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ABSTRACT: Chronic eutrophication and expanding seasonal hypoxia (O, < 63 pM) in estuaries
like Chesapeake Bay have altered benthic faunal communities in favor of opportunistic species
that can quickly populate organic-rich sediments following hypoxic events. It has been suggested
that the biogenic activity of polychaetes can stimulate microbial ammonification, nitrification,
and/or denitrification in estuarine sediments as well as increase the fluxes of inorganic nitrogen
(NH4*, NO,~, NO3~, N,) across the sediment—water interface. Results of 2 laboratory experiments
with the opportunistic polychaete Alitta (Neanthes) succinea were used to quantify the short-term
influence of density and size of surface-feeding polychaetes on denitrification and sediment-
water fluxes of inorganic nitrogen under varying oxygen conditions. This study shows that poly-
chaete enhancements of O, and nitrogen fluxes were strongly correlated with total animal bio-
mass. Fluxes of O,, NH,* and N, were stimulated by presence of animals for both larger and
smaller worms, but per capita effects were greater for the deep-burrowing larger polychaetes.
With the onset of hypoxic conditions, all density treatments had reductions in O,, NH,* and N,
fluxes, with the high-density treatment showing the greatest change. Denitrification efficiency
was 33 % higher for experiments with large worms than for smaller worm treatments, suggesting

that the former were more effective in removing fixed nitrogen.
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INTRODUCTION

The complex biological, chemical, and physical
processes in coastal sediments play an important,
often seasonally varying, role in the functioning of
healthy productive estuaries (Bianchi 2007). Early
diagenesis of organic material in sediments, which
involves a series of biochemical processes mediated
by microbes, is influenced by the bioturbation activ-
ity of polychaete worms and other benthic macro-
fauna. This bioturbation has been observed to affect
the cycling of nitrogen (Welsh 2003). While the topic
of benthic faunal bioturbation has been widely stud-
ied, many questions remain unresolved about how
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different animals directly and indirectly affect sedi-
ment biogeochemistry and sediment matrices (Meys-
man et al. 2006, Kristensen et al. 2012).

In many estuaries, benthic communities are under
stress from expanding and intensifying hypoxia (Diaz
& Rosenberg 2008). In Chesapeake Bay, summertime
hypoxia (O, < 63 pM) is a common occurrence in
response to large inputs of algal bloom organic mate-
rial that sinks to the bottom (Officer et al. 1984). Over
the past 4 decades, increased seasonal hypoxia in
estuaries such as Chesapeake Bay has altered the
structure of the entire ecosystem (Kemp et al. 2005),
shifting benthic macrofaunal communities to favor
opportunistic species. In many cases, these species
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are polychaete worms that are resistant to short-term
oxygen (O,) limitation (Diaz & Rosenberg 1995).
Depending on feeding type (subsurface deposit-, sur-
face deposit-, or suspension-feeder), polychaetes of
different size and abundance have varying effects on
organic matter diagenesis and associated nutrient
and solute exchanges with the overlying water
(Schaffner et al. 2001, Kristensen & Kostka 2005).

In areas experiencing short-term hypoxic events,
the maintenance of opportunistic polychaete popula-
tions can mitigate some of the biogeochemical
impacts of reduced oxygen, allowing an ecosystem to
maintain healthy nutrient remineralization cycles
(Gray et al. 2002, Welsh 2003). Observations show
that some nereid polychaetes are able to switch from
aerobic to anaerobic respiration during periods of O,
limitation (Jergensen & Kristensen 1980, Kristensen
1983a). Recolonization of sediments by these ani-
mals, after a defaunating hypoxic event, tends to
alter sediment biogeochemistry in ways that differ
from those associated with mature benthic systems
(Nizzoli et al. 2007). Few studies have explored the
transitional biogeochemical effects of sediment colo-
nization by opportunistic polychaetes following large
disturbances associated with hypoxia or other drasti-
cally altered conditions (Bartoli et al. 2000, Nizzoli et
al. 2007).

While polychaete worms are among the most per-
vasive benthic macrofauna in estuarine systems,
their role in sediment biogeochemical processes has
been characterized for surprisingly few species (Kris-
tensen & Kostka 2005). Much of that work has
involved 2 nereid worms, Nereis (Neanthes) virens
and Nereis (Hediste) diversicolor (Diaz & Rosenberg
1995, Kristensen 2000, Kristensen et al. 2012). Influ-
ences of these polychaetes on sediment biogeo-
chemical processes tend to be variable due to dif-
ferences in feeding and bioirrigation behaviors
(Kristensen 1983a,b, Papaspyrou et al. 2006). Alitta
(Neanthes) succinea is a versatile species common to
North American estuarine systems, with facultative
deposit- and suspension-feeding habits (Jergensen &
Kristensen 1980, Miron & Kristensen 1993). Indeed,
A. succinea is an opportunistic worm that can both
withstand temporary hypoxia and repopulate de-
faunated areas following major perturbations (Kris-
tensen 1983a). Biogeochemical effects of A. succi-
nea's bioturbation activities have, however, not been
well described (Fauchald & Jumars 1979, Holland et
al. 1987, Llanso et al. 2002).

This study expands on previous research by exam-
ining short-term effects of A. succinea abundance,
biomass, and size on sediment-water fluxes of O,

and nitrogen solutes under aerobic, transitional, and
hypoxic conditions. Rates of O, NH,*, NO;™ (plus
NO;7), and N, fluxes were measured for triplicate
experimental systems, and vertical profiles of pore-
water NH,* and bromide-tracer concentrations were
also measured to quantify responses to treatments.
This study was designed to test the following 2 work-
ing hypotheses: (1) polychaete enhancement of net
inorganic nitrogen fluxes and sediment O, consump-
tion are functions of total macrofaunal biomass, and
these sediment-water fluxes will change as over-
lying water O, is decreased from aerobic to hypoxic
levels; and (2) under aerobic conditions the poly-
chaete enhancements of these sediment-water flux-
es are greater for systems with larger worms.

MATERIALS AND METHODS
Sediment sampling and preparation

The Choptank River estuary is a tributary system of
Chesapeake Bay whose watershed covers 1756 km?
(Fisher et al. 2006). All sediment samples were col-
lected from a nearshore cove located in the meso-
haline region of the Choptank estuary (salinity 8—10)
in 1-2 m of water with soft, muddy sediment (Porter
et al. 2006).

For each incubation experiment, the sediment was
defaunated using one of 2 different methods (see
below) followed by a minimum of 2 wk submerged in
a chemostat-like equilibration system. This system
consisted of a greenhouse tank equipped with an in-
flow of unfiltered Choptank estuary water. A stand-
pipe in the outflow allowed for the tank water height
to be maintained covering the defaunated cores. The
tank was loosely covered with a Styrofoam board to
maintain shade and prevent algal growth, and O,
was maintained near saturation using aquarium
bubblers.

In the first experiment, sediments were collected
by hand coring with acrylic cylinders (6.5 cm dia-
meter, 30.5 cm length). Sample cores were then de-
faunated by capping the cores with rubber stoppers
and placing them in the dark for 12 h to induce
anoxia. After that time, the top 10 cm of sediment
was removed from each core along with the macro-
fauna that had migrated toward the surface in
response to low O, treatment (Porter et al. 2006). In
the second experiment, sediments were sieved using
a 500-pm sieve to remove infauna and larger mate-
rial; the sediment slurry was then allowed to settle in
6 buckets (20 1). After 12 h of settling, the sediments
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were equilibrated using the same flow-through sys-
tem described above. These sediments were allowed
to equilibrate for ~30 d before being sub-cored with
the acrylic cylinders.

Eifects of polychaete abundance and oxygen
(Expt A-O)

Expt A-O measured effects of changing O, levels
on sediment-water flux of nitrogen and O, under
different abundances of polychaetes (2 to 6 cm
resting length). Individual A. succinea polychaetes
were collected from Choptank oyster reef samples
maintained in an oyster hatchery. All collected
worms were immediately sorted into 2 size (resting
length) categories—small (1.0-4.9 cm) and large
(6.0-14.0 cm) —and placed in specimen dishes con-
taining aerated estuarine water. Worms were added
to sediment cores in triplicate for 2 polychaete
abundance categories (Table 1)—low abundance
(5 ind. core™! including 1 large and 4 small worms)
and high abundance (11 ind. core™! including 3
large and 8 small worms), where experimental low
and high abundance levels were equivalent to
~1500 and 3300 worms m2, respectively. These
experimental abundances compare well with his-
torical summer densities of polychaetes in the
Choptank estuary, which range from ~500 to 4000
worms m~2 (Llanso et al. 2010) and to the worm
densities used in previous published experiments
(e.g. Bartoli et al. 2000, Swan et al. 2007). Cores
were then allowed to equilibrate overnight in cylin-
drical tanks filled with estuarine water under con-
tinuous aeration and water circulation in a dark,
temperature-controlled (25°C) chamber at ambient
salinity (11.4). After 12 h of equilibration, all exper-

imental cores, including sediment-free water blank
cores, were sealed without bubbles, with an O-ring
fitted top with sampling valves. Cores were ar-
ranged around a central magnetic stirring motor
that turned magnetic stirrers in each core at rates
below the threshold of sediment resuspension
(Kana et al. 2006).

The sediment incubations were carried out over
28 h, to allow continuous O, depletion to hypoxic
levels. Visual observations of worm behavior in each
core were recorded and water samples were taken
from each chamber at 2 h intervals for the first 12 h.
Three final samples were collected at 20, 24, and
28 h. At each sampling point, ~30 ml of water was
collected by gravity flow through valves in the core
tops. The replacement water that refilled each core at
sampling was collected from the Choptank estuary
when cores were moved to the incubation chamber.
Water samples were filtered using a 25 mm diameter,
0.45 pm cellulose acetate syringe filter (Nalgene
#191-2045) into vials and frozen for analyses of am-
monium (NH,*), and nitrate-plus-nitrite (hereafter
referred to as nitrate or NO,). Dissolved gas samples
were collected in ~7 ml ground glass stoppered test
tubes that were filled with a dip tube; samples were
preserved with 10 pl of 50 % saturated mercuric chlo-
ride (HgCl,) solution. Dissolved gas samples were
held under water at ambient bottom water tempera-
tures until analysis.

The incubation was divided into 3 phases based on
overlying water O, concentrations: (1) aerobic (O, >
94 pM); (2) transition (64-93 M O,); and (3) hypoxic
(O, <63 pM). The duration and onset of the transition
phase varied between treatments depending on the
number of polychaetes added to each core. Overly-
ing water in the high and low abundance cores was
hypoxic in approx. 8 and 18 h, respectively. Solute

Table 1. Worm-addition study design details for both abundance-size (A-S) and abundance-oxygen (A-O) experiments. Mean
total dry weights per core were measured post experiment (small worms = S, large worms = L). Expt A-O polychaetes experi-
enced anoxia between 6 and 15 h after the start of the 24 h incubation depending on the size and density of treatments

Treatment No. Worm density Mean Mean dry mass Incubation Incubation
added core™! worms (ind. m?) length (cm) (gm™) temp. (°C) salinity
Expt A-O (24 h incubation)
Control 0 - -
Low biomass 5 1515 1.96 25.0 11.4
High biomass 11 3333 11.63
Expt A-S (6 h incubation)
Control 0 - - -
Large worm only 1 303 10.5 22.1(L) 15.0 (S), 19.8 (L) 9.9(S), 9.0 (L)
Low biomass 4 1212 3.2 15.32 (S), 158.32 (L)
High biomass 8 2424 8.5 26.70 (S), 171.70 (L)
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fluxes were calculated for aerobic, transition, and
hypoxic phases. Following experiments, all recover-
ed worms were dried and weighed (Table 1).

Eifects of polychaete abundance and size
(Expt A-S)

Expt A-S measured short-term (3 to 6 h) effects of
different-sized (small and large) polychaetes on the
sediment—water fluxes of O, and nitrogen at differ-
ent worm densities. As described for Expt A-O, A.
succinea individuals were immediately sorted by size
and placed in specimen dishes and then transferred
to sediment cores in triplicate at densities of 4 and 8
worms per core (Table 1). Due to equipment avail-
ability large and small worm treatments were run in
separate incubations (Parts 1 and 2, respectively).
During the incubations, visual observations of worm
behavior were recorded and overlying water was
sampled every 1.5 h. Overlying water O, conditions
remained aerobic for the duration of the incubations
for all treatments except in the high-abundance large
worm treatments, which approached hypoxia after
~3 h. For these latter cores, however, only flux rates
during the aerobic portion of the incubation were
used in our analysis.

To estimate how polychaete size influenced the re-
lative contribution of direct worm excretion to total
NH,* flux, we compared calculated rates for cores
with large and small worms. Specifically, we con-

trasted rates (Table 2) for duplicate cores with 1 large
worm (mean biomass = 166 g wet weight m~2) with
triplicate cores containing 8 small worms (mean total
biomass = 194 g wet weight m™2). These cores were
incubated concurrently and experienced the same
temperatures and pre-incubation sediment treat-
ments. We used an allometric relationship for nereid
worms (Table 2) to calculate excretion, V= 0.27 W2
where Wis individual wet weight (Kristensen 1984).

Sediment-water gas and solute flux analysis

Ratios of gas concentrations (O,:N, and Nj:Ar)
were measured using a membrane inlet mass spec-
trometer (MIMS) calibrated with an air-saturated
standard (Kana et al. 1994). Nitrate was analyzed via
segmented flow analysis after cadmium (Cd) reduc-
tion and ammonium was manually analyzed with a
phenylhypochlorite colorimetric technique (Parsons
1984). Sediment flux rates of solutes were calculated
based on the change in solute concentration over the
duration of the incubations. Blank core incubations
(water-only) had only minor changes in solute con-
centration over the incubation periods. Corrections
were made to account for water column effects when
significant linear changes in the blank were ob-
served for an analyte. We did not correct for replace-
ment water additions because mean differences with
and without corrections were small (<2 %). Statistical
analyses of these data were performed using SAS

Table 2. Calculated polychaete excretion contribution to ammonium flux at different size and biomasses. All worms added to
incubations were recovered except in the large worm high-density treatment, where the average number of worms
recovered was 5 instead of 8

“Mean biomass of triplicate cores

(Kristensen 1984)

°Excretion rate per m? for each treatment
"Excretion rate per gram wet weight of worm

Worm density Worm Total NH,* flux NH,* excretion rate
biomass (mmol (mmol (mmol (mmol (mmol % Total flux9
(g WW m2)2 m~2hhP worm ' h )¢  core! h™1)d m~2hhe gthh
Small worms
Low 95 263 0.07 0.29 86 0.91 33
High 194 337 0.07 0.58 175 0.90 52
Large worms
Low 986 665 0.31 1.23 374 0.38 56
High 2344 738 0.34 1.72 520 0.35 71
1 worm 166 343 0.24 0.24 73 0.43 21

PMean total ammonium flux excretion rates (V) calculated based on V= 0.27 W %52 where W = biomass (g wet weight)

“Excretion rate based on the mean weight of the worms recovered from core after incubation
dExcretion rate per worm multiplied by the number of worms recovered from each core

9Excretion rate based as a percentage of the total ammonium flux rate for each treatment
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v.9.2 statistical software. One-way or 2-way mixed
model ANOVAs with repeated measures and a
Tukey-Kramer multiple comparison test were used to
test for significant differences (p < 0.05) in responses
to treatments for both experiments. To understand
treatment effects on the balance between NH, flux
and denitrification (N, flux), an index of ‘denitrifica-
tion efficiency’ (DE) was calculated for each density
treatment in each experiment. Here we define DE as
100[(N; flux)/(N, flux + NO, flux + NH,* flux)].

Bromide tracer diffusion model

Upon completing incubations in Expt A-S , ~8 mM
sodium bromide (NaBr) was added to the overlying
water of experimental cores, which were continu-
ously aerated and stirred at constant temperature.
After 24 h, cores were sliced into vertical sections
(1 cm), and sediments were placed into 50 ml cen-
trifuge tubes. Porewater was centrifuged at 2000 x g,
filtered (0.2 pm), and frozen for subsequent Br and
NH,* analysis. Porewater Br concentrations were
measured using a Dionex ICS 2000 ion chromato-
graph, and NH,* was diluted (20:1) and measured as
above.

A simple model was used to compute effective dif-
fusion of the Br ion tracer in pore waters for each
treatment. Changes in vertical distribution of Br con-
centration (C) were computed iteratively across the
1 cm vertical sections of the sample cores over 24 h
using Fick's First Law of diffusion: J; = — ¢D; (dC/d X),
where J; is the flux (mol cm™2 s7), ¢ is porosity, D; is
the molecular diffusion coefficient of Br (cm™ s7),
and dC/d X the concentration gradient (mol Br cm™).
Temperature and initial Br concentrations were set
according to experimental conditions, and values for
D, in sediments were estimated as D, = D,,, /6, where
D, is the molecular diffusion coefficient of Br (cm™2
s71) in seawater at the respective experiment temper-
ature (Yuan-Hui & Gregory 1974) and tortuosity (0)
calculated as 6% = 1 - In (¢?) (Boudreau 1996). These
model values were compared to measured Br values
in experimental core sediments.

RESULTS
Incubation conditions
Within an hour after addition to experimental

cores, all polychaetes had completed burrows and
initiated ventilation, both of which were observed

through transparent acrylic core walls. After over-
night equilibration, redox effects of ventilation were
already evident as the vivid reddish-brown color-
ation of burrows contrasting with the ambient black
mud and reflecting the oxidization of reduced iron.
When experimental O, conditions decreased from
aerobic to hypoxic, polychaetes migrated to the sedi-
ment surface and burrow ventilation activity de-
clined. In some instances for cores with higher worm
density treatments, a few polychaetes swam into the
inflow supply tubes or escaped out of the core via the
outflow tubes, in which case they were captured and
weighed. For Expt A-S, solute fluxes were calculated
only for the aerobic portion of the incubation, while
Expt A-O fluxes were computed for aerobic, transi-
tional and hypoxic portions of the incubation.

Sediment fluxes of oxygen and nitrogen species
(Expt A-O)

Under the aerobic phase of the experiment, the
addition of A. succinea significantly increased sedi-
ment O, demand, with the most significant increase
in the high-density treatment (ANOVA, p < 0.05)
(Fig. 1A). Aerobic NH,* efflux in the high-density
treatment was significantly greater (p < 0.003) than
in the other treatments (Fig. 1B); however, fluxes for
control and low-density treatments were not signifi-
cantly different from each other (p > 0.96). Although
effluxes of NO, were observed in the control and
low-density treatments, NO, uptake occurred in
high-density treatments (Fig. 1C). Denitrification
rates under aerobic conditions, as measured with N,
efflux (umol N,-N m~2 h™!), were increased by 3-fold
higher (p < 0.05) for high-density worm abundance
compared to the controls and low-density treatments
(Fig. 1D).

As overlying water O, concentrations declined
from aerobic to transitional to hypoxic conditions,
solute fluxes generally decreased. For example, O,
flux (sediment O, demand) in the high-density treat-
ment declined by 40% (p < 0.05) during the ‘transi-
tion' phase and was reduced to <10 % of aerobic rates
with hypoxia onset (Fig. 1A), and rates in the control
and low-density treatments were only slightly lower
through the transition but were reduced to <20 % of
aerobic rates (p < 0.05). Although NH,* fluxes were
low for control and low-density treatments, they in-
creased slightly as O, levels declined from aerobic to
hypoxic conditions, and the increase in rates was sig-
nificant for control systems (Fig. 1B). In contrast,
NH,* efflux rates for high-density treatments de-
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Fig. 1. Alitta succinea. Sediment—water solute fluxes meas-
ured over 24 h in core incubations in the abundance-oxygen
(A-O) experiment (mean + SE, n = 3) for: (A) O,, (B) NH,",
(C) NOy, and (D) N,-N. The 3 primary treatments included
control (no worms), low density (5 worms), and high-density
(11 worms). At each density, results of 3 O, treatments are
also shown: aerobic (>94 nM O,), transition (64-93 pM O,),
and hypoxic (<63 pM O,)

creased significantly by ~50 and 60 % from aerobic to
transitional to hypoxic conditions. NO, fluxes for con-
trols and low-density treatments declined from ef-
fluxes to influxes as O, conditions deteriorated from
aerobic to hypoxic, while small influxes remained
unchanged across the O, gradient for high-density
treatments (Fig. 1C). Denitrification rates decreased
significantly for control, low-density and high-
density treatments as oxygen declined significantly
(p < 0.05) from aerobic to hypoxic conditions
(Fig. 1D). A decline in N, fluxes followed the gradual
shift from aerobic to transition to hypoxic conditions
for control and high-density treatments, whereas the
decline in flux rates was more abrupt for the low-
density treatment when O, reached hypoxia.

A comparison of DE for worm density treatments
suggests that DE values were higher for low-density
polychaete treatments (Table 3). In addition, there
was a marked decline in DE for low-density treat-
ments, as O, levels decreased from aerobic to transi-
tion to hypoxic conditions. In contrast, the high-den-
sity treatments maintained a modest DE level of
~50% across all O, levels.

Sediment fluxes of oxygen and nitrogen species
(Expt A-S)

As in Expt A-O, the addition of A. succinea worms
to sediment cores in Expt A-S resulted in signifi-
cantly increased (p < 0.05) sediment O, and NO,
influxes, as well as NH,* and N, effluxes (Fig. 2,
Table 3). Influx of O, in low- and high-density treat-
ments increased significantly by >2.5- and 4-fold,
respectively, compared to the control treatment.
NH,* flux increased with polychaete density for small
worms and large worms; however, differences
between low- and high-density treatments were sig-
nificant (p < 0.02) only for large worms (Fig. 2B).
Mean rates of NOy influx were not different from
controls for small worm treatments, but rates for
large worm treatments were significantly different
from controls for both low- and high-density worm
additions (Fig. 2C). Denitrification rates were signifi-
cantly increased (p < 0.05) with worm addition at
both densities and worm sizes (Fig. 2D); however, N,
fluxes were not different between low- and high-
density for either size worms.

For the treatment with 1 large worm, O, and nitro-
gen fluxes were significantly less (p < 0.05) than rates
for the high-density large worm treatment but were
not different from controls or low-density treatments
(Table 3). Mean polychaete biomass levels for the
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Fig. 2. Alitta succinea. Sediment-water solute fluxes measured over 6 h in core incubations in the abundance-size (A-S)
experiment (mean + SE, n = 3) for: (A) O,, (B) NH,*, (C) NO,, and (D) N,-N. Treatments include a sediment control (no worms),
low-density (4 worms), and high-density (8 worms). At each density, results of 2 categories of worm size are also shown:
small worm (1-4.9 cm) and large worms (5-14 cm) treatments

Table 3. Calculated solute fluxes and denitrification efficiency (DE), where all
values represent mean of each treatment and are expressed in pmol m~2 h™%,
DE was calculated as% N,-N of total NH,* plus NO, plus N,-N fluxes

Treatment Worm density NH, NO, N,-N O, DE
flux flux flux flux (%)
Expt A-O
Oxic Control —42 61 62 564 -
Low (5 core™) 9 31 72 924 64
High (11 core™!) 225 —47 243 2399 58
Transition Control -9 -2 34 467 -
Low (5 core™) 19 -30 75 845 119
High (11 core™) 127 =51 142 1402 65
Hypoxic Control 8 -34 7 52 -
Low (5 core™) 25 -48 27 174 614
High (11 core™) 46 -54 43 199 123
Expt A-S
Small worms Control 142 -16 0 521 -
Low (4 core™) 188 -27 355 1363 69
High (8 core™) 302 -29 456 2196 63
Large worms Control -41 12 94 171 -
1 worm 343 -13 269 704 45
Low (4 core™) 665 -56 1108 2316 65
High (8 core™) 738 -97 1443 7323 69

1 large worm treatment were 194 g
wet m~2, which are significantly dif-
ferent from mean biomasses in control
and large worm treatments, but are
not different from values for the high-
density small worm treatment (166 g
wet m?). Mean NH,* effluxes for
1 large worm (343 pmol m~2 h7!) and
high-density small worm (337 pmol
m~2 h™') treatments were also not sta-
tistically different from each other.
Thus, although mean values for poly-
chaete biomass and NH," effluxes
were 14 % lower and 2% higher, re-
spectively, 1 large worm treatment
values were not significantly different
from those for the high-density small
worm treatment (Table 2).

Logistic constraints caused the tim-
ing of small and large worm phases
of Expt A-S to be separated by 20 d;
however, comparison of sediment-
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water fluxes in the respective control treatment cores
represents a measure of how different experimental
conditions were between the 2 phases of this experi-
ment. Mean fluxes of O, and N, were both directed
into sediments for both small and large worm controls,
and while rates for the large worm controls were 50 %
lower for O, and 20 % higher for N, compared to small
worm controls, these differences were not significant.
NH,*" and NOj fluxes were also not significantly dif-
ferent for large and small worm controls.

Vertical profiles of pore water solute concentration

The mean bromide porewater profiles for each
treatment in Expt A-S exhibited clear patterns, com-
paring model-calculated profiles with those meas-
ured for the control, small worm and large worm
treatments (Fig. 3). These profiles reflect differences
in ‘effective depth’ of solute distributions as influ-
enced by polychaetes of different size. The control
treatments closely followed the molecular diffusion
model profile. Compared to controls, small worm
bromide profiles showed enhanced diffusion to a
depth of ~4.5 cm. large worm bromide profiles reflect
further enhanced diffusion to the bottom of the core
(12 cm). In fact, at the end of the experiment, large
worms were observed moving at the bottom edges of
the core.

Porewater NH,* profiles of control treatments in
small and large worm incubations showed increasing
concentrations with depth (Fig. 4). For the small
worm treatments, vertical profiles of NH,* did not
appear to be substantially different between controls
and treatments; however, the absence of replicate
cores precludes testing for statistical significance
among all treatments. In contrast, the vertical profiles
of NH,* in large worm treatments were sampled in
triplicate, and these mean profiles were markedly
different for controls compared to worm treatments.
Below 4.5 cm control cores had significantly higher
(p = 0.008) NH,* concentrations than did high- or
low-density large worm cores, while above 4.5 cm
depth, the high-density cores had significantly high-
er (p = 0.03) concentrations compared to controls.

Biomass and N-cycling processes

Major sediment N-cycling processes across both
experiments show a strong linear relationship be-
tween biomass and measured N and O fluxes (Fig. 5).
Additionally, measured or inferred by mass-balance

0 2 4 6 8 10
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————— Model [Brl
—&— Large worm
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12

Fig. 3. Alitta succinea. Bromide (Br) distribution (mean + SE,
n = 3) in the abundance-size (A-S) experiment showing
large worm, small worm, and control treatments. Dashed
line represents a diffusion model based on Fick's First Law
adjusted for the background Br concentration

calculations (Table 3, Fig. 6) compare mean N fluxes
and transformation processes for high-density large
(Fig. 6A) and small worm (Fig. 6B) treatments and for
mean control (Fig. 6C) systems. For all processes,
control rates were very low, compared to those for
large and small worm treatments, with measured
denitrification rates increasing more than 10-fold
from control to small worm treatments and by ~3-fold
from small to large worm treatments. On the other
hand, calculated rates of net nitrification (denitrifica-
tion — nitrate influx) increased by ~500-fold from con-
trol to small worm and again by ~5-fold from small to
large worm treatments (Fig. 6).

DISCUSSION
Eifects on sediment N-cycling of Polychaetes

Sediment-water fluxes of O,, NH,*, and N, consis-
tently increased with the addition of the polychaete
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solute transport through deep animal
burrows (Aller 1994). NO, fluxes across
the sediment—water interface were rel-
atively small but highly variable, pre-
sumably because these fluxes resulted

from the sum of diverse redox pro-
cesses (Henriksen et al. 1983, Nizzoli
et al. 2007) including nitrification, as-
similation, denitrification, anammox
and dissimilatory nitrate reduction to
ammonium. In most instances, how-
ever, the magnitude and direction of
NO, fluxes were directly related to
overlying water column NO, levels
(Kristensen 1984).

The enhancement of nitrification and
denitrification with the addition of A.
succinea was illustrated in both Expts
A-O and A-S. N, effluxes were signifi-
cantly stimulated with worm additions
in all experiments, but particularly
with addition of deep-burrowing large
polychaetes (Figs. 1-3). Similar meas-
ured N, effluxes have been shown to
be directly related to denitrification
rates (e.g. Kana et al. 1994, An et al.
2001). Most measured N, fluxes ranged
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Fig. 4. Alitta succinea. Porewater NH,*concentration (mean + 1 SE, n = 3) in
the abundance-size (A-S) experiment showing (A) large worm and (B) small
worm treatments. In both panels, high-density, low-density, and control treat-
ments are presented. Standard errors were computed for all depths, but for
clarity, bars are plotted here only for large worm control and low-abundance

treatments

Alitta succinea, and these responses can be attributed
to several biological and chemical mechanisms. These
polychaete worms alter nitrogen fluxes through many
processes including: (1) direct NH,* excretion; (2)
stimulated microbial decomposition of organic mate-
rial; (3) enhanced nitrification and coupling to denitri-
fication by ventilating O, into deep anoxic sediments;
and (4) liberation of porewater NH,* from deep sedi-
ments to overlying water. It appears that the short-
term responses to worm addition measured in this
study may have involved all but the second of these
mechanisms (Bartoli et al. 2000). Regardless of the
mechanisms, our experiments revealed strong linear
relationships of polychaete abundance and biomass
to NH,*, O, and N, fluxes across the sediment-water
interface (Figs. 1, 2 & 5). These effects of polychaete
activity were most likely attributable to (1) increases
in surface area separating oxidized and reduced sedi-
ments; (2) increased porewater circulation; and (3)

between 50 and 300 pmol m™2 h!
(Fig. 5), but a few rates exceeded
1000 pmol m~2 h7!, rates that are sim-
ilar to previously reported high values
in Chesapeake Bay (Kellogg et al.
2013, 2014). Although the present
study did not directly measure nitrifi-
cation and its coupling to denitrification, mass-
balance calculations suggest that sediment nitrifica-
tion drove the vast majority (~90 %) of denitrification
in these experiments (Fig. 6). While it is unlikely that
nitrifier abundance grew substantially during these
short experiments (Pelegri & Blackburn 1995, Bartoli
et al. 2000), it has been shown that ‘dormant’ nitrifiers
in marine sediments tend to be rapidly revived and
metabolizing when moved to new habitats with ideal
growth conditions (Henriksen & Kemp 1988). In addi-
tion, experimental polychaetes may also have inad-
vertently inoculated their burrows with active nitrify-
ing microbes from surface sediment.

Eifects of polychaete biomass versus size

When considering relationships between benthic
macrofauna sediment-water fluxes of ecologically
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Fig. 5. Relationship between Alitta succinea biomass and
sediment-water fluxes of (A) O,, (B) NH,*, and (C) N,-N.
Data points represent the biomasses and rates determined
for the individual experimental units (cores with sediments
and overlying water). Positive fluxes are out of the sediment
and negative fluxes are into the sediment. Circles are data
from the abundance-oxygen (A-O) experiment. Open sym-
bols are for fluxes under Aerobic conditions, gray symbols
are under transitional conditions, and black symbols are
hypoxic conditions. The remainder symbols are data from
the aerobic abundance-size (A-S) experiment, with squares
representing fluxes for small worm treatments and dia-
monds for large worm treatments. Solid lines are linear
regressions (equations given) on data from this study, and
the dashed line in (C) is for a previous published equation
(Bartoli et al. 2000)

relevant solutes, animal effects are often measured in
terms of biomass. Macrofaunal biomass can be con-
trolled experimentally by changing either density of
animals or their average size. In this study we manip-
ulate both metrics (density and size) to investigate

impacts of polychaetes on O, and nitrogen solute
fluxes. Previous laboratory studies of nereid en-
hancement of solute fluxes reported results similar to
ours, with relatively small densities and/or size of
individuals in each treatment (Bartoli et al. 2000,
Christensen et al. 2000, Swan et al. 2007). One of
these studies (Bartoli et al. 2000) used A. succinea
worms of a size similar to that used in our small
worms treatment, and these authors found a remark-
ably similar linear relationship between animal
biomass and denitrification (Fig. 5C). Our results
indicated that the relationship also holds at higher
worm biomass, suggesting a broader functional link
between N, flux and animal biomass (Fig. 5). The
present study further revealed that sediment-water
fluxes of O, and NH,* were also significantly corre-
lated to total A. succinea biomass (Fig. 5A,B), indica-
ting that worm biomass is a general predictor of
many sediment diagenetic processes. This result is
consistent with previous reports for other nereid
species (Henriksen 1980, Pelegri & Blackburn 1995,
Kristensen 2000, Nizzoli et al. 2007).

Macrofaunal body size is known to influence both
physiological and behavioral processes (Ahrens &
Lopez 2001). By constructing deeper burrows, larger
infauna ultimately increase advective and diffusive
transport of key solutes (Kristensen & Hansen 1999)
and enhance rates and coupling of important redox
reactions, including nitrification and denitrification.
Deeper macrofaunal burrows effectively increase the
area across which electron acceptors (e.g. O, and
NO;) and electron donors (e.g. NH,* and S?7) can
readily diffuse between aerobic and anaerobic zones
(Aller et al. 2001, Francois et al. 2001). This increased
scope of bioirrigation by larger polychaetes is illus-
trated in our Expt A-S, where porewater profiles of Br
and NH,* suggest that larger A. succinea transported
these solutes from core sediment depths >12 cm,
whereas the impact of smaller worms appears to
have been confined to the upper 4 cm of sediments
(Figs. 3 & 4).

The present study also explored the potential im-
portance of macrofaunal excretion rates and how
these differed between our larger and smaller experi-
mental animals (Table 2). Allometric relationships re-
flect the widely observed phenomenon that biomass-
specific NH,* excretion tends to be higher for smaller
animals (e.g. Kristensen 1984), and calculated rates
were 0.9 and 0.4 pmol g~! h™!, respectively, for small
and large worms (Table 2). Not surprisingly, larger
individual worms had higher biomass and metabolic
rates than did smaller ones, and thus per capita ex-
cretion rates were >4-fold higher for larger compared
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Fig. 6. Alitta succinea. Summary diagram with mean values of measured sediment-water fluxes, calculated polychaete NH,*

excretion fluxes (see Table 2) and mean calculated N transformation processes for net ammonification, net nitrification and

denitrification. Here we assume steady-state mass-balance for arrows going to and from boxes (representing 3 porewater N
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2005, Rich et al. 2008, Giblin et al. 2013, Brin et al. 2014). Diagram compares mean fluxes and processes for (A) high-density

large worm treatments, (B) high-density small worm treatments, and (C) control treatments for the abundance-size (A-S)
experiment

to smaller worms (Table 2). The proportion of total
NH,* effluxes comprised by excretion rates among
our experimental treatments varied widely from ~20
to 70% (Table 2), which is considerably higher than
the 10 to 40 % range reported in previous works (Kris-
tensen 1985, Boynton et al. 1997, Welsh 2003).

We further compared NH,* effluxes for small poly-
chaete (high-density small worm) and large poly-
chaete (1 large worm) treatments with similar worm
biomass values of 166 and 194 g wet wt m~2, respec-
tively (Table 2). As expected from Fig. 5B, rates of
total NH," effluxes for these 2 treatments were virtu-

ally identical. Calculated rates (m™2) for NH," excre-
tion for these 2 treatments were, however, 2.4-fold
higher for the 1 large worm treatment compared to
the small worm treatment (Table 2). In addition, com-
paring our steady-state mass-balances for nitrogen
fluxes in high-density treatments (Fig. 6) we see that,
while NH,* effluxes were 2.4-fold higher for large
worms than for small worms, respective rates of net
nitrification and denitrification were even higher
with large worms (5- and 4-fold, respectively). We
speculate that higher rates of bio-irrigation by larger
worms may have led to relatively higher advective
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fluxes of NH,* liberated from deep porewaters (e.g.
Fig. 4). Thus, although the total biomass values and
NH,* efflux rates were comparable for experimental
cores with 1 large worm and 8 small worms, it ap-
pears that the relative rates of excretion, nitrification
and bio-irrigation are directly related to worm size.

Eifects of oxygen limitation

Effects of short-term, transient hypoxia in estuaries
on benthic biogeochemical processes can be com-
plex and difficult to predict (Weissberger et al. 2009).
Depending on the timing and duration, hypoxic
events may have a large impact on chemical equi-
libria, microbial activity, and macrofaunal physio-
logy; however, effects may not be severe enough to
kill off macrobenthic populations (Meyer-Reil &
Koster 2000). As O, was depleted from the overlying
water to below 94 pM O,, worms migrated closer to
the surface, maintained their irrigation rates, but re-
duced burrow construction and ingestion (Long &
Seitz 2009). Once the overlying dissolved O, reaches
63 pM O, or lower, polychaetes stop constructing
burrows, decrease their burrow ventilation and
migrate closer to the sediment surface (Diaz & Rosen-
berg 1995). Expt A-O data documents how these
altered behaviors caused declines in sediment—water
fluxes (Fig. 1).

As O, declined in Expt A-O, each treatment under-
went similar relative shifts in solute flux but at differ-
ent rates. It is assumed that experimental cores did
not reach steady-state in terms of solute flux over the
brief duration of these experiments. The control and
low-density treatments had relatively modest in-
creases in NH,* flux as dissolved O, decreased in
each treatment core (Fig. 1B). NO, flux for low-
density treatments also followed a pattern driven by
concentration gradients, with an initial small efflux
due to net nitrification under aerobic conditions, fol-
lowed by a gradual decrease during transition, shift-
ing to negative fluxes (driving denitrification) under
hypoxia.

The high-density treatment, on the other hand, had
a much greater relative NH,* efflux compared to the
measured NOy influx, suggesting a strong bioirriga-
tion effect. The significant decrease in NH,* efflux
during transition from aerobic to hypoxic conditions
within the high-density treatment cores implies
marked reductions in worm metabolism, excretion
and bioirrigation (Forbes & Lopez 1990). The notable
difference in denitrification rates with respect to
high- and low-density treatments may also be attrib-

uted to a change in large worm behavior. Under
hypoxia, nereid worms are far more likely to be
found on the sediment surface compared to under
normal O, conditions (Diaz 2001). Visual observa-
tions during Expt A-O revealed that as worms moved
closer to the surface, their burrow depths became
shallower and irrigation frequency declined, thus
decreasing their vertical extent of influence on bio-
geochemical processes. During the transition period,
when animals experience initial O,-limitation stress
(Diaz & Rosenberg 1995, Gray & Elliott 2009), denitri-
fication rates in Expt A-O remained elevated and sig-
nificantly higher than in control treatments (Fig. 1D).
However, the inability of A. succinea to continue
stimulating denitrification under transitional and
hypoxic conditions represents a pivotal impact on
sediment nitrogen cycling. It appears that the
precipitous decline of O,, NH,*, NO, and N, fluxes
across all treatments under hypoxic conditions re-
sulted, in part, from a general down-shifting in poly-
chaete metabolism as conditions degraded from
aerobic to hypoxic (Gray & Elliott 2009).

Opportunistic polychaetes and ephemeral hypoxia

Many studies have explored effects of infaunal bio-
turbation on organic matter diagenesis, and most of
these studies structured experiments to allow in-
fauna to equilibrate with their new surroundings
prior to measurements (Henriksen et al. 1983, Kris-
tensen 1984, Kristensen & Blackburn 1987, Chris-
tensen et al. 2000). This approach tends to mimic
longer-term macrofaunal effects under more stable
conditions. Although many coastal systems common-
ly experience short-term hypoxic events, surprisingly
little research has addressed the biogeochemical
effects of macrofauna under these transient condi-
tions (Bartoli et al. 2000, 2009, Nizzoli et al. 2007).

As for many estuaries, the increase of hypoxia in
Chesapeake Bay has been attributed as a prime
driver in an overall shift in benthic community struc-
ture, leading to reduced species diversity and bio-
mass (Holland & Diaz 1983, Dauer et al. 1992, Kemp
et al. 2005). This bay community is now dominated
by hypoxia-tolerant opportunistic species, like A.
succinea, with seasonal cycles characterized by peak
abundances in the spring and small resurgences in
the late summer and fall (Llanso et al. 2010). Upon
repopulating sediments in the spring, these small
opportunistic worms can achieve high density due to
limited competition for food resources (Gray et al.
2002). Their tolerance for short-term hypoxic events,
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however, makes these polychaetes important players
in spring and early summer remineralization of orga-
nic material in this system.

As shown in previous work (Kristensen & Black-
burn 1987, Pelegri & Blackburn 1995, Bartoli et al.
2000, Marinelli & Williams 2003, Welsh 2003, Braeck-
man et al. 2010), our study demonstrates that poly-
chaete enhancement of net sediment-water fluxes is
linked to total polychaete biomass. This study also
supports the hypothesis that effects of macrofauna on
these fluxes decline as overlying water O, levels
decrease to hypoxic levels. Our experiments further
explain effects of worm size on sediment biogeo-
chemical processes. Compared to small polychaetes,
larger animals burrow deeper in sediments, irrigate
greater volumes of water and solutes through these
burrows, but excrete less per biomass. These attribu-
tes of larger worms tend to enhance rates of sediment
nitrification and denitrification, effectively helping to
remove fixed-nitrogen from nutrient-rich environ-
ments. However, smaller opportunistic worms with
less pronounced stimulation of denitrification often
dominate eutrophic systems that regularly experi-
ence low O, conditions. Thus, the hypoxia-induced
shift from larger to smaller polychaetes, and the asso-
ciated decline in nitrification and denitrification
rates, represents a 'positive feedback’ process where-
by high nutrient levels stimulate low O,, which se-
lects for smaller polychaetes that stimulate efficient
nitrogen recycling, which in turn reinforces the
eutrophication process (Kemp et al. 2005, Conley et
al. 2007).
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