentiation of flowering shoots, rhizome branching, and
germination of the previous year’s seeds (Ruesink et al.
2010). Because 1 month passed between the two tide series,
we determined temporal consistency at two sites (North
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Fig. 1 a Path model of hypothetical drivers of eelgrass resilience, with
direct (straight arrows) positive (solid) and negative (dashed) effects
and correlations between error terms (curved arrows), numbered as per
Table 1. Unexplained variance arrows are labeled “e.” b Results of
SEM. The line widths of the significant direct effects arrows (black) are
scaled to the effect size. Numbers above arrows are standardized path
coefficients prior to removing insignificant links (gray arrows). The
Salish Sea data contradicted a few of the original hypotheses (indicated
by path coefficients in semibold italics)
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Fig. 2 Exogenous, abiotic characteristics and endogenous vegetative
and reproductive eelgrass variables were measured at 17 sites in the
Salish Sea, WA. Sites with higher seedling prevalence (star symbol)
also had higher sediment organic content (darker shading of symbol).
Sites with abbreviation in italics have at least one flowering shoot per
square meter. Full site names and means are found in Table S1
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Samish Bay and Rocky Point) by sampling during both
months.

Field Sampling Scheme We sampled eelgrass along two 50-
m transects laid parallel to the shoreline. One transect was
laid at the site’s upper limit of eelgrass, and tidal elevation
was determined by noting the time when the water reached
this transect and relating this time to local tidal cycle pre-
dictions (http://tbone.biol.sc.edu/tide/). The second transect
was laid at the elevation expected to have equivalent emer-
sion time at all sites. This “equivalent” elevation was stan-
dardized to the emersion time of −0.76 m mean lower low
water at Allyn (Case Inlet, south Puget Sound), the site with
the most restricted vertical distribution for Z. marina and
most extreme diurnal tidal amplitude (6.01 m during the
sampling dates). At this elevation, eelgrass at Allyn would
be exposed for 12 h total (~1 % of the time) in April and
May 2007. The equivalent transect at all other sites was laid
at the elevation which would result in the same emersion
time as the Allyn reference site, even though diurnal tidal
amplitude was smaller (minimum 3.79 m in Samish Bay).
The equivalent elevation was determined by using the lower
low water elevation on the same day as when lower low
water was −0.76 m at Allyn.

Every 5 m along each 50-m transect, we counted the
number of vegetative shoots, flowering shoots, and seed-
lings in a 0.25-m2 quadrat. Because of the rarity of
flowering shoots and seedlings, we counted flowering
shoots and seedlings in 16 additional quadrats along each
transect (at 1.5 and 3.5 m after each 5-m increment). Every
10 m, we collected all eelgrass biomass in an area of 0.
0625 m2, carefully sieving away sediment to retain as much
rhizome branching structure as possible. We used these
eelgrass samples to obtain shoot length and branching data
and for nutrient analyses.

For every eelgrass biomass sample collected, on all veg-
etative shoots up to 20 shoots, we measured shoot length
(measured from the most recent node to the tip of the longest
leaf) and total number of internodes to the broken end of the
rhizome or, when relevant, to the origin of the shoot as
seedling or branch. Because shoot production is a process
that cannot be observed at a single time point, we estimated
asexual reproduction by the proportion of shoots that were
branches (as in Ruesink et al. 2010). We assumed constant
leaf plastochrone intervals of approximately 2 weeks
(Duarte 1991). Based on this assumption, the last growing
season would have occurred in no less than 10 internodes
(5 months), so we calculated the proportion of shoots that
were branches using all shoots with at least 10 internodes.
(Shoots with less than 10 internodes were excluded from
this calculation.)

We dried eelgrass shoot tissue samples from each quadrat
of the equivalent transect at 60 °C overnight and ground

youngest leaf tissue for carbon and nitrogen content, which
was analyzed by the UC Davis Stable Isotope Facility. We
limited the elemental analyses to equivalent transect plants
to represent each site because carbon to nitrogen ratios
varied very little amongst sites (Table S1). Additionally,
every 10 m along each transect, we collected a sediment
core (2.5-cm diameter, 10-cm deep) to assess sediment
organic content and grain size distribution. Sediment sam-
ples were first hand-sieved through a 2-mm mesh sieve to
remove any large pieces of algae, animals, eelgrass shoots,
or rhizomes. These coarsely sieved samples were lightly
crushed with mortar and pestle to break up aggregates.
Approximately 20 g of each dry sediment sample was ashed
in a muffle furnace set at 500 °C for 3 h then reweighed to
determine organic content via loss-on-ignition. Silt to sand
ratio was determined by sieving ashed sediment samples
through a 63-micron mesh with a sieve shaker (Ro-Tap,
Laval Lab, Inc.) for 3 min.

Statistical Analysis

Variables We explored correlations amongst multiple met-
rics of desiccation stress and sediment conditions, and cor-
related exogenous variables were removed to minimize
redundancy (Appendix). We used tidal elevation, tidal am-
plitude, sediment organic matter, and carbon to nitrogen
(C/N) ratio as exogenous variables (Table 1; Fig. 1a).
Shoot length and shoot density were endogenous vegetative
eelgrass variables, through which exogenous variables
could indirectly influence eelgrass reproductive variables.
Proportion of shoots branching, flowering shoot density, and
seedling density were all endogenous reproductive eelgrass
variables.

Structural Equation Modeling SEM was conducted on the
means of the variables of interest for each transect (upper
and equivalent) at each site (Table S1) using the lavaan
package (Rosseel et al. 2011) in R (R Development Core
Team 2011), with full information maximum likelihood
due to instances of missing data. First, we tested which
direct effects in the path model were statistically signif-
icant using standardized empirical data gathered from the
southern Salish Sea sites and obtained path coefficients.
Then, to tease apart the strength of direct versus indirect
pathways, we multiplied serial, direct effect path esti-
mates together to obtain indirect effect path estimates
(Grace 2006). To test the overall fit of the path model,
we removed nonsignificant direct effects and re-ran the
SEM. We also investigated how robust the SEM results
were to removing individual links, one at a time, from
the full path model (17 models). We assessed and com-
pared the fit of these shorter models with the full model
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by Chi-squared tests (well-fitting models have p>0.05
(Hooper et al. 2008)), standardized root mean squared
residuals (SRMR<0.08 acceptable (Hu and Bentler
1999)), and comparison of AIC values. If model fit
decreased when a link was removed, that link was
interpreted as important; if model fit increased when a
link was removed, that link was considered nonessential.
To further verify SEM results, we assessed which links
were most commonly significant in the models where
individual links were removed.

Results

Direct and Indirect Effects Of the 17 direct effects in the
full path model, three were statistically significant: sediment
organic matter positively on shoot length (p=0.010) and pos-
itively on seedling density (p=0.013), and tidal amplitude
negatively on flowering shoot density (p=0.006) (Fig. 1b).
Via their correlated error terms, shoot length correlated nega-
tively with shoot density (p=0.050).

No indirect effect pathways from exogenous to reproduc-
tive variables (branching, flowering, or seedlings) were
significant, since none of the three significant direct effects
occurred sequentially in the path diagram (Fig. 1b). Thus,
these data for the southern Salish Sea had stronger direct
effect pathways between environmental variables and eel-
grass resilience measures than indirect pathways via shoot
size or density.

Model Fit and Robustness The full path model fit ade-
quately by Chi-squared test (χ2=17.677, df=11, p=0.
089) but not based on SRMR (SRMR=0.130). A short-
ened model with only the four significant links could
not be analyzed with SEM because the link configura-
tion was too sparse to connect the remaining variables
together. Of the 18 models in which single links were
removed, four models fit more poorly. Not surprisingly,
these models were ones in which the removed link was
one that was deemed significant from running the full
SEM model (flowering–tidal amplitude, seedling–sedi-
ment organic matter, shoot length–sediment organic mat-
ter, or shoot length–shoot density). The four significant
links from the full model were also most frequently the
significant links in the models with other, individual
links removed. Flowering–tidal amplitude and shoot
length–sediment organic matter links were significant
in all 17 models where it was not the link removed.
Seedling–organic matter was significant in 16 of the
models and shoot length–shoot density in 12 of the
models. Other links were much less frequently signifi-
cant (shoot density–C/N ratio in two models; shoot
density–tidal amplitude in one model).

Discussion

Significant Links for Eelgrass Resilience Of the 17 hypoth-
esized direct links drawn from the eelgrass literature, only
three were significant. Drivers of reproductive traits in eel-
grass at regional scales may therefore not reflect the pre-
dictions of small process studies. In this case, direct links
from environmental variables to reproductive investment
outweighed any indirect effects via plant size. For example,
seedling recruitment was only associated with one of four
hypothesized direct causal variables from previous studies
(Table 1). Specifically, seedlings occurred at only five of the
17 sites, in conditions of higher sediment organic matter.
Consequently, it is possible that an intertidal environment
high in sediment organic matter might support eelgrass
populations that are better able to recover from disturbance,
via sexual reproduction.

Multiple mechanisms could explain the importance of
sediment organic content for seedlings. Enhanced seed ger-
mination has been found in muddy sediments in the Wadden
Sea, Netherlands (van Katwijk and Wijgergangs 2004), and
eelgrass seed germination is linked to anoxic conditions and
high organic content (Marbà et al. 2006). Seeds germinate
under anaerobic conditions, even in the presence of light and
lack of burial (Moore et al. 1993). Thus, sediment organic
content may be an indicator for the anoxic conditions that
cue seed germination. Additionally, fine, organic-rich sedi-
ments may indicate calmer hydrodynamic conditions with
lower erosion (Gray and Elliott 2009). Seedlings may be
less prone to removal by erosion in calmer hydrodynamic
conditions and more stable sediments (Marion and Orth
2012; Valdemarsen et al. 2010; Harwell and Orth 1999).

The history of Westcott Bay, just north of our study
region, suggests that protected sites with high sediment
organic content may not always be resilient to disturbance.
Eelgrass disappeared from Westcott Bay following a decline
from 2001 to 2003. It has not naturally recolonized, nor
have experimental transplants of adult shoots been success-
ful (Schanz et al. 2010). Sediment conditions may allow for
recolonization by seed after pulse disturbances; however, in
some cases, chronic conditions causing eelgrass decline may
need to be ameliorated first, such as poor water quality
(Thom et al. 2012), even in the presence of muddy sedi-
ments. Additionally, organic rich sediments (>4 % organic)
may be limiting in hydrodynamically exposed conditions
because plants are more easily uprooted than in organically
poor sand (Wicks et al. 2009), and some suggest that organic
content >5 % may limit aquatic plant growth (Barko and
Smart 1983; Koch 2001). However, organic content in our
study was 3.1 % or less at all study sites (Table S1) and was
2.9 % or less in Westcott Bay (Schanz et al. 2010).
Furthermore, seed limitation may prevent recolonization
following mass die-offs, and seed addition may be possible
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at sites such as Westcott Bay within the organic matter
tolerance limits. In Virginia, USA, restorative seed additions
and ensuing seed export led to ~1,700 ha of meadow ex-
pansion in a matter of years, not decades (Orth et al. 2012).

We found that sediment organic content was positively
correlated with longer shoots, and that shoot length was
negatively correlated with shoot density (Fig. 1b). Lower
shoot densities were thus indirectly associated with organic-
rich sediments. A shoot size–shoot density trade-off further
supports the observation worldwide that aboveground bio-
mass per area is relatively constant, and disturbance releases
surviving shoots from competition, which enhances growth
(Olesen and Sand-Jensen 1994). In 4-m2 experimental dis-
turbances in Oregon, USA, eelgrass recovered entirely by
asexual branching within 24 months, regardless of seed
addition (Boese et al. 2009).

Nonsignificant Links Hypothesized links from resource
availability (C/N ratio) to any eelgrass variable (vegetative
or reproductive) were not significant. A possible explana-
tion is that nutrient availability varied little among our study
sites and was not limiting. Indeed, eelgrass in the southern
Salish Sea had high nitrogen content (3.3±0.1 % N dry
weight (±standard error among sites)), well above levels
that indicate nutrient limitation (1.9 % N dry weight;
Duarte 1990; Ferdie and Fourqurean 2004), with the caveat
that internal storage mechanisms affect the accuracy of this
metric (Kaldy 2009). Nutrient-limited conditions are not
prevalent among other northeast Pacific estuaries
(Hessing-Lewis et al. 2011).

Rates of asexual reproduction varied among sites (Table
S1), including four of the 17 sites without branching during
the previous 10 internodes, and six sites where >20 % of
shoots were branches (Table S1). In other studies, asexual
reproduction has increased following shoot thinning
(Ruesink et al. 2012) and may be more responsive to light
than to carbon or nutrient availability (Vermaat 2009).
Similarly, the trade-off we found between shoot size and
density may emerge from intraspecific competition for light
even intertidally where desiccation and hydrodynamic
stressors have a large effect (Koch 2001). Biomass produc-
tion in intertidal populations has been found to depend on
light conditions (Kentula and McIntire 1986), and light may
also underlie reduced branching in eelgrass populations in
eutrophic estuaries (Hauxwell et al. 2006).

Surprises In other studies, flowering of Z. marina increased
with tidal elevation (Harrison 1993; Boese and Robbins
2008). However, this was not a consistent pattern across all
of our study sites in the southern Salish Sea, leading to no
SEM link from tidal elevation to flowering (Fig. 1b). The
negative association between tidal amplitude and flowering
is a counterintuitive result if desiccation stress cues flowering.

Instead the results suggest exposure at low tide inhibits
flowering, potentially through a mechanism involving UV
radiation or temperature associated with midday low tides.
Although flowering occurred at most sites (15 of 17), links
between flowering and vegetative characteristics may be weak
because the proportion of all shoots that were flowering was
relatively low (mean=6 % of total shoots) compared to other
locations on the eastern Pacific: 17–100 % (Phillips et al.
1983). However, the percent flowering shoots was consistent
with historical measurements of flowering in Puget Sound (0–
7 % in Phillips et al. 1983) and other sites worldwide (for
example, Limfjorden, Denmark: 9–10 % (Olesen 1999).

Implications Both asexual and sexual reproduction contrib-
utes to shoot recruitment and therefore the potential for resil-
ience. The lack of indirect effects via vegetative characteristics
on reproductive characteristics suggests that environmental
factors can be directly associated with higher shoot recruit-
ment. This highlights the importance of monitoring asexual
and sexual reproduction (in addition to eelgrass area, cover,
density, as per Thom et al. (2012)) to gauge the potential for
eelgrass recovery following a disturbance. Although the liter-
ature provides evidence for many environmental drivers of life
history traits related to resilience, our study revealed that only
a subset is important in this particular region, with high
sediment organic matter apparently conducive for seedlings.
In light of the perspective that seeds play an important role in
speeding the recolonization of large spatial extents (Orth et al.
2012), our results suggest that sites with high sediment organ-
ic matter may be appropriate intertidal target locations for
restoration and colonization by spreading seed. Drawing a
corollary, sites with low sediment organic content may indi-
cate populations with lower recovery potential that should be
protected, as branching is the main mode of recovery. As the
recovery of an eelgrass bed following disturbance is a dynam-
ic process, experimentation and long-term monitoring are
necessary to validate and investigate the conditions that sur-
faced as most important to eelgrass reproduction from this
regional survey taken at a snapshot in time.
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Appendix: Methods to Cull Correlated Metrics
of Desiccation Stress and Sediment Conditions

We explored the following metrics relevant to desiccation
stress before settling on tidal amplitude and elevation: (1)
tidal elevation, (2) estimated hours inundated in the previous
year (2006) using tidal elevation and predicted water levels
by hour (http://tbone.biol.sc.edu/tide/), (3) relative tidal am-
plitude (the difference between mean lower low water and
mean higher high water on May 18, 2007), and (4) relative
time of day at low tide during summer using tidal predic-
tions (as a proxy for air temperature). Tidal elevation and
inundation time were correlated (r(29)=−0.95, p<0.0001),
and tidal amplitude and time at low tide were correlated
(r(32)=0.34, p=0.046).

We explored the following metrics of sediment con-
ditions before settling on sediment organic content: (1)
beach slope, in two categories: extensive broad shallows
in embayments or pocket beaches (“flats”) versus nar-
row, sloping shorelines (“fringes”) (Berry et al. 2003),
(2) silt to sand ratio, and (3) sediment organic matter.
Categorical beach slope (r(29)=−0.53, p=0.002) and silt
to sand ratio (r(29)=0.85, p<< 0.0001) were highly
correlated with sediment organic matter. Sediment or-
ganic content is controlled by biological processes, in-
cluding heterotrophic assimilation and autochthonous
production, as well as physical processes. Thus, we
used it to indicate relative differences in biologically
relevant sediment conditions among our sites.
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