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ABSTRACT

Classic bottom-up theory predicts that increased
resource availability (for example, nutrients) at the
base of the food web will stimulate primary pro-
duction and, in turn, secondary production. Recent
studies, however, indicate that bottom-up controls
on food web production can be modified by other
factors, such as landscape configuration and conti-
nuity. As part of a 10-year ecosystem-scale experi-
ment in a New England salt marsh, we investigated
the response of secondary consumers, specifically a
fish, the mummichog (Fundulus heteroclitus), to
nutrient enrichment. In the first 6 years, we ob-
served a classic bottom-up response of increased
production of algae, invertebrate prey, and mum-
michogs. After the sixth year, however, mummi-
chog biomass declined to below reference levels by
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the eighth year. This decline in mummichog bio-
mass coincided with nutrient-induced collapse of
the low-marsh habitat. Based on stable isotope
analyses, field surveys, and small-scale experiments,
we suggest that the geomorphic changes induced a
trophic decoupling between creek and marsh habi-
tats, thereby reducing mummichog access to prey in
the intermittently flooded marsh. Thus, despite
continued stimulation of algal and invertebrate prey
production, fish abundances declined to below pre-
enrichment levels. Our results demonstrate how
geomorphic controls can override classic bottom-up
control and emphasize the importance of long-term
studies in detecting the response of slow-turnover
phenomena (for example, changing landscapes).

Key words: food web theory; nutrient enrich-
ment; landscape control; saltmarsh; estuary;
trophic subsidy; spatially coupled; geomorphology.

INTRODUCTION

Bottom-up nutrient driven-controls can have
powerful effects on food web structure and com-
plexity, species distributions and interactions, and
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the magnitude and rates of biogeochemical pro-
cesses (Menge and others 2003; Ware and Thom-
son 2005; Spivak and others 2007). In coastal
systems, for example, increasing nutrient loads can
stimulate primary production and, in turn, increase
the density and biomass of benthic macroinverte-
brates, particularly epibenthic algal grazers (Heck
and others 2006; Spivak and others 2009; Johnson
and Short 2013). Small-scale plot-level and meso-
cosm experiments have been important for
understanding how top-down and bottom-up
controls interactively shape community and
ecosystem structure (McQueen and others 1989;
Menge and others 2003; Sanders and Platner
2007); however, these experiments can miss
dynamics that occur over longer time periods and
at the landscape scale (Carpenter and others 2005).
It is widely accepted that the landscape complexity,
diversity, and arrangement of habitats are impor-
tant controls on the distribution of organisms in
ecosystems (Mclvor and Odum 1988; Hansen
2000), but the implications of this on food webs are
not fully understood. At the ecosystem scale, both
bottom-up and top-down controls on food webs
could be modified by habitat access or configura-
tion, with consequences for species distribution and
ecosystem function.

Landscape theory predicts that local geomor-
phology may influence species distributions and
interactions, production, and energy flow (Hershey
and others 1999; Ward and others 1999; Baker and
others 2013). Interactions across geomorphic
boundaries can often be unidirectional, with en-
ergy primarily flowing from habitats with greater
productivity to those with lesser productivity
(Power and others 1996, Ward and others 1999;
Sheaves 2009). This unequal energy distribution
can result in food web configurations or linkages
that would not occur in either habitat in isolation
(Pringle and Fox-Dobbs 2008; Christian and Allen
2014). Because of this, changes in habitat structure
or configuration have the potential to disrupt
ecosystem-level energy flows by altering the ability
of mobile consumers to access critical resources
(Sabo and Power 2002; Baxter and others 2004;
Sheaves 2009).

Saltmarshes offer a unique setting to understand
the role of geomorphology in shaping energy flow
in food webs because geomorphology is a primary
control on the spatial distribution of habitats as well
as the time that those habitats are available to
consumers. In this context, geomorphology can
control food web dynamics by altering predator
access to specific habitats and, as a result, change
the magnitude of top-down control on local prey

communities (Power and others 1996; McCann and
others 2005). In turn, if the geomorphic configu-
ration limits predator access, then the magnitudes
of top-down and bottom-up forcing will be a
function of the duration of access and the intensity
of predation (Power and others 1996; Fleeger and
others 2008; Johnson and Fleeger 2009).

In New England saltmarshes, a small fish (the
mummichog—Fundulus heteroclitus, adults typically
30-40 mm in length) is a key species in the food
web because it is the dominant mobile nekton
species (> 80% by biomass; (Deegan and others
2007)) and an important link in the trophic relay
that connects marshes and open bay areas (Kneib
1997; Baker and others 2016). Mummichogs are
important omnivorous consumers that can move
across habitat boundaries as the flooding tide
inundates low- and high-marsh habitats. They
consume a variety of food items from detritus and
algae and macroinfaunal annelids in the creeks
(Johnson and others 2007) to arthropods on the
high marsh (Kneib 1986; Lockfield and others
2013). Access to high-marsh areas increases
mummichog trophic level (Nelson and others
2015) and growth rate (Javonillo and others 1997),
suggesting that high-marsh habitats are an impor-
tant energy source for mummichogs. Mummichog
movement also serves to couple the food webs on
the intermittently flooded high marsh with the
aquatic food webs in the creek, increasing energy
flow across the landscape.

We examined the relative strength of bottom-up
nutrient control versus landscape geomorphic
configuration on food webs in a decade-long
ecosystem-level nutrient enrichment experiment
(Deegan and others 2007, 2012). In our experi-
mental system, long-term nutrient enrichment has
caused shifts in primary production as well as
changes in the plant and microbial community
(Johnson and others 2016; Kearns and others 2016;
Spivak and Ossolinski 2016). Nutrient enrichment
has also induced changes to the marsh creek edge
structure and geomorphic characteristics (Deegan
and others 2012), including disrupting the natural
ramp form of the creek bank through the devel-
opment of large cracks between the creek and the
marsh platform, in addition to low-marsh slumping
and loss. Prior to the observed changes in geo-
morphic structure, mummichog diets shifted to a
greater dependence on algal production and, in the
nutrient-enriched systems, fish abundance in-
creased (Lockfield and others 2013). The observed
changes in diet, growth, and geomorphology pro-
vide an extraordinary opportunity to examine the
relative effects on the food web of bottom-up
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(nutrient driven) versus top-down (habitat con-
figuration) processes.

We used a combination of approaches to evaluate
how nutrient enrichment and changes in marsh
geomorphology may have affected food web struc-
ture and mummichog production. Within paired
nutrient-enriched and reference marsh systems, we
looked for evidence of a causal relationship between
the observed changes in creek bank geomorphology,
food web structure, and mummichog production. To
understand the mechanisms driving the underlying
patterns in mummichog diet and production, we
conducted a diet and growth mesocosm experiment.
This experiment was designed to determine if
mummichogs (an omnivore) could grow to typical
field sizes by consuming predominantly algal-based
diets (as under nutrient enrichment), or if they are
required to consume prey to grow optimally.

METHODS
Site Description

This study was conducted in the Plum Island
estuary (PIE), Massachusetts (42°44’N, 70°52'W), a
temperate, bar-built, macrotidal (2.8 m mean tidal
range) estuary with extensive areas of productive
tidal marshes interlaced with small marsh creek
channels that connect marshes to the larger open
bay area (http://pie-lter.ecosystems.mbl.edu/). The
marshes are typical New England marshes (Warren
and Niering 1993), with creeks bordered by a 2-
5 m band of tall-form Spartina alterniflora (occupy-
ing elevations from ~ 2 to 2.5 m relative to mean
lower low water) and the high-marsh platform
(starting at elevation ~ 2.5 m relative to mean
lower low water) dominated by Spartina patens
mixed with Distichlis spicata (Johnson and others
2016) (Figure 1).

In terms of the prey available to mummichog,
polychaete worms are the dominant prey item in the
creek (Johnson and others 2007). Epibenthic and
semi-infaunal mollusks such as the ribbed mussel
(Geukensia demissa) or mudsnails (Nassarius obsoletus)
are present but are too large to be consumed by
mummichogs. In the high-marsh macroinfaunal prey
biomass is only around 20% of that in the creek
habitats (Johnson and others 2007), whereas biomass
of epibenthic prey such as amphipods and insects is
higher than in the creeks (Johnson and Jessen 2008;
Johnson and Short 2013).

10 y Nutrient Enrichment Experiment

Three primary creek watersheds were artificially
enriched with inorganic nutrients, and two creeks
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Figure 1. Map of Plum Island experimental tidal creeks.
The nutrient-enriched creeks are outlined in solid white
and the reference creeks in dashed black and white.

remained as ambient nutrient reference water-
sheds. Each system consisted of a total area of about
60,000 m?, with a single primary tidal creek 300-
500 m in length, similar tidal volumes (4.1-
7.5 x 10° L), and physicochemical characteristics
(Deegan and others 2007). The muddy creek bot-
toms are 1-4.5 m wide with 60-80% of the mud-
flat exposed at low tide. Two treatment creeks were
initiated in 2004 and a third in 2009. The third
creek was added because the creek edge geomor-
phic change results of the initial long-term
enrichment experiment were unexpected (Deegan
and others 2012) and thus not measured in the first
few vyears of nutrient enrichment. The third
enrichment creek serves as a space-for-time com-
parison to track geomorphic changes from the
beginning of nutrient enrichment. In each treat-
ment creek, nutrient-enriched seawater was added
in proportion to the incoming tide to achieve
moderately-to-severely eutrophic conditions, as
designated by the Environmental Protection
Agency (target 70-150 pM NO;5 ) (Deegan and
others 2007, 2012). Nutrients were added during
the temperate growing season (mid-May to mid-
September) each year (2004-2012), with the pump
rate adjusting every 10 min to the flux of incoming
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flooding water, as a function of average predicted
tide height for the day and measured water level,
and stopped when the high marsh was flooded by
approximately 20 cm of enriched water (Deegan
and others 2007; Johnson and others 2016). Ref-
erence creek water had low, ambient nutrient
concentrations (< 5uM NOs;~, ~ 1 uM POj;°)
(Spivak and Ossolinski 2016).

Creek Bank Edge Geomorphology

We used a combination of metrics to examine the
response of mummichog production to changes in
creek edge geomorphology and to select the sites
for the landscape survey. These methods were the
same as in Deegan and others (2012). The first
metric was the number and length of fractures at
the S. alterniflora/S. patens border per 50 m of pri-
mary creek length. Fractures, defined as a visible
break in the marsh surface of 10 cm width or more
that paralleled the creek channel within 3 m of the
high marsh from the S. alterniflora/s. patens border.
We calculated the fracture proportion by dividing
the sum of measured fracture lengths by the 50 m
of edge measured. Fracture proportion was esti-
mated for 5-6 sections per creek, depending on the
length of the primary creek. The second metric was
the proportion of creek edge with S. alterniflora.
This metric was based on a point intercept survey of
the entire length of the primary creek, with points
at 1-m intervals along a line 1 m from the high-
marsh border toward the creek. Points were scored
as either no vegetation (score of 0 representing
mud bank or no bank present) or vegetated with S.
alterniflora (score of 1). Sections where no bank was
present, due to precipitous slumping, were ex-
cluded. The number of points with vegetation di-
vided by the total number of points measured along
the entire 250-300 m creek was used as an esti-
mate of the percentage of vegetated creek bank. A
creek bank edge Geomorphic Index was estimated
as the mean of the proportion of fractured creek
edge and the proportion of vegetated habitat. All
creek bank edge geomorphic measurements were
taken early in the growing season (April-May) so
that vegetation did not obscure creek bank char-
acteristics.

Nekton and Invertebrate Production

To quantity food web responses to nutrient
enrichment, we compared the biomass and pro-
duction of invertebrates and mummichogs between
nutrient-enriched and reference creek areas over
time. To measure invertebrate biomass, animals
were collected from three habitats: the regularly

flooded mudflats, low marsh, and the infrequently
flooded high marsh.

Macroinfaunal biomass was assessed in all three
habitats using cores (6.6 cm diameter to a depth of
5 cm; n = 3 per habitat per creek) in late summer
(July or August) in 2003-2006, 2009, and 2012.
Animals retained on a 500-pum sieve were identified
and counted. High-marsh epibenthic invertebrates
(e.g., amphipods, isopods, spiders, crickets) were
estimated using quadrats (0.0625 m?% n = 10 per
creek) in the high-marsh habitat of each creek in
2009-2010, 2012. Samples were taken at least 5 m
from the creek-side S. alternifloralS. patens border,
the short form S. alternifloralS. patens border, and the
upland terrestrial border. All vegetation was re-
moved to the sediment surface and all invertebrates
observed were recorded and collected. Some fast-
moving species (for example, spiders) were counted
but escaped collection. Macroinvertebrate produc-
tion was calculated using an empirical production
model (Tumbiolo and Downing 1994).

logP = 0.24 + 0.96 log B—0.21 log W
+ 0.3T—0.16 log (Z+ 1) (1)

where P is production in dry biomass, B is the mean
annual biomass m™2, W is the maximum individual
body mass of the species, T is the mean annual
surface water temperature, and Z is the mean depth
of the water. We used a mean water temperature of
12 °C determined from the PIE LTER long-term
water quality data (http://ecosystems.mbl.edu/PIE/
data) and a mean depth of 0 m because our sites
were intertidal.

To quantify mobile consumer biomass, flume
nets (3—4 per primary creek treatment; (Rozas and
Minello 1997)) were installed perpendicular to the
creek channel and separated by at least 30 m. The
flume nets extend 10 m back from the creek band
and contain both high- and low-marsh habitats,
providing a measure of the number of fish access-
ing these areas. From June to September, during a
night-time slack high tide (within 48 h of the
monthly spring tide), the walls were quickly pulled
up, and the back and front panels attached to en-
close all the nekton in the approximately 30 m?®
area. As the tide dropped, the fish moved into the
low water refuge provided by the front conical
panel that stretched into the creek channel. Cap-
ture efficiency was approximately 80% as esti-
mated by adding tagged mummichogs when the
nets were closed. The nets varied slightly among
years; in 2003-2006, 2011-2012 nets dimensions
were 10m x 3m x 1.5m (I x w x d) and the
mouth was placed at the creek edge in the low-
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marsh tall S. alterniflora and extended into the S.
patens-dominated high marsh; in 2009-2010 nets
were 5m X 2 m X 1.5 m and the opening was at
the high-marsh/low-marsh boundary. Individual
nekton were identified and measured (total
length &= 1 mm; weight & 0.01 g). Annual pro-
duction (gC m~?) was estimated from the average
of the 2 months with the greatest wet biomass m™2
(typically August and September) converted to dry
mass (20% of wet mass), and dry mass to C 50% of
dry mass, and production estimated using a pro-
duction to biomass (P/B) ratio based on body size-
specific production rates (Banse and Mosher 1980).
To determine a maximum potential contribution
of measured invertebrate production to mummi-
chog, we applied a 10% trophic transfer efficiency
and scaled the available production to the amount
of time each habitat was inundated (50% for
mudflat, 40% for low-marsh habitat, and 5% for
high marsh; Johnson and others 2016), and then
subtracted the annual mummichog production. A
positive number indicates invertebrate production
in excess of mummichog food demand, while a
negative number indicates insufficient production
to meet mummichog food demand. Typical trophic
transfer efficiencies in aquatic systems range be-
tween about 3-12%, with ten percent the most
common estimate in aquatic systems (Pauly and
Christensen 1995; Jennings and others 2002).

Fish Growth Experiment

We conducted a mesocosm experiment testing fish
responses to diets representing food availability in
different habitat types in an outdoor, flow-through
seawater system at Woods Hole Oceanographic
Institution in May-July of 2015. We compared four
diet treatments: (1) micro- and macroalgae, (2)
detritus (dead marsh grass and associated mi-
crobes), (3) an arthropod (crickets (Acheta domes-
tica)) representing terrestrial arthropods that
mummichog are known to consume (Haas and
others 2009; Nelson and others 2015) in high
marshes, and (4) a mixed treatment which in-
cluded algae, detritus, and crickets representing
high-marsh arthropod prey. For 6 weeks, begin-
ning in May 2015, mummichogs (total length
15 £+ 2 mm; each treatment contained 20 fish at a
density of 8 fish m~?) were held in 270-1 translu-
cent fiberglass tanks (n =4 per diet treatment),
with plastic vertical substrate to provide structure,
that were situated in larger fiberglass tanks
(27m x 1.2m x 0.8 m, 1 x w x d) serving as
water baths to minimize day-night temperature
fluctuations. The mesocosm system was exposed to

ambient light and weather conditions, and experi-
mental tanks were continuously supplied with
seawater from Vineyard Sound that was sequen-
tially filtered through 500- and 150-um mesh bags
to remove large particles and organisms (Spivak
2015; Spivak and Reeve 2015). Tanks were cleaned
weekly. Fish were fed ad libitum during daylight
hours, with food replenished as soon as it was
consumed, in each of the diet treatments. At the
end of 6 weeks, every individual fish from each
treatment was measured (weight £ 0.01 g; total
length £ 1 mm) and a random subset of 3-5 indi-
viduals from each treatment was immediately fro-
zen (— 40 °C) for lipid measurements. Lipids were
extracted from fish muscles using a modified Folch
method (Folch and others 1957) by placing tissues
in a 2:1 chloroform: methanol (v/v) mixture, son-
icating for 20 min, and extracting overnight. Sam-
ples were then partitioned and the organic phase
was removed. The total lipid extract (TLE) was
concentrated under N, and determined gravimet-
rically.

Stable Isotope Analysis

To determine if a shift in resource use occurred as a
result of the change in geomorphology, we ana-
lyzed the stable isotope composition of mummi-
chogs and potential primary producer sources. Sub-
samples of mummichog from flume net samples
were collected from each creek in August of 2014
and 2015. The fish were divided into three groups
of 15 fish of similar size, total 45 fish per creek.
Approximately 20 mg of flank muscle tissue was
extracted from each fish, dried at 50 °C for 48 h,
and homogenized using a ball-mill grinder. We
collected samples of four primary producers (7 = 5)
from each creek in August of 2014 and 2015. Green
filamentous algae were collected from the creek
walls by hand. Mudflat detritus was collected using
a 2 cm diameter core to a depth of 1 cm. Low-
marsh Spartina alterniflora and high-marsh Spartina
patens leaves were collected at five locations
approximately 25 m apart running the length of
each creek. The leaves were washed with deionized
water to remove salts and encrusting material,
dried at 50 °C, and ground using a ball-mill grinder.

Stable isotope analysis was performed using a
Europa ANCA-SL elemental analyzer attached to a
continuous flow Europa 20-20 gas source
stable isotope ratio mass spectrometer at the Mar-
ine Biological Laboratory in Woods Hole, MA. For
each sample, approximately 500 pg of tissue was
wrapped in a tin capsule and analyzed for §'°C,
0'°N, 8°*S, %C, %N, and %S. Isotope values are
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expressed in 0 notation according to the following
equation:

0X = [(Rsample/Rstandard) - 1] x 1000 (2)

where X represents '°C, '°N, or **S and R repre-
sents the ratio of heavy to light isotopes. Standards
used for 6'°C, 6'°N, and §°*S values were Pee Dee
Belemnite (PDB), ambient air (AIR), and Canyon
Diablo Troilite (CDT), respectively. Duplicate val-
ues were obtained for about 20% of samples for
quality assurance purposes.

The relative contribution of algae, mudflat
detritus, low marsh, and high marsh organic matter
sources to mummichogs was determined with a
Bayesian mixing model. All stable isotope data
were analyzed in R (v 3.4.3, R Development Core
Team) using the package MixSIAR (v 3.1.7, (Sem-
mens and others 2014)). Models were run in three
chains with 1,000,000 iterations and a burn-in of
500,000 to allow for adequate model convergence.
Concentration-dependent percent contributions of
each source were calculated. From these source
contributions, the trophic level of fish in each creek
system was calculated according to the following
formula:

o 515Nind - Z(élSNsource * %Contsource)
ASPN

where AS'°N = 3.2 (Hussey and others 2014),
0"’ Ninq is the nitrogen value of mummichogs,
6" Neource is the nitrogen value of each particular
source of primary production, and %conts,yrce iS
the percent contribution of each source to the
consumer diet (Wilson and others 2009; Hussey
and others 2014; Nelson and others 2015).

TL

+1 (3)

Statistical Methods

All statistical analysis was done in R (R Develop-
ment Core Team) v3.4.3 (http://www.R-project.or
g/). We analyzed biomass and fish density by year
using a linear mixed effects analysis in the lme4
package (De Boeck and others 2011). Fish biomass
and density were the dependent (y) variables and
year of treatment the independent (x) variable.
Control and treatment flume nets were paired 1-3
or 1-4 depending the number of nets used and
treated as random effects. To control for changes in
capture methods, we used a response ratio (Eq. 3)
(Hedges and others 1999). For the long-term en-
riched creek, we first determined the break point in
the response using a restricted maximum likeli-
hood approach and then compared the model with
the estimated break point to a null model with no

break point. For the short-term enriched, we used a
Type III analysis of variance with Satterwaite
approximation of degrees of freedom in the
ImerTest package (Kuznetsova and others 2017).
We generated p values for both creeks using a
likelihood ratio test in the ImerTest package (Kuz-
netsova and others 2017).

Treatment

Response = log Reference

4)

The growth experiment was analyzed using one-
way analysis of variance (ANOVA) and post hoc
pairwise ¢ tests to determine the effect of diet on
mummichog growth.

REesuLTs
Creek Bank Edge Geomorphology

There were 4-5 times as many vertical fractures in
creek banks of the long-term nutrient-enriched
creeks than in the reference creeks (Figure 2). As a
result, blocks of low marsh had separated from the
high marsh by deep crevices and slumped into the
creek bottom, which created vertical scarps of high
marsh directly adjacent to the creek edge. Long-
term enrichment creeks had a higher percentage of
cracked edge (mean 27%) than the reference
creeks (mean 5%) over the same time period
(2009-2012; t test, p = 0.0005, df = 11). There was
no trend in the proportion of fractured creek bank

8-
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@/%/%/%/

0 2 4 6 8 10
Year of Treatment

Proportion of Cracked Edge (Enriched/Reference)

Figure 2. Changes to marsh creek edge in nutrient-
enriched creeks relative to reference creeks. Open
squares (short-term fertilization) and black squares
(long-term fertilization) show the proportion of cracked
creek edge relative to the control. We used the short-
term creek as a space-for-time replacement since these
measurements began in year six of the long-term
enrichment. Error bars are standard error.
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in the reference creeks (mean 5%). However, the
rate of fracture development in the long-term
enrichment creeks slowed in the last 3 years (Fig-
ure 2). The decline in fracture development was
likely due to the high elevation of the S. patens
edge, which was now adjacent to the creek and is
not as frequently inundated with nutrient-enriched
water (Johnson and others 2016). Creek edge
geomorphic change was also evident in the short-
term enrichment creek, in which the proportion of
fractured edge progressively increased (linear
regression, p = 0.05) from 5 to 13% over the four
years of nutrient enrichment.

Nekton and Invertebrate Production

The ratio of fish biomass and density between the
treatment and reference creeks varied significantly
during the course of the experiment (Supplemental
Table 1, Figure 3). In the long-term enriched, fish
biomass and density increased during the first five
years of the experiment and then declined after the
change in creek geomorphic structure. The esti-
mated break point was 5.31 years with a 95%
confidence interval of 4.1-6.6. The model including
the break point at year 5 explained significantly
more of the data than the model by year with no
break point (biomass p < 0.0001, density
p < 0.0001). Both biomass and fish density in-
creased in the short-term enriched creek until year
six, although it appears the increase may have le-
veled off (LMER, biomass p = 0.004, density
p = 0.0002). In the year prior to nutrient enrich-
ment, fish biomass was lower in the short- and
long-term enriched creeks compared to the refer-
ence creeks. In the long-term enriched creek, fish
biomass increased by approximately 400% in the
first 6 years of nutrient enrichment. However, in
years 7-12 fish biomass production declined to le-
vels at or below initial conditions. In the short-term
enrichment creek, fish biomass increased 1.43x
reference in the first six years of enrichment. This is
similar to pattern observed in the first 6 years of the
long-term enrichment.

Invertebrate production increased in mudflat and
both low- and high-marsh habitats following
nutrient enrichment. However, infaunal inverte-
brate production within the regularly flooded S.
alterniflora low-marsh and mudflat habitats was not
sufficient to support the observed mummichog
production, the annual deficits being 0.28 + 0.11
and 0.12 4 0.13 gC m 2, respectively (Table 1,
Figure 4). It appears that mummichog energetic
demand could only be met by adding high-marsh
prey to the total invertebrate production. High-

Population Response
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Figure 3. Top panel: The log ratio of mummichog peak
biomass (measured as gC m™2) in the long-term
nutrient-enriched creek (black) and the short-term
enriched creek (gray) relative to the reference against
years of nutrient enrichment in that creek system. A ratio
greater than zero indicates more production in the
nutrient-enriched compared to the reference treatment
areas. Year 0 is a pre-nutrient enrichment year (2003
long term, 2006 short term). Lines fitted using linear
mixed effects regression.

marsh invertebrate production increased the
available production by 55% relative to in-creek
production in the reference creek. In the nutrient-
enriched systems, high-marsh invertebrate pro-
duction increased available production by 139%,
which was 0.05 4 0.08 gC m ™2 greater than the
production required to support mummichogs in the
enriched system (Figure 4).

Fish Growth Experiment

Fish-fed insects or a mixed diet of insects, detritus,
and algae grew nearly twice as large (in-
sects 16 £ 1.5 mm, mixed 12 £ 1.1 mm) as fish
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mummichog determined by MixSIAR (bars = mean,
boxes = standard deviation, whiskers = 95th and 5th
percentiles).

tween treatments, ranging from 7 to 11% (ANO-
VA, p < 0.0001).

Stable Isotope Analysis

The stable isotope values of carbon, nitrogen, and sulfur
for mummichogs varied between the enriched and
reference creeks, but the stable isotope values of the
primary producers were fairly consistent between
creeks, indicating differences in mummichog resource

use between systems (Supplemental Table 2). The
stable isotope mixing model (MixSIAR) results indi-
cated that mummichog in the reference creek had the
highest contribution from high-marsh habitats
(27.8 = 16.2%), whereas fish in the long-term en-
riched creeks had the least contribution from high-
marsh producers (18.8 = 17.7%) (Supplemental Ta-
ble 3, Figure 6). Mummichog in the long-term en-
riched creeks had the highest contribution from mudflat
producers (34.2 &+ 10.2%) compared to the reference
creeks (29.6 = 8.3%) and the short-term enriched
creek (19.8 £ 6.0%) (Supplemental Table 3, Figure 6).
In addition, fish in the short-term enriched creeks had
the highest mean trophiclevel (3.0 & 0.18) followed by
the reference creek mummichog (2.7 £ 0.23) and the
long-term enriched creek exhibited the lowest mean
trophic level (2.2 4 0.26) (Supplemental Table 3),
suggesting fish in the long-term enrichment creeks had
decreased access to prey items.

DiscussioNn

Our results demonstrate a feedback between bot-
tom-up nutrient forcing and landscape control on
the production of a key species that links salt marsh
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Figure 7. Long-term nutrient enrichment causes S. alterniflora habitat to collapse into the creek, limiting access to high-
marsh invertebrates. Fish use more energy to access the high marsh which reduces trophic efficiency. In addition, these cracks
also create crevasses where fish predators, such as American eel, can hide and feed on mummichog. Courtesy of the
Integration and Application Network, University of Maryland Center for Environmental Science (ian.umces.edu/symbols/).

and estuarine food webs. The bottom-up stimula-
tion of the food web initially increased mummi-
chog production in both the long-and short-term
nutrient-enriched systems (Deegan and others
2007) (Figure 3). Counter to our initial hypothesis,
however, fish biomass declined over the long-term.
We suggest that the decline in fish production was
caused by a decoupling of the high-marsh food web
from the creek food web due to the changes in
creek geomorphology induced by nutrient enrich-
ment (Figs. 2, 7).

Under bottom-up control, the initial increase in
fish biomass was consistent with greater production
of benthic algae, epibenthic invertebrates, and
high-marsh invertebrates (Deegan and others
2007; Johnson 2011; Johnson and Short 2013).
These observations correspond to those of plot-le-
vel and mesocosm studies that have demonstrated
increased algal production and increased grazing
(Neckles and others 1993; McGlathery 1995;
Hillebrand and Kahlert 2001). Based on these ini-
tial results and the observations in other studies,
we expected that rates of fish production would
level off and persist at the new higher level of
production as long as other components of the food
web remained stimulated from the bottom-up
press. We did not expect the sudden and sustained
decline in fish production observed in the long-
term enriched creeks (Figure 3). However, this
same pattern has been observed in one other long-
term nutrient enrichment experiment in headwa-
ter streams (Davis and others 2010). Although
these results and other theoretical work suggest
that nutrient enrichment can elicit unexpected
responses to increased primary production via
changes in food web efficiency (Rosenzweig 1971;

Bohannan and Lenski 2000; Stevens and Steiner
2006), we did not observe any change in the
number or size of prey produced in the long-term
enrichment (Table 1) (Johnson and Fleeger 2009).

We hypothesize that the loss of low marsh in the
long-term enrichment that occurred after 5-6 years
(Deegan and others 2012) overrode the bottom-up
stimulation of mummichog production. Creek bank
slumping and scarping disconnected the high-
marsh habitat from the open water creek habitat,
thereby reducing the availability of high-marsh
invertebrates (that is, energy) to mummichogs. The
loss of low-marsh habitat decreased the availability
of invertebrate prey items to mummichogs, while
the edge cracks and loss of a ramp of low-marsh
habitat transformed the creek bank edge from a
vegetated transitional area providing cover from
potential predators, into an exposed cracked verti-
cal edge with little protective cover (Mclvor and
Odum 1988; Deegan 2002).

Studies on mummichog diet and growth in this
system prior to the extensive geomorphic change
showed a 115% increase in herbivory and 43%
decline in growth rate indicating greater reliance
on the algal food web pathway in the enriched
creeks (Lockfield and others 2013). Our stable iso-
tope analysis of the current food web showed a
decline in high-marsh resource use by approxi-
mately 20% in the long-term enriched creeks,
whereas high-marsh resource use was similar be-
tween the reference and short-term enriched sys-
tems (Figure 6). Mummichog in the long-term
enriched creeks relied more heavily on mudflat
detrital sources, supporting our hypothesis of the
lack of access to high-marsh resources. Further, fish
in the long-term enriched creeks fed at a lower
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trophic level (2.2) compared with the fish in the
reference (2.7) and short-term enriched system
(3.0) suggesting less access to invertebrate prey
(Supplemental Table 3). Previously, a long-term
(9y) isotope survey of Plum Island Sound showed a
significant positive linear relationship between the
number of days the tide floods the high marsh and
mummichog trophic level (Nelson and others
2015). In that study, mummichog trophic level
increased from approximately 2.25 with 20 days of
high-marsh flooding to 3.25 with 36 days of high-
marsh flooding during the growing season (Nelson
and others 2015). The trophic levels observed here
for mummichog fall within the ranges observed
previously in the long-term isotope study. The
lower trophic level of mummichog in the long-term
enriched creek suggests they receive approximately
10-14 days less access to high-marsh habitats than
fish in the reference or short-term enriched creeks.
In a typical year, this would equate to approxi-
mately one-third to a half of the growing season
flooding high tides.

Our growth experiment supports these results
and demonstrated that mummichog must have
adequate access to invertebrate prey to reach sizes
similar to fish observed in the creeks (Figure 5).
Mummichogs are seasonally abundant with the
majority of fish hatching on the same full moon in
the spring and remaining within the primary tidal
channel (300 m home range) in which they hat-
ched (Taylor and others 1979; Able and others
2006). Therefore, size differences between marshes
are due to local conditions within the areas where
the mummichog hatch. Our results are consistent
with other ecosystems that show that access to prey
items in intermittently available habitats is impor-
tant for growth (Clavero and others 2009; Howe
and others 2014).

Rapid growth is important for young-of-year
fishes to escape predation, survive winter, and
reach reproductive maturity (Halpin 2000). In our
experiment, mummichogs that consumed insects
had higher lipid/carbon ratios which suggest they
were better able to store lipids (Figure 5C). This is
important because adequate lipid reserves are
needed for winter survivorship and recruitment to
older age classes. Slower growth rates in the algae-
and detritus-only treatments indicate that it is un-
likely that a diet shift to algae in the nutrient-en-
riched creek could account for the bottom-up
stimulation of mummichog production in the
landscape-scale experiment.

At both the control and long-term enriched sites,
macroinfaunal invertebrate production in the
mudflat and S. alterniflora habitat was generally not

sufficient to support mummichog production (Fig-
ure 4). Despite being flooded only 5% of the time,
inclusion of the macroinvertebrates that occur only
in S. patens high-marsh habitat increased the
available insect prey resources by 55% in the ref-
erence creeks and 139% in the long-term enriched
creeks (Figure 4). This observation combined with
the results from the mummichog growth experi-
ment suggests that access to marsh habitats is crit-
ical to mummichog production.

Mummichog access to marsh habitats is inter-
mittent and controlled by local marsh geomorphic
characteristics, such as bank characteristics, marsh
elevation, and tidal height (Able and others 2003;
Currin and others 2003). The magnitude of high-
marsh productivity supporting creek channel food
webs, as well as mummichog trophic level, is di-
rectly correlated with flooding frequency and
duration (Nelson and others 2015; Baker and oth-
ers 2016). In macrotidal New England marshes
(tide range 2.8 m), creek mudflats and the low
marsh are inundated by 100% of the tides, whereas
the high marsh is inundated by 35% of the tides
but for only 5% of the time (Drake and others
2009; Johnson and others 2016). Mummichogs
follow the leading edge of the flooding tidal water
up into the marsh habitat, using the low marsh
both as a foraging area and as a ramp to the high
marsh. Increased access to high-marsh areas pro-
vides greater foraging opportunities for terrestrial
insects (Haas and others 2009; Nelson and others
2015) and decreases competitive interactions be-
tween conspecifics by increasing effective ecosys-
tem size and forage space by several orders of
magnitude over the confines of the tidal creeks.

Although top-down control by predators could
have decreased mummichog abundance, we found
no evidence to support this. First, we did not ob-
serve an increase in potential predators, such as
juvenile American eel (Anguilla rostrata), that can
remain in the creek through low tide. Plum Island
estuary is in the Acadian biogeographic province,
north of Cape Cod; thus, the classic crab predators
of more southern estuaries are not present. During
the years of this study, there were no blue crabs
and no burrowing crabs of any kind found in PIE.
The presence of blue crab and fiddler crab was
documented after 2012 (Johnson 2014, 2015), but
they are scarce. The only potential crab predator of
mummichog is the green crab (Carcinus maenas),
but they were very sparse (1-2 caught in our flume
nets) and we did not observe any change in green
crab density during the course of the experiment.
Second, larger predators like striped bass (Morone
saxatilis) do not usually move into, or remain at low
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tide, in these relatively shallow primary creeks and
do not forage on the marsh surface (Pautzke and
others 2010; Kennedy 2013). Additionally, mum-
michog represent less than 15% of the gut contents
by weight of striped bass in the spring and summer
months in Plum Island (Ferry and Mather 2012).
Perceived predation risk may have changed
mummichog foraging behavior and their use of
different marsh habitats. Predation risk can alter
species distribution across a landscape, with risk-
averse prey avoiding areas of high predation risk
(Lima 2002; Thomson and others 2006; Laundré
and others 2010). In salt marshes, juvenile Amer-
ican eel hide in crevices to ambush their prey,
which includes mummichog (Wenner and Musick
1975). The mummichog may perceive the cracks
and crevices as potential hiding places for predators
and avoid them in favor of continuous bottom.

CONCLUSION

Our ecosystem-scale experiment demonstrated that
a nutrient-induced spatial change in habitat struc-
ture altered the energy flow across landscape ele-
ments in the food web, and this effect was greater
than the bottom-up stimulation in the habitats that
were still accessible (for example, the creek and
mudflats). The functional loss of access to essential
production sources via the change in creek habitat
structure overrode the initial bottom-up stimula-
tion of the food web and caused a decline in
mummichog production. Loss of habitat area and
quality of creek edge marsh have ecosystem-scale
impacts that are disproportionate to the areal ex-
tent of this habitat (~ 4% of the vegetated marsh)
because of its critical role in providing the access to
the much larger in extent high marsh. Our results
suggest that nutrient enrichment and landscape
configuration are competing controls on secondary
production and that identifying which mechanism
is operating in a system is important to understand
how a system may respond to change.

These results provide insight into the function of
spatially coupled food webs. Higher trophic level
organisms utilize and connect multiple food web
channels via their movement (Neutel and others
2007; Rooney and others 2008). Others have ob-
served, and we provide further evidence here, that
food webs become increasingly coupled at higher
trophic levels (Rooney and others 2008; Rooney
and McCann 2012). In our system, the more
compartmentalized saltmarsh creek and marsh
platform food webs are coupled in space by mum-
michog (Figure 7). In turn mummichogs are a
critical food web node that couples terrestrial

(wading birds) and aquatic (fish) predator food
webs (Figure 7). Loss of saltmarsh productivity to
these predators could result in increased top-down
pressure on other energy channels as these highly
mobile and longer-lived consumers switch to
alternative prey sources. Thus, our observations
support the landscape food web theory proposed by
Rooney and others (2008) that changes in the flow
of energy at smaller spatial scales could elicit food
web change at the ecosystem scale by disrupting
spatially coupled food webs.

ACKNOWLEDGEMENTS

We thank the many, many undergraduates who
contributed to data collection over the decade of
this research; Allison Hall for her work conducting
the mummichog diet experiment. Special thanks to
Chris Stallings for his consultation on the statistical
analysis. Thanks to David Behringer for creating
the map of the field sites. We thank the two
anonymous reviewers and the editor for their
constructive comments. Support was provided by
NSF  (DEB-1354494, OCE-1238212, OCE-
1233678), the Northeast Climate Science Center
(DOI G12AC0000), the US Fish and Wildlife Ser-
vice, and Woods Hole Oceanographic Institution.
This paper is Contribution No. 3749 of the Virginia
Institute of Marine Science, College of William &
Mary.

REFERENCES

Able K, Hagan S, Brown S. 2003. Mechanisms of marsh habitat
alteration due to Phragmites: response of young-of-the-year
mummichog (Fundulus heteroclitus) to treatment for Phrag-
mites removal. Est Coasts 26:484-94.

Able KW, Hagan SM, Brown SA. 2006. Habitat use, movement,
and growth of young-of-the-year Fundulus spp. in southern
New Jersey salt marshes: comparisons based on tag/recapture.
J Exper Mar Biol Ecol 335:177-87.

Baker R, Fry B, Rozas LP, Minello TJ. 2013. Hydrodynamic
regulation of salt marsh contributions to aquatic food webs.
Mar Ecol Prog Ser 490:37-52.

Baker HK, Nelson JA, Leslie HM. 2016. Quantifying striped bass
(Morone saxatilis) dependence on saltmarsh-derived produc-
tivity using stable isotope analysis. Est Coasts 39:1537-42.

Banse K, Mosher S. 1980. Adult body mass and annual pro-
duction/biomass relationships of field populations. Ecol
Monogr 50:355-79.

Baxter CV, Fausch KD, Murakami M, Chapman PL. 2004. Fish
invasion restructures stream and forest food webs by inter-
rupting reciprocal prey subsidies. Ecology 85:2656-63.

Bohannan BJ, Lenski RE. 2000. Linking genetic change to
community evolution: insights from studies of bacteria and
bacteriophage. Ecol Lett 3:362-77.

Carpenter SR, Cole ML, Pace M, Van de Bogert M, Bade DL,
Bastviken D, Gille JR, Hodgson JF, Kritzberg ES. 2005.



Feedbacks Between Nutrient Enrichment and Geomorphology Alter Bottom-Up Control on Food Webs

Ecosystem subsidies: terrestrial support of aquatic food web
from 13C addition to contrasting lakes. Ecology 86:2737-50.

Christian RR, Allen DM. 2014. Linking hydrogeomorphology
and food webs in intertidal creeks. Est Coasts 37:74-90.

Clavero M, Pou-Rovira Q, Zamora L. 2009. Biology and habitat
use of three-spined stickleback (Gasterosteus aculeatus) in
intermittent Mediterranean streams. Ecol Freshw Fish
18:550-9.

Currin C, Wainright S, Able K, Weinstein M, Fuller C. 2003.
Determination of food web support and trophic position of the
mummichog, Fundulus heteroclitus, in New Jersey smooth
cordgrass (Spartina alterniflora), common reed (Phragmites
australis), and restored salt marshes. Est Coasts 26:495-510.

Davis JM, Rosemond AD, Eggert SL, Cross WF, Wallace JB.
2010. Long-term nutrient enrichment decouples predator and
prey production. Proc Natl Acad Sci 107:121-6.

De Boeck P, Bakker M, Zwitser R, Nivard M, Hofman A, Tuer-
linckx F, Partchev I. 2011. The estimation of item response
models with the Imer function from the Ime4 package in R. J
Stat Softw 39:1-28.

Deegan LA. 2002. Lessons learned: the effects of nutrient
enrichment on the support of nekton by seagrass and salt-
marsh ecosystems. Estuaries 25:585-600.

Deegan LA, Bowen JL, Drake D, Fleeger JW, Friedrichs CT,
Galvan K, Hobbie JE, Hopkinson CS, Johnson DS, Johnson
JM, Lemay LE, Miller E, Peterson B, Picard C, Sheldon S,
Vallino JJ, Warren RS. 2007. Susceptibility of salt marshes to
nutrient enrichment and predator removal. Ecol Appl 17:542—
63.

Deegan LA, Johnson DS, Warren RS, Peterson BJ, Fleeger JW,
Fagherazzi S, Wollheim WM. 2012. Coastal eutrophication as
a driver of salt marsh loss. Nature 490:388-92.

Drake DC, Peterson BJ, Galvan KA, Deegan LA, Hopkinson CS,
Johnson JM, Koop-Jakobsen K, Lemay LE, Picard C. 2009.
Salt marsh ecosystem biogeochemical responses to nutrient
enrichment: a paired 15N tracer study. Ecology 90:2535-46.

Ferry KH, Mather ME. 2012. Spatial and temporal diet patterns
of subadult and small adult striped bass in massachusetts
estuaries: data, a synthesis, and trends across scales. Mar Coast
Fish 4:30-45.

Fleeger JW, Johnson DS, Galvan KA, Deegan LA, Galvan KA,
Deegan LA. 2008. Top-down and bottom-up control of in-
fauna varies across the saltmarsh landscape. J Exper Mar Biol
Ecol 357:20-34.

Folch J, Lees M, Sloane-Stanley GH. 1957. A simple method for
the isolation and purification of total lipids from animal tis-
sues. J Biol Chem 226:497-509.

Haas HL, Freeman CJ, Logan JM, Deegan L, Gaines EF. 2009.
Examining mummichog growth and movement: are some
individuals making intra-season migrations to optimize
growth? J Exper Mar Biol Ecol 369:8-16.

Halpin PM. 2000. Habitat use by an intertidal salt-marsh fish:
trade-offs between predation and growth. Mar Ecol Prog Ser
198:203-14.

Hansen RA. 2000. Effects of habitat complexity and composition
on a diverse litter microarthropod assemblage. Ecology
81:1120-32.

Heck KL, Valentine JF, Pennock JR, Chaplin G, Spitzer PM.
2006. Effects of nutrient enrichment and grazing on shoal-
grass Halodule wrightii and its epiphytes: results of a field
experiment. Mar Ecol Prog Ser 326:145-56.

Hedges LV, Gurevitch J, Curtis PS. 1999. The meta-analysis of
response ratios in experimental ecology. Ecology 80:1150-6.

Hershey AE, Gettel GM, McDonald ME, Miller MC, Mooers H,
O’Brien WJ, Pastor J, Richards C, Schuldt JA. 1999. A geo-
morphic-trophic model for landscape control of Arctic lake
food webs. Bioscience 49:887-97.

Hillebrand H, Kahlert M. 2001. Effect of grazing and nutrient
supply on periphyton biomass and nutrient stoichiometry in
habitats of different productivity. Limnol Oceanogr 46:1881-
98.

Howe ER, Simenstad CA, Toft JD, Cordell JR, Bollens SM. 2014.
Macroinvertebrate prey availability and fish diet selectivity in
relation to environmental variables in natural and restoring
north San Francisco bay tidal marsh channels. San Franc Est
Watershed Sci 12:1.

Hussey NE, MacNeil MA, McMeans BC, Olin JA, Dudley SFJ,
Cliff G, Wintner SP, Fennessy ST, Fisk AT. 2014. Rescaling the
trophic structure of marine food webs. Ecol Lett 17:239-50.

Javonillo R, Deegan L, Chiravalle K, Hughes J. 1997. The
importance of access to salt-marsh surface to short-term
growth of Fundulus heteroclitus in a New England salt marsh.
Biol Bull 193:288.

Jennings S, Warr KJ, Mackinson S. 2002. Use of size-based
production and stable isotope analyses to predict trophic
transfer efficiencies and predator-prey body mass ratios in
food webs. Mar Ecol Prog Ser 240:11-20.

Johnson DS. 2011. High-marsh invertebrates are susceptible to
eutrophication. Mar Ecol Prog Ser 438:143-52.

Johnson DS. 2014. Fiddler on the roof: a northern range
extension for the marsh fiddler crab Uca pugnax. J Crustac Biol
34:671-3.

Johnson DS. 2015. The savory swimmer swims north: a north-
ern range extension of the blue crab Callinectes sapidus? J
Crustac Biol 35:105-10.

Johnson DS, Fleeger JW. 2009. Weak response of saltmarsh
infauna to ecosystem-wide nutrient enrichment and fish
predator reduction: a four-year study. J Exper Mar Biol Ecol
373:35-44.

Johnson D, Jessen B. 2008. Do spur-throated grasshoppers,
Melanoplus spp. (Orthoptera: Acrididae), exert top-down
control on smooth cordgrass Spartina alterniflora in Northern
New England? Est Coasts 31:912-19.

Johnson DS, Short MI. 2013. Chronic nutrient enrichment in-
creases the density and biomass of the mudsnail, Nassarius
obsoletus. Est Coasts 36:28-35.

Johnson D, Fleeger J, Galvan K, Moser EB. 2007. Worm holes
and their space-time continuum: spatial and temporal vari-
ability of macroinfaunal annelids in a Northern New England
salt marsh. Est Coasts 30:226-37.

Johnson DS, Scott WR, Deegan LA, Mozdzer TJ. 2016. Saltmarsh
plant responses to eutrophication. Ecol Appl 26:2649-61.

Kearns PJ, Angell JH, Howard EM, Deegan LA, Stanley RH,
Bowen JL. 2016. Nutrient enrichment induces dormancy and
decreases diversity of active bacteria in salt marsh sediments.
Nat Commun 7:12881.

Kennedy C. 2013. Habitat heterogeneity concentrates predators
in the seascape: linking intermediate-scale estuarine habitat to
striped bass distribution. Masters Thesis. https://scholarworks.
umass.edu/theses/1050.

Kneib RT. 1986. Size-specific patterns in the reproductive cycle
of the killifish, Fundulus heteroclitus, (Pisces: Fundulidae) from
Sapelo Island, Georgia. Copeia 1986:342-51.


https://scholarworks.umass.edu/theses/1050
https://scholarworks.umass.edu/theses/1050

J. A. Nelson and others

Kneib RT. 1997. The role of tidal marshes in the ecology of
estuarine nekton. Oceanogr Mar Biol Ann Rev 35:163-220.
Kuznetsova A, Brockhoff PB, Christensen RH. 2017. ImerTest
package: tests in linear mixed effects models. J Stat Softw

82:1-26.

Laundré JW, Herndndez L, Ripple WJ. 2010. The landscape of
fear: ecological implications of being afraid. Open Ecol J 3:1-7.

Lima SL. 2002. Putting predators back into behavioral predator—
prey interactions. Trends Ecol Evol 17:70-5.

Lockfield KC, Fleeger JW, Deegan LA. 2013. Population-level
responses by the mummichog, Fundulus heteroclitus, to chronic
nutrient enrichment in a New England Salt Marsh. Mar Ecol
Prog Ser 492:211-22.

McCann KS, Rasmussen JB, Umbanhowar J. 2005. The
dynamics of spatially coupled food webs. Ecol Lett 8:513-23.

McGlathery KJ. 1995. Nutrient and grazing influences on a
subtropical seagrass community. Mar Ecol Prog Ser 1:239-52.

Mclvor CC, Odum WE. 1988. Food, predation risk, and micro-
habitat selection in a marsh fish assemblage. Ecology 69:1341-
51.

McQueen DJ, Johannes MRS, Post JR, Stewart TJ, Lean DRS.
1989. Bottom-up and top-down impacts on freshwater pelagic
community structure. Ecol Monogr 59:289-309.

Menge BA, Lubchenco J, Bracken MES, Chan F, Foley MM,
Freidenburg TL, Gaines SD, Hudson G, Krenz C, Leslie H.
2003. Coastal oceanography sets the pace of rocky intertidal
community dynamics. Proc Natl Acad Sci 100:12229-34.

Neckles HA, Wetzel RL, Orth RJ. 1993. Relative effects of
nutrient enrichment and grazing on epiphyte-macrophyte
(Zostera marina L.) dynamics. Oecologia 93:285-95.

Nelson JA, Deegan L, Garritt R. 2015. Drivers of spatial and
temporal variability in estuarine food webs. Mar Ecol Prog Ser
533:67-77.

Neutel A-M, Heesterbeek JAP, van de Koppel J, Hoenderboom
G, Vos A, Kaldeway C, Berendse F, de Ruiter PC. 2007. Rec-
onciling complexity with stability in naturally assembling food
webs. Nature 449:599-602.

Pauly D, Christensen V. 1995. Primary production required to
sustain global fisheries. Nature 374:255-7.

Pautzke SM, Mather ME, Finn JT, Deegan LA, Muth RM. 2010.
Seasonal use of a New England estuary by foraging contin-
gents of migratory striped bass. Trans Am Fish Soc 139:257—
69.

Power ME, Dietrich WE, Finlay JC. 1996. Dams and downstream
aquatic biodiversity: potential food web consequences of
hydrologic and geomorphic change. Environ Manag 20:887-95.

Pringle RM, Fox-Dobbs K. 2008. Coupling of canopy and
understory food webs by ground-dwelling predators. Ecol Lett
11:1328-37.

Rooney N, McCann KS. 2012. Integrating food web diversity,
structure and stability. Trends Ecol Evol 27:40-6.

Rooney N, McCann KS, Moore JC. 2008. A landscape theory for
food web architecture. Ecol Lett 11:867-81.

Rosenzweig ML. 1971. Paradox of enrichment: destabilization of
exploitation ecosystems in ecological time. Science 171:385-7.

Rozas LP, Minello TJ. 1997. Estimating densities of small fishes
and decapod crustaceans in shallow estuarine habitats: a re-
view of sampling design with focus on gear selection. Estu-
aries 20:199-213.

Sabo JL, Power ME. 2002. River-watershed exchange: effects of
riverine subsidies on riparian lizards and their terrestrial prey.
Ecology 83:1860-9.

Sanders D, Platner C. 2007. Intraguild interactions between
spiders and ants and top-down control in a grassland food
web. Oecologia 150:611-24.

Semmens BX, Stock BC, Ward E, Moore JW, Parnell A, Jackson
AL, Phillips DL, Bearhop S, Inger R. 2014. MixSIAR: A
Bayesian stable isotope mixing model for characterizing
intrapopulation niche variation.

Sheaves M. 2009. Consequences of ecological connectivity: the
coastal ecosystem mosaic. Mar Ecol Prog Ser 391:107-15.

Spivak AC. 2015. Benthic biogeochemical responses to changing
estuary trophic state and nutrient availability: a paired field
and mesocosm experiment approach. Limnol Oceanogr 60:3—
21.

Spivak AC, Ossolinski J. 2016. Limited effects of nutrient
enrichment on bacterial carbon sources in salt marsh tidal
creek sediments. Mar Ecol Prog Ser 544:107-30.

Spivak A, Reeve J. 2015. Rapid cycling of recently fixed carbon
in a Spartina alterniflora system: a stable isotope tracer exper-
iment. Biogeochemistry 125:97-114.

Spivak AC, Canuel EA, Je Duffy, Jp Richardson. 2007. Top-
down and bottom-up controls on sediment organic matter
composition in an experimental seagrass ecosystem. Limnol
Oceanogr 52:2595-607.

Spivak AC, Canuel EA, Duffy JE, Richardson JP. 2009. Nutrient
enrichment and food web composition affect ecosystem me-
tabolism in an experimental seagrass habitat. PLoS ONE
4:e7473.

Stevens MHH, Steiner CE. 2006. Effects of predation and
nutrient enrichment on a food web with edible and inedible
prey. Freshw Biol 51:666-71.

Taylor MH, Leach GJ, DiMichele L, Levitan WM, Jacob WF.
1979. Lunar spawning cycle in the mummichog, Fundulus
heteroclitus (Pisces: Cyprinodontidae). Copeia 1:291-7.

Thomson RL, Forsman JT, Monkkonen M, Hukkanen M, Koi-
vula K, Rytkonen S, Orell M. 2006. Predation risk effects on
fitness related measures in a resident bird. Oikos 113:325-33.

Tumbiolo ML, Downing JA. 1994. An empirical model for the
prediction of secondary production in marine benthic inver-
tebrate populations. Mar Ecol Prog Ser 114:165-7.

Ward J, Tockner K, Schiemer F. 1999. Biodiversity of floodplain
river ecosystems: ecotones and connectivity. Regul Rivers Res
Manag 15:125-39.

Ware DM, Thomson RE. 2005. Bottom-up ecosystem trophic
dynamics determine fish production in the Northeast Pacific.
Science 308:1280—4.

Warren RS, Niering WA. 1993. Vegetation change on a north-
east tidal marsh: interaction of sea-level rise and marsh
accretion. Ecology 74:96-103.

Wenner CA, Musick JA. 1975. Food habits and seasonal abun-
dance of the American eel, Anguilla rostrata, from the lower
Chesapeake Bay. Chesap Sci 16:62-6.

Wilson RM, Chanton J, Lewis G, Nowacek D. 2009. Combining
organic matter source and relative trophic position determi-
nations to explore trophic structure. Est Coasts 32:999-1010.



	Feedbacks Between Nutrient Enrichment and Geomorphology Alter Bottom-Up Control on Food Webs
	Abstract
	Introduction
	Methods
	Site Description
	10 y Nutrient Enrichment Experiment
	Creek Bank Edge Geomorphology
	Nekton and Invertebrate Production
	Fish Growth Experiment
	Stable Isotope Analysis
	Statistical Methods

	Results
	Creek Bank Edge Geomorphology
	Nekton and Invertebrate Production
	Fish Growth Experiment
	Stable Isotope Analysis

	Discussion
	Conclusion
	Acknowledgements
	References




