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INTRODUCTION

Organisms that are physical ‘ecosystem engineers’
alter resource availability through mechanisms other
than competition and predation, namely, by modify-
ing the physical environment (Jones et al. 1994, 1997,
Odling-Smee et al. 2003). Numerous case studies
from a variety of systems demonstrate wide-ranging
impacts of ecosystem engineers: from both positive to
negative and strong to weak (Jones et al. 1997). For

example, shrubs facilitated colonization of an oak
species by producing shady microsites suitable for
recruitment (Callaway 1992), whereas invasive cord-
grass Spartina sp. produced tall, dense canopies, ex -
cluding native organisms from coastal marine habi-
tats (Lambrinos 2007). Curiously, the same ecosystem
engineer can have varied effects in different con-
texts. For instance, iceplant Carpobrotus edulis can
change soil pH and calcium, but the magnitude of the
change depends on the ecosystem in which it lives,
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such as grassland or coastal scrub (Molinari et al.
2007).

The strength of ecosystem engineering may de -
pend on environmental context (Byers et al. 2006,
Cuddington et al. 2009). One specific manifestation
of this context dependence appears in the stress gra-
dient hypothesis, which predicts a preponderance
of facilitative interactions under conditions of high
environmental stress and negative interactions in
more benign environments (Bertness & Callaway
1994, Bruno et al. 2003, He et al. 2013). Thus, if eco-
system engineers have their signature physical
effects on an environmental factor (i.e. those that
define them as ‘engineers’) through facilitative inter-
actions, they should have their strongest impacts in
harsh physical environments where they ameliorate
conditions stressful to other organisms (Crain & Bert-
ness 2006) or themselves (Cuddington & Hastings
2004). The effects of ecosystem engineers have been
demonstrated to be context-dependent for a popula-
tion of a single species through theoretical modeling
(Cuddington & Hastings 2004, Cuddington et al.
2009), and for terrestrial and aquatic communities
through experiments (Molinari et al. 2007, Daleo &
Iribarne 2009, Scyphers & Powers 2013, Green &
Crowe 2014). The stress gradient hypothesis pro-
vides a way of making predictions when either the
environment shifts in stress or the ecosystem engi-
neers shift in abundance, thus aiding conservation
and restoration (Cuddington & Hastings 2004, Sud-
ing et al. 2004).

Seagrasses, submerged marine angiosperms, are
recognized as ecosystem engineers and have been
a focus of conservation efforts. Amongst many
other ecosystem functions, seagrasses act as bio-
genic habitat for many species, such as juvenile
stages of harvested species (Heck et al. 2003), and
are sensitive to human impacts (Short & Wyllie-
Echeverria 1996). Natural and anthropogenically
caused declines of seagrasses worldwide have been
called ‘a global crisis’ (Orth et al. 2006), with resto-
ration attempts having mixed success. Human-
aided restoration methods employ the addition of
seed as well as clonal proliferation of adult shoot
transplants, with approximately 40% success (Fon-
seca et al. 1998). Recolonization by seeds and
seedlings has been a successful restoration strategy
at some locations (e.g. Mc Glathery et al. 2012, Orth
et al. 2012) and is especially critical at large
denuded sites (e.g. Lee et al. 2007). Yet, seedling
survival through the first year tends to be low at
many sites (e.g. <1% in Odense Fjord: Greve et al.
2005), but high in others (e.g. ~16 seedlings m−2:

Plus et al. 2003; ~85 seedlings m−2: Lee et al. 2007).
Factors that have been suggested to drive this vari-
ability in restoration success include timing of ger-
mination, burial (Marion & Orth 2010), temperature,
oxygen, salinity, bioturbation, grazing, hydrodynamic
disturbance (Greve et al. 2005), and lack of an
adult seagrass canopy (Lee et al. 2007).

Ecosystem engineering by the seagrass Zostera
marina L. (eelgrass) has the potential to impact
the establishment of its own seedlings, influencing
the management and restoration of this important
species. Eelgrass is not in decline everywhere (e.g.
Gaeckle et al. 2011), and it is often uncertain why
some populations succeed while others fail. The
stress gradient hypothesis could provide insight into
context-dependent processes that facilitate or pre-
vent recovery for this species (e.g. van der Heide et
al. 2007). Waves and currents (‘hydrodynamic’ con-
ditions) negatively affect eelgrass distribution (Fon-
seca & Bell 1998) and seedling recruitment (Koch
et al. 2010, Valdemarsen et al. 2010). However,
meadows of eelgrass can ameliorate hydrodynamic
energy (reviewed in Koch et al. 2006). Thus, eel-
grass has the potential to facilitate its own recruit-
ment through mitigating hydrodynamic conditions
that might erode seedlings away, but it is unclear
how strong this engineering is compared to over -
lying variation in hydrodynamic conditions (i.e. the
stress gradient).

In this study, we tested the stress gradient hypo -
thesis as a framework for variable eelgrass seedling
survival over a hydrodynamic gradient. We manip-
ulated eelgrass shoot density along a hydrodynamic
gradient and determined (1) how eelgrass modified
water motion along and relative to the gradient, (2)
how the overlying gradient in water motion affected
seedling survival, and (3) whether and how the
presence of adult eelgrass shoots affected seedling
survival and performance. We hypothesized that
higher seedling mortality would occur at the end
of the gradient with greater water motion due to
erosive dislodgment. Aligning with the stress gradi-
ent hypothesis, we predicted that eelgrass would
facilitate seed ling recruitment and growth in
 habitats with higher water motion because an
 eelgrass canopy could decrease water motion in
these more stressful environments. By contrast, we
predicted that high eelgrass density would have
negative or neutral effects on adult eelgrass sur-
vival, seedling recruitment, and growth in calmer
environments, where the benefits of such facilitative
interactions should be outweighed by competitive
interactions.
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MATERIALS AND METHODS

Field site

Willapa Bay, WA, USA is a mesotidal, partially
mixed estuary (Banas et al. 2004) with ~10% of its
total area containing Zostera marina. Our study site
was located on the west side of the Bay, approxi-
mately 1 km from shore, on intertidal hard sand sub-
strate (46.522° N, 124.014° W). We selected this site
because it included a gradient of eelgrass from con-
tinuous meadow at the north end of the site to sparser
eelgrass at the south end of the site, which we
expected to reflect a hydrodynamic gradient (Baden
& Boström 2001) established by beach slope and
aspect (Fig. 1).

Experimental design

In May 2010, we set up 20 ex -
perimental blocks, with 3 treatment
plots in each block. The blocks were
arrayed at approximately 50 m inter-
vals along the assumed hydro -
dynamic gradient at a common tidal
elevation (0 m relative to mean lower
low water [MLLW]). Each plot was
4 m2, randomized, and spaced 2 m
apart in each block. In the ‘ambient’
treatment plots, eelgrass was not
manipulated, so the plots simply con-
tained shoots at naturally occurring
densities, which varied from 0 to
132 shoots m−2. In the ‘addition’ plots,
eelgrass was transplanted into (or
removed from) the center 1 m2 to
achieve a consistent density of 120
shoots m−2. In the ‘re moval’ plots,
all eelgrass shoots and rhizomes
were removed from the entire plot
(0 shoots m−2) (Fig. 1).

To verify the assumed hydro -
dynamic gradient and estimate the
effect of eelgrass on hydrodynamic
conditions, we deployed dissolution
blocks within each treatment plot.
This me thod allowed for simul -
taneous measurement of relative
water motion in each of the 60
plots over the spatial gradient,
often within dense eelgrass canopies,
which would not be feasible with

digital current meters. Dissolution blocks (12 cm3)
were made of plaster of Paris with a wire (12
gauge, 20 cm long) inserted into each block before
hardening. Blocks were dried (60°C) and weighed
prior to and after field deployment. Two blocks
were inserted into each plot, wire-first into the
sediment with the block flush with the sediment
surface (Porter et al. 2000), for 2 full tidal cycles
(2 d) in June 2010. Greater plaster loss indicated
greater mass transfer due to more vigorous water
motion (Thompson & Glenn 1994, Porter et al.
2000).

We separately verified that plaster loss was re -
lated to the hydrodynamic water regime. Specifi-
cally, we deployed dissolution blocks at set depth
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intervals in the boundary layer concurrently with
acoustic Doppler current profilers (Aquadopp Pro-
filer, Nor tek) at the same field site in areas
denuded of eelgrass. These measurements verified
that there is a linear relationship between kinetic
energy and the amount of plaster dissolved (n = 16,
R2 = 0.48, p = 0.0018): Plaster dissolved (g d−1) =
322.98 × Kinetic energy (m2 s−2) + 7.82. Since plas-
ter dissolution can vary somewhat with water tem-
perature, salinity, and other environmental  factors
that fluctuate in the field, we consider this
 calibration equation as an estimate. We report mass
transfer, a metric reflecting unidirectional and
oscillatory flow integrated over time, as the amount
of plaster dissolved, and hereinafter refer to it as
‘water motion.’

To evaluate the impact of the presence of eel-
grass on seedling performance, we focused on
adult shoot density in the center 1 m2 of each plot
and performance of 25 seedlings transplanted
10 cm apart in a square grid in the center 0.25 m2

of each plot. Adult shoots and seedlings were
counted at the beginning (May), middle (June and
early July), and end of the experiment (end of
July). At the end of July (2010), we destructively
sampled the center 0.25 m2 of each plot because
the aboveground portion of the seedlings had
grown to be morphologically indistinguishable from
adult vegetative shoots. Seedlings were identified
by their short ‘scorpioid’ rhizome and were meas-
ured for shoot size and rhizome branching. All eel-
grass adult shoots and seedlings transplanted into
the plots originated from the north end of the gra-
dient to control for differences in shoot morphology
along the gradient.

Statistical analyses

To determine the gradient of environmental con -
ditions experienced in the experimental plots and
the impact of adding or removing eelgrass, we used
a generalized linear mixed effects model in R (R
Development Core Team 2011), with water motion
(amount of plaster dissolved) as the response vari-
able, eelgrass treatment (ambient, addition, removal)
and distance of experimental block along the north to
south transect as the fixed effects, and plot as the
random effect. We used pairwise likelihood ratio
tests (LRT) between the full model and models with
each of the main effects and interaction removed
to identify statistically significant explanatory vari-
ables. Furthermore, we used the average plaster dis-

solved in the removal treatment plot of each experi-
mental block to represent the overlying water motion
without any influence of eelgrass engineering in that
block.

To test whether the presence of adult eelgrass
shoots facilitated retention of seedlings, we used
generalized linear models (GLM) with Poisson or
binomial error structures as appropriate, using
adult eelgrass shoot density and seedling survival
as the response variable and eelgrass treatment
and water motion (amount of plaster dissolved) as
the explanatory variables. Analysis of adult density
data was limited to the ambient eelgrass and eel-
grass addition treatments because the eelgrass re -
moval treatment had no eelgrass shoots and there-
fore does not provide useful data points. For
seedling survival, we limited the comparison to the
eelgrass addition and eelgrass removal treatments,
since ambient plots varied in adult eelgrass shoot
density (0−132 shoots m−2). We then tested for
intraspecific effects on morphological characteris-
tics (shoot length, sheath width, number of bran -
ches, and number of rhizome internodes) of all
seedlings surviving to the end of experiment using
generalized linear mixed effects models, using plot
as the random effect and associated error struc-
tures. We used LRTs to determine significance of
each main effect and generalized linear hypothesis
testing to conduct post hoc comparisons amongst
the treatment groups.

RESULTS

Strength of eelgrass engineering relative to 
existing hydrodynamic environment

Water motion was decreased by eelgrass addition
and also varied with distance along the north−south
transect (representing a hydrodynamic gradient;
Fig. 2, linear mixed effects model, p < 0.001 for
both variables); however, the interaction was not
significant (p = 0.21). Over the north−south gradi-
ent (Fig. 1), greater water motion occurred on
the southern end, with the most water motion in
plots with eelgrass removed. Plots with eelgrass
removed (0 shoots m−2) consistently had 2.41 g
more plaster dissolved than plots with eelgrass
added (120 shoots m−2) (Fig. 2b). This decrease in
water motion by eelgrass’ engineering was 28%
of the range of water motion experienced over
the gradient in the removal plots (8.55 g plaster
dissolved).
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Adult eelgrass density manipulation

At the end of the experiment (July 2010), both
ambient and eelgrass addition plots maintained
higher adult shoot densities in plots with lower water
motion (Poisson GLM, mass transfer effect, p <
0.0001) (Fig. 3a). However, final density in addition
plots was higher than that of the ambient unmanipu-
lated density plots, especially in plots with higher
water motion (treatment effect, p < 0.0001; mass
transfer by treatment interaction, p < 0.0001).

Effect of adult eelgrass canopy on seedling survival

Seedling survival overall was higher at the ‘calm’
end of the hydrodynamic gradient (binomial GLM, p <
0.0001). Seedling survival was influenced by ‘addition’
versus ‘removal’ of adult eelgrass, but effects de-
pended on water motion (treatment by wa ter motion
interaction: end of July, p < 0.0001) (Fig. 3b). Specifi-
cally, the presence of adult eelgrass shoots (120 shoots
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m−2) increased survival where water motion was high,
and decreased survival where water motion was low.
The transition between positive and negative effects
for the final time point (end of July) occurred at 16.9 g
plaster dissolved (Fig. 3b). Thus, adding adult eelgrass
shoots had a positive effect on seedling survival in
plots with higher water motion but actually had a neg-
ative effect on seedling survival in plots experiencing
less water motion. It is important to note that any posi-
tive effect due to adult eelgrass engineering in the
more exposed plots would be conservative since the
shoot density in the ‘addition’ treatments was allowed
to return towards ambient density over the course
of the experiment (see ‘Adult eelgrass density mani -
pulation’ results above, Fig. 3a).

Effect of adult eelgrass canopy on seedling 
morphology

Treatments with adult eelgrass present (ambient
and addition treatments) had a significant effect on
final seedling length (LRT, p < 0.0001),
seedling width (LRT, p < 0.0001), and
number of branches (LRT, p = 0.001).
However, water motion did not affect any
of these seedling morphological traits, nor
was there an eelgrass treatment by water
motion interaction. Seedlings in the re -
moval plots had larger shoots with higher
rates of branching compared to addition
and ambient plots (Fig. 4a−c). The num-
ber of rhizome internodes was affected
by neither eelgrass treatment nor water
motion (Fig. 4d).

DISCUSSION

Overall, our results support the stress
gradient hypothesis for eelgrass, a marine
ecosystem engineer, along a gradient of
water motion (i.e. stress). Although the
physical engineering effects of eelgrass
were to decrease water motion consis-
tently, the direction of intraspecific inter-
actions of eelgrass re versed along a spa-
tial gradient in water flow. Specifically,
greater water motion was stressful for
 eelgrass adults and seedlings, decreas -
ing their survival (Fig. 3). In conditions
of greater water motion, the presence of
adult eelgrass (120 shoots m−2) was there-

fore associated with relatively higher seedling sur-
vival than in plots with all adult eelgrass removed
(0 shoots m−2) (Fig. 3). Supporting the stress gradient
hypothesis, the positive impact of ecosystem engi-
neering by eelgrass disappeared in calmer hydro -
dynamic conditions, where a high density of adult
shoots negatively impacted seedling survival (Fig. 3).
Presumably, this was due to competition for light or
other resources, as evidenced by the uniformly
smaller size of seedlings in the treatments with eel-
grass present (ambient and addition plots, Fig. 4),
although these environmental variables were not
quantified in this experiment. Thus, eelgrass was not
always a facilitative ecosystem engineer; in less
stressful environments, the impacts of negative, intra -
specific interactions exceeded that of facilitative
interactions via the abiotic environment. These re -
sults are consistent with community-level impacts of
structure-forming plants in benign conditions of
other systems, both aquatic (e.g. Crain & Bertness
2005, Daleo & Iribarne 2009, He et al. 2011) and
 terrestrial (e.g. Choler et al. 2001).
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Understanding the mechanism by which eelgrass
modifies the physical environment provides an
explanation for the reversal of intraspecific effects we
observed. ‘Autogenic engineers’ (Jones et al. 1994)
modify the environment as passive physical struc-
tures, for example, by impeding fluid flow (e.g. bar-
nacles: Bertness 1989; sea palm algae: Holbrook et
al. 1991; terrestrial crops: Finnigan 2000), with po -
tentially sizeable impacts when in large numbers
(Power et al. 1996). As an autogenic engineer, eel-
grass provided physical structure and flow ameliora-
tion regardless of the overlying context of water
motion (Fig. 2). However, the implications of engi-
neering for facilitating eelgrass depended on other
intraspecific interactions. Competitive interactions
dominated at low water motion and presumably out-
weighed the facilitative impacts of eelgrass, resulting
in context-dependent engineering. Thus, the present
study emphasizes the value of empirically measuring
and comparing the overlying abiotic context and the
modification provided by the engineer (as per Jones
& Gutierrez 2007), as well as the direct biotic interac-
tions influencing the engineer (theoretically modeled
by Cuddington & Hastings 2004). This is especially so
for autogenic engineers, for which the strength of
engineering will be of relative magnitude compared
to the strength of intraspecific interactions. This sup-
ports theoretical expectations that colonization by an
ecosystem engineer that makes the habitat more
suitable for itself will initially be slow in suboptimal
habitats, until habitat modification becomes suffi-
cient for population persistence (Olesen & Sand-
Jensen 1994, Cuddington & Hastings 2004).

High hydrodynamic energy may ultimately limit
the carrying capacity of eelgrass (e.g. Fonseca & Bell
1998), but our results also imply that eelgrass itself
can increase its own densities under certain environ-
mental conditions, potentially leading to rapid recov-
ery following disturbance. Examples of eelgrass beds
that have recovered rapidly (<1 yr) by seed and
seedlings appear to be in shallow embayments
where the stressor was temporary, and there was
whole meadow mortality (e.g. Plus et al. 2003, Lee
et al. 2007). In these estuaries, wave energy may be
relatively lower, due to shallow water depth. Presum-
ably, environmental features, such as calmer hydro-
dynamic conditions and lack of intraspecific inter -
actions with adult shoots, allowed for seed retention,
germination, and initial seedling survival in the first
year of the study by Lee et al. (2007). One study in a
Danish estuary also reported rapid recolonization by
seedlings, following a dieback event that did not lead
to full-bed mortality (4% of shoots survived the

dieback event; Greve et al. 2005). While contributing
via asexual reproduction, the very low density of
adult shoots and the remaining rhizome network
may have stabilized the sediment and reduced tidal
currents (Greve et al. 2005) to facilitate seed and
seedling retention. In contrast, other studies demon-
strate much longer recovery times (12 yr), requiring
seed addition by humans (McGlathery et al. 2012,
Orth et al. 2012). At higher levels of hydrodynamic
exposure, seedlings generally cannot survive and
instead erode away (Koch et al. 2010, Valdemarsen et
al. 2010), possibly leaving an area unvegetated for a
long period. Further study is necessary to determine
whether overlying hydrodynamic factors relative to
surviving eelgrass shoot density could have led to
variable recovery speeds and trajectories of each of
these embayments, as opposed to other abiotic and
biotic factors (e.g. Valdemarsen et al. 2011).

Potentially, the very mechanism that can lead to
sudden declines of eelgrass meadows and seemingly
prevent natural regeneration also provides a solution
for restoration ecologists. At hydrodynamically ex -
 posed sites, where facilitative interactions likely
played a role in maintaining original eelgrass beds
and natural regeneration is delayed, human actions
may tip the balance towards restoration (Suding et al.
2004). Specifically, recovery of self-maintaining sea-
grass meadows may be achieved by creating tempo-
rary protective structures or restoring a sparse adult
canopy while adding seed — a strategy that is re -
source-intensive in the short term, but self-maintain-
ing in the long term. This fits with observations in
other marine systems. For example, restoration of a
reef-building oyster in a long-term decline was only
successful when oysters were planted at high densi-
ties, facilitating juvenile recruitment (Schulte et al.
2009). The possibility of sudden and persistent de -
clines by eelgrass and other autogenic engineers
emphasizes explicit quantification of habitat modifi-
cation by the engineer relative to its environmental
context. More generally, the stress gradient hypothe-
sis can provide an important framework for conser-
vation and restoration practitioners hoping to under-
stand the contexts under which imperiled and
important ecosystem engineers decline precipitously
and facilitate their own recovery (e.g. eelgrass, cord-
grass, oysters, corals) (Byers et al. 2006).
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