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Variation in detrital enrichment causes spatio-
temporal variation in soft-sediment assemblages
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ABSTRACT: We investigated the importance of algal detritus in determining complex patterns of
spatio-temporal variation in annelid assemblages in sites separated by 10s of meters on mudflats on
Long Island, New York. We used field sampling to test the hypothesis that spatio-temporal variation
in annelid assemblages contributes substantially more to total variation than consistent spatial differ-
ences among sites (pure spatial variation). While this pattern was generally shown by dominant
surface-feeding annelids (e.g. Paranais litoralis and Streblospio benedicti), this was not the case for
the deeper-feeding orbinid polychaete Leitoscolopolos robustus. We enriched the sediment with
Ulva rotundata detrius to test the hypothesis that variation in detrital enrichment creates complex
spatio-temporal patterns in annelid assemblages. Initially, the diversity and abundance of annelids
was lower in enriched sites compared to untouched sites because of anoxic conditions at the
sediment-water interface in the manipulated treatment. After about 1 mo, however, populations of
opportunistic surface-feeding annelids (e.g. P. litoralis and Capitella capitata) increased in enriched
sites to peak significantly higher than those in unmanipulated sediment, indicating resource-
limitation. The annelid assemblages in different treatments then converged in June/July when the
excess detrital resources were sufficiently depleted. Overall, we demonstrate the important role that
deposition of detritus plays in determining variation in soft-sediment communities. More than just
simple spatial variation, however, we show that detritus enrichment can generate the complicated
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spatio-temporal patterns observed in natural annelid assemblages.
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INTRODUCTION

The composition of most benthic marine communi-
ties is extremely variable in space and time (Barry &
Dayton 1991, Morrisey et al. 1992a,b, Underwood &
Chapman 1998). Although this variation occurs at a
hierarchy of different scales (Thrush 1991, Underwood
& Chapman 1996, Azovsky et al. 2000), there is a grow-
ing awareness of the relative importance of variation
among sites separated by 10s of meters in many ben-
thic marine habitats (e.g. soft sediments: Morrisey et
al. 1992a, mangroves: Chapman 1998, rocky shores:
Olabarria & Chapman 2001). This intermediate-scale
variation is often considered a nuisance because it
obscures processes governing community structure
and increases the need for replication at this scale
(Underwood 1994, Kelaher et al. 2001). Nevertheless,
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understanding biological and environmental processes
that cause variation at this scale is essential for devel-
oping ecological generalizations and for sensibly
scaling up predictive models to those important for
managing natural environments.

Like other marine benthic communities, soft-
sediment assemblages dominated by deposit-feeders
generally exhibit spatial variation among sites sepa-
rated by 10s of meters (Thrush 1991, Morrisey et al.
1992a, Zajac 2001). In many cases this variation has
been explained by small-scale differences in the phys-
ical environment or in biotic interactions (e.g. sedi-
ment, grain size, predation or competition; see Gray
1974, Woodin 1974, Olafsson et al. 1994 for reviews).
Nevertheless, these simple relations often prove insuff-
icient to completely explain inter-site variation (Snel-
grove & Butman 1994).
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An alternative explanation for intermediate-scale
variation emerges from the work of Johnson (1970),
who saw soft-sediment habitats as a spatial landscape
of patches with different elapsed periods since distur-
bance. Rhoads et al. (1978) also described small-scale
disturbances, such as sediment deposition or eutrophi-
cation, as a mechanism of initiation of communities
consisting of deposit-feeding species that relied on
seasonal deposition of detritus at the sediment—water
interface. Subsequent studies have shown that these
simple successional sequences are more nonlinear
than initially predicted because of complex spatial
relationships (Thrush et al. 1996, Whitlatch et al. 1998,
Zajac 2001), variation in patterns of recruitment (Olaf-
sson et al. 1994) and interactions among sediment-
hydrodynamic factors (Snelgrove & Butman 1994).
Despite this, it has become abundantly clear that
small-scale/short-term perturbations have the poten-
tial to cause substantial spatio-temporal variation in
the structure of macrobenthic assemblages in soft-
sediment habitats at intermediate scales (Thistle 1981,
Thrush et al. 1996).

Benthic communities on intertidal mudflats near salt-
marshes are generally dominated by deposit-feeding
invertebrates (Levin 1984, Lopez & Levinton 198%).
Biotic interactions in these habitats are fueled by
inputs of detrital material from a number of sources,
including saltmarshes, macroalgae or phytoplankton
(see Nixon 1980 for review). Some of this organic detri-
tus is consumed directly by deposit-feeding organisms
(Findlay & Tenore 1982, Peterson et al. 1986). Bacteria
then break down much of the remaining material
(Rublee 1982), which in turn provides nutrients for
other benthic microorganisms (e.g. diatoms) that are
directly consumed by deposit-feeders. These microor-
ganisms are a major source of nutrition for deposit-
feeding invertebrates that feed near the sediment-—
water interface (Bianchi & Levinton 1981, Findlay &
Tenore 1982, Lopez & Levinton 1987).

Because the population abundances of common
deposit-feeders are often limited by the availability of
algal detritus (Levinton & Stewart 1982, 1988, Lopez &
Levinton 1987), spatial and temporal variation in its
deposition can create variation in benthic community
structure (Hull 1987, Raffaelli et al. 1998, Bolam et al.
2000, Rossi & Underwood 2002). The effects of detritus
enrichment can be further complicated by short-term
anoxic events that occur at the sediment—water inter-
face when enrichment is excessive (Wharfe 1977,
Levinton & Stewart 1988, Tagliapietra et al. 1998).
Anoxic conditions in surface sediments can substan-
tially reduce the diversity and abundance of macro-
fauna (Diaz & Rosenberg 1995, Tagliapietra et al.
1998). When this sediment eventually becomes oxy-
genated, however, a large amount of nutrients become

available for micro- and macrofaunal population
growth compared to areas where detritus-induced
anoxia has not occurred (Levinton & Stewart 1988,
Bianchi et al. 2000). Localized detrital enrichment of
soft sediments, therefore, has the potential to sub-
stantially increase spatio-temporal variation of faunal
assemblages (Rhoads et al. 1978, Rossi & Underwood
2002).

Our study is based on previous laboratory studies
that demonstrated that detrital inputs stimulate flush-
crash cycles of deposit-feeding annelids (Tenore 1977,
Levinton & Stewart 1982, 1988, Tenore & Chesney
1985). Cheng et al. (1993) connected these laboratory
results to seasonal flush-crash cycles of annelids in
salt-marsh mudflats of Long Island, New York. On
these flats, the oligochaete Paranais litoralis and the
polychaete Streblospio benedicti show strong popula-
tion peaks in the spring, followed by rapid declines in
the early summer. During this period, the nutritional
content of the sediment declines substantially, as evi-
denced by steadily declining percentage assimilation
of carbon and the successively reduced ability of the
sediment to support population growth of P. litoralis in
the laboratory (Cheng et al. 1993). As well as showing
strong seasonal patterns of abundance, these common
annelids also show substantial spatial variation at
intermediate scales (Nilsson et al. 1997, B. P. Kelaher et
al. unpubl. data). While it is possible that this variation
is maintained consistently throughout the large sea-
sonal changes, the biology of these organisms suggests
that differences in abundance among sites must
change through time (Levin 1984, Nilsson et al. 1997,
2000).

To address this, we investigated spatio-temporal
variation of annelid assemblages in sites separated by
10s of meters on mudflats on Long Island, New York.
We focused on annelids because they generally
account for more than 90% of the total macrofaunal
abundance (J. S. Levinton unpubl. data). In the first
part of this study, we used field sampling to evaluate
patterns of annelid assemblage development by test-
ing the hypothesis that assemblages vary significantly
among sites separated by 10s of meters, as well as
through time. Following the predictions of Johnson
(1970), we also tested the hypothesis that most of this
variation is caused by changes in average assem-
blage structures in sites relative to each other over
time (spatio-temporal variation), rather than by sites
remaining consistently different over time (pure
spatial variation). In the second part, we used field
experiments to test the hypothesis that detrital
enrichment is the driving force in altering abun-
dances of deposit-feeders and is contributing sub-
stantially to spatio-temporal patterns of species abun-
dance and composition.
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MATERIALS AND METHODS

Description of study site. This study was done on
intertidal mud flats at Flax Pond, Long Island, New
York, USA (see Levinton & Bianchi 1981 for descrip-
tion). These mud flats are typical of those found in
southern New England, USA, and are surrounded by
salt-marsh, dominated by Spartina alterniflora. De-
composing algae organically enriches surface sedi-
ments on these flats. The biomass and species compo-
sition of the algae is variable throughout the year,
although the green alga Ulva rotundata is generally
the most abundant species on the mud flat (Levinton &
Stewart 1982). Detrital resources in the sediment are
especially high in early spring because of the low lev-
els of benthic activity over winter (Levinton 1985,
Cheng et al. 1993). As temperatures increase in March
and April, small patches (<1 m) of white sulfur bacteria
appear on the surface of the mud in some places, indi-
cating anoxic conditions just below the sediment-
water interface. These patches rarely persist into May
(J. S. Levinton pers. obs.).

Variation in annelid assemblages. To test the
hypothesis that annelid communities at Flax Pond are
variable in space and time, 4 sites (2 X 2 m) were hap-
hazardly selected at similar tidal heights. Each site was
located approximately 10 to 15 m from its nearest
neighbor. All sites were sampled 13 times between
10 May 2001 and 4 January 2002 at approximately
3 wk intervals. On each day of sampling, 5 randomly-
placed cores (5 cm in diameter and 5 cm deep,
~100 cm?®) were collected from each site. Each core was
washed in a 500 pm sieve, and the material retained
was preserved in a 7 % formalin solution. The material
from each sieved core was then carefully sorted under
x16 magnification and all annelids identified to spe-
cies.

Eifects of surface anoxia on structure of annelid
assemblages. To test the hypothesis that detrital addi-
tion affects annelid communities, a manipulative ex-
periment was set up in March 2002. We haphazardly
selected 3 plots (0.25 mZ), about 15 m apart, and hand-
churned 52 g of dried shredded Ulva rotundata into the
upper 3 cm of sediment of each plot. This amount of
U. rotundata represents the average biomass m2 de-
posited under U. rotundata patches over the winter
period on the mud flats at Flax Pond (Levinton & Stew-
art 1988). Laboratory studies have shown that adding
this quantity of U. rotundata detritus to Flax Pond sed-
iment often causes anoxic conditions at the sedi-
ment-water interface for approximately 2 to 3 wk
(Levinton & Stewart 1982). The U. rotundata for this
and other experiments (see below) was collected live
from nearby areas and had a mean (SD, n = 2) C:N ratio
of 7.62 (0.10), which was slightly lower than that of

U. rotundata washed up on the mud flat (C:N ratio =
7.90 [0.09]).

After a period of 4 wk following the addition of Ulva
rotundata, 3 more plots (0.25 m?) were chosen in places
that had white sulfur bacteria on the surface of the sed-
iment, indicating anoxic conditions. On these flats,
patches of white sulfur bacteria were often comparable
in size to discrete patches of U. rotundata, and it is
probable that these factors are linked. Another 3 plots
were also haphazardly chosen in areas with no white
sulfur bacteria present; 3 randomly placed cores (6 cm
in diameter and 5 cm deep, ~100 cm?®) were collected
from each plot. Each core was sieved and the annelids
were quantified using the methods described above. A
control treatment to test for the disturbance of adding
U. rotundata was not included, because previous work
had indicated that this manual disturbance had no
detectable impact on annelid assemblages (Kelaher et
al. 2003, see also third subsection of ‘Results’).

Effect of detrital enrichment on development of
annelid assemblages. To test the hypotheses that detri-
tal input changes the space-time trajectory of annelid
assemblages, another manipulative experiment was
set up in March 2002. Eight sites (1 m?) were haphaz-
ardly selected at similar tidal heights and randomly
allocated to 3 treatments: an Ulva rotundata-enriched
treatment (3 sites), an untouched treatment (3 sites)
and a disturbance control (2 sites). Each site was
approximately 5 m from its nearest neighbor and at a
similar tidal height. We hand-churned 208 g of dried
shredded U. rotundata into the sediment of each site in
the detritus-enrichment treatment. This amount of
U. rotundata was equivalent per unit area to the
amounts used in the detrtial enrichment experiment
described above. To control for the manual disturbance
of adding U. rotundata, sediment in disturbance sites
was also hand-churned, but no detritus was added.
Only 2 plots were used in this treatment because pre-
vious work had indicated that manual disturbances
had few lasting effects on macrofauna (B. P. Kelaher et
al. unpubl. data).

Annelid assemblages at each site were sampled
6 times after addition of Ulva rotundata at approxi-
mately 2 wk intervals. The experiment was limited to
spring because this is the most dynamic period for
annelid assemblages at this site (Cheng et al. 1993). At
each time of sampling, 4 randomly placed cores (5 cm
in diameter and 5 cm deep, ~100 cm?®) were collected
from each plot. To reduce the effects of repeated sam-
pling, each core was collected from a spot that had not
been previously sampled. Sampling was also done
from wooden planks to reduce trampling disturbance
around the plots. Each core was sieved and the
annelids quantified using the methods described
above.
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Table 1. NP-MANOVAs of assemblages of annelids (n = 5

replicate cores) sampled between May 2001 and January

2002. T: comparison between randomly chosen sampling

dates; S: comparison between randomly chosen sites; Res:

residual. Table also shows components of variation (V)

calculated using NP-MANOVA results and traditional
methods (see Underwood 1997)

df MS pseudo-F P
T 12 13074.32 3.27 <0.01 Vr=20.1
S 3 16735.86 4.18 <0.01 Vg =8.7
TxS 36 4003.99 4.00 <0.01 Vr5,5=26.7
Res 208 1001.73 Vies =44.5

Statistical analyses. Analyses of variance (ANOVA)
were used to test hypotheses about the number of
annelid species and the abundance of the most com-
mon species. Student-Newman-Keuls (SNK) tests were
used for a posteriori comparisons among means. The
variances of abundance of common annelids were
mostly heterogeneous (Cochran's C-tests, p < 0.05). To
reduce heteroscedasticity, these data were trans-
formed using a In(x + 1) function prior to analysis
(Underwood 1997). Unbalanced ANOVAs were used
to test for effects of sediment disturbance on annelids
(Winer et al. 1991). Univariate components of variation
were estimated using the residual maximum-likeli-
hood method (see Robinson 198%).

Non-parametric multivariate analyses of variance
(NP-MANOVA) were used to test hypotheses about
differences in annelid assemblages (Anderson 2001,
McArdle & Anderson 2001). These analyses test for
overall multivariate changes in community structure,
which may include differences in com-
position, richness and/or abundance of
individual species. Non-metric multidi-
mensional scaling (nMDS, Field et al.
1982)
was used to produce 2-dimensional

trols by analyzing data for each time of sampling sepa-
rately. For comparisons of the treatment with detritus
added and the natural control treatment, interpreta-
tions were made using the significant time X detritus
enrichment interaction. In the one case where this
interaction was not significant (i.e. Leitoscolopolos
robustus), a denominator for the F-ratio was estimated
to enable comparison among treatments (see Sokal &
Rohlf 1995).

RESULTS
Variation in annelid assemblages

A total of 22 species were identified from the 12801
annelids found during the field sampling. The struc-
tures of these annelid assemblages were extremely
variable in space and time. Multivariate comparisons
of assemblages showed a significant interaction be-
tween sites and time of sampling (Table 1). Similar
results were achieved by univariate comparisons of
species richness and the abundance of common
annelid assemblages (Table 2, Fig. 1). Only Capitella
capitata showed variation among sites that was rela-
tively consistent through time (Table 2, Fig. 1).

There appeared to be 3 distinct periods in the devel-
opment of annelid assemblages (Fig. 1). First, there
were large changes in species richness and in abun-
dance of common species in May and June. The
2 numerically dominant species increased greatly, with
Streblospio benedicti following Paranais litoralis in the
timing of peak maximum abundance. There were then

Table 2. Analyses of variance of the number of annelid species and the abun-
dances of common annelids (n = 5 replicate cores) sampled between May 2001
and Jan 2002. T: comparison between randomly-chosen sampling dates;

S: comparison between randomly-chosen sites

or(.hnatmn plots that tracked relatl(?n- df MS F o MS F o

ships among assemblages of annelids

through time. For these analyses, data Species richness Paranais litoralis

were averaged across sites. All multi- T 12 11.11 5.00 <0.01 28.43 16.29  <0.01

variate analyses were done using Bray- S 3 38.33 17.24  <0.01 10.46 6.00  <0.01

Curti imilarit fficients (B & TxS 36 2.22 1.92 <0.01 1.75 420 <0.01
ur ?s similarity coefficients (Bray Res 208 116 0.42

Curtis 1957). . . Capitella capitata Streblospio benedicti
For all analyses, time of sampling T 12 1037 2016 <0.01 684 498  <0.01

was considered a random factor (see S 3 3.29 6.40 <0.01 8.56 6.23  <0.01

Underwood 1997). As a consequence, TxS 36 0.51 1.33 0.11 1.37 282  <0.01

there was no exact test for comparisons Res 208 0.39 0.49

among treatments in the experiment Leitoscolopolos robustus Nereis succinea

investigating the effects of detritus T 12 1.36 189 0.07 3.02 500 <0.01

estigating : S 3 1238 1715 <0.01 1.37 227  0.10

enrichment on spatio-temporal dyna- TxS 36 0.72 1.96 <0.01 0.60 3.67  <0.01

mics. This was overcome for compar- Res 208 0.37 0.16

isons of natural and disturbance con-
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Fig. 1. Mean (SE, n = 5 replicate cores) species richness of annelids and abundance of common annelids in sites sampled between
May 2001 and January 2002. ®, O, A, ¢: Sites 1 to 4, respectively. Also shown are components of variation attributable to time
of sampling (Vr7), sites (Vs), interaction of sampling times and sites (Vrs) and replicate cores (Vggs)

sharp declines in both species, followed by a relatively
stable period until mid-October in which there were
only relatively small changes in annelid assemblages.
Subsequently, there was another dynamic period,
starting in mid-October, during which the abundances
of the opportunistic species, P. litoralis and Capitella
capitata showed large fluctuations in abundance.
There were 2 exceptions to this pattern: first, C. capi-
tata was only found in low abundance from May to

September; and second, the abundance of the deep-
feeding orbinid polychaete Leitoscolopolos robustus,
was relatively stable for most of the year (Fig. 1).

For the surface-feeding annelids Paranais litoralis,
Streblospio benedicti and Nereis succinea, the great-
est change in abundance in sites relative to each other
occurred in May, June and July (Fig. 1). For the 2 dom-
inant species, P. litoralis and S. benedicti, the popula-
tion variances are clearly best explained by variation
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Stress = 0.13

Fig. 2. Two-dimensional nMDS ordination tracking changes

in annelid assemblages between May 2001 and July 2001. @,

0O, A, ©: Sites 1 to 4, respectively; Nos. 1 to 5: assemblages on

May 10, May 29, June 13, July 3 and July 24, respectively.
Data averaged for each site

in time and by the space—time interaction (combined
total of 67 % for P. litoralis and 52 % for S. benedicti). In
contrast, the sum of time-associated and space-time
variance components were relatively small for the
deeper-feeding Leitoscolopolos robustus (13 %). For
this species, spatial variation was relatively more
important (23 %).

An nMDS plot of site averages for the first 5 times of
sampling demonstrates the development of annelid
assemblages during the dynamic period in spring
(Fig. 2). While it appears that annelid assemblages at
all sites converged by mid-July, they clearly took very
different paths getting there. During the first 3 sam-
pling times, the annelid assemblage at each site dif-
fered substantially from those at other sites for at least
1 time of sampling. The most extreme example is
Site 1, whose annelid assemblages deviated massively
from those at other sites. The variation in direction and
magnitude of changes in annelids between sites would
certainly contribute to the significant multivariate site
X time interaction in Table 1.

The highest component of variation in annelid
assemblages occurred at the level of cores (Table 1).
The site x time interaction contributed the next biggest
component of variation, and this was followed by pure
temporal variation. Finally, pure spatial variation
among sites accounted for the least amount of variation
in multivariate analyses of macrofaunal assemblages
(Table 1). Overall, the relative change in annelid
assemblages in sites over time explained much more of
the total variation than consistent site-to-site variation.
Similar patterns were shown by the surface-feeding

polychaetes, Paranais litoralis, Streblospio benedicti
and Nereis succinea, although this was not the case
for, Capitella capitata and Leitoscolopolos robustus
(Fig. 1).

Effects of surface anoxia on structure of annelid
assemblages

Anoxic conditions up to the sediment-water
interface strongly affected annelid assemblages (NP-
MANOVA, pseudo-F, ¢ = 3.88, p < 0.001, Fig. 3).
Assemblages in plots with oxic conditions were signif-
icantly different from those in plots with natural and
detritus-induced anoxic conditions (pair-wise tests,
p < 0.01), which did not differ (pair-wise tests, p = 0.67,
Fig. 3). This result is further supported by Fig. 3, which
shows substantial separation between annelid assem-
blages in anoxic and in oxic sediment. This plot also
appears to show that variation among cores is greater
in anoxic plots than in non-anoxic plots. Analysis of
multivariate dispersion demonstrated, however, that
variation in annelid assemblages did not significantly
differ among treatments (NP-DISP, pseudo-F, ¢ = 2.63,
p =0.15).

In nearly all cases, the diversity and abundance of an-
nelids were substantially less in anoxic sediment than
in oxic sediment, although these differences were only
significant for species richness and the abundance of
Paranais litoralis and Streblospio benedicti (Table 3,
Fig. 4). Only the densities of Capitella capitata appear
to have been unaffected by anoxia, although the abun-
dance of this worm was extremely low at the time of this

Stress = 0.10

%
v
v
O A

oX Sr e

A

Fig. 3. Two-dimensional nMDS ordination comparing annelid
assemblages in experimentally-induced anoxic sediment
(gray symbols), naturally anoxic (divided gray symbols) and
oxic (open symbols) sediment. Different-shaped symbols
represent different sites nested in each treatment
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experiment (Table 3, Fig. 4). For all
analyses, there were no significant dif-
ferences between natural (as indicated
by surface microbial mats) and experi-

Table 3. ANOVAs comparing number of annelid species and abundance of com-
mon annelids (n = 3 replicate cores) in experimentally-induced anoxic, naturally
anoxic and oxic sediments. TR: fixed comparison among treatments; S: comparison

between randomly-chosen sites; Res: residual

mentally-induced anoxic conditions
(Table 3, Fig. 4), indicating that Ulva ro-

df MS F P MS F P

tundata addition created an anoxic dis-

Species richness

Paranais litoralis

turbance similar to that found naturally TR 2 26.70 6.27 0.03 756.26 7.27 0.02
on the mud flat. S(TR) 6 4.26 4.26 0.01 104.04 1.03 0.44
Res 18 1.00 101.44
Capitella capitata Streblospio benedicti
Eifect of detrital enrichment on TR 2 1.17 0.49 0.64 24.03 18.45 <0.01
development of annelid assemblages S(TR) 6 2.39 6.77 <0.01 1.30 1.86 0.14
Res 18 0.35 0.70
No differences were detected be- Leitoscolopolos robustus Nereis succinea
tween annelid assemblages in undis- TR 2 2.43 3.16 0.12 1.82 2.77 0.14
turbed and manually disturbed sedi- S(TR) 6 0.77 3.12 0.03 0.66 4.06 0.01
ment on any of the 6 sampling Res 18 0.25 0.16
occasions (Fig. 5). Similar results were
12 _Species richness 40 _Paranais litoralis
9 30 b
- I
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0 T 0 T
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Fig. 4. Mean (SE, n = 3 replicate sites) richness of annelids and abundance of common annelids in experimentally-induced anoxic
sediment (EAS) and naturally anoxic (AS) and oxic (0S) sediment. Results of SNK tests indicated above the bars: *p < 0.05;
**p<0.01;—p>0.05
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Fig. 5. Two-dimensional nMDS ordination comparing annelid
assemblages in undisturbed (open symbols) and manually
disturbed (divided symbols) sediments. Different-shaped
symbols represent different sites nested in each treatment.
Results of NP-MANOVA tests comparing treatments are
indicated for each time of sampling. p-F: pseudo-F; St: stress

shown by univariate analyses of the diversity and
abundance of annelids (Table 4). The only exception to
these general results was Capitella capitata at the

Fig. 6. Two-dimensional nMDS ordination comparing annelid

assemblages in undisturbed (open symbols) and detritus-

enriched (gray symbols) sediments. Different-shaped symbols

represent different sites nested in each treatment. Results of

NP-MANOVA tests comparing treatments are indicated for
each time of sampling. p-F: pseudo-F; St: stress

fourth time of sampling (Table 4). However, given the
large number of comparisons, it is probable that this
was simply a Type 1 error rather than an explainable

Table 4. Unbalanced ANOVAs comparing number of annelid species and abundance of common annelids (n = 4 replicate cores)
in undisturbed and manually disturbed sites at the 6 times of sampling. Table shows F-ratio and p-value of treatment comparisons
tested over nested factor of sites (3 undisturbed, 2 manually disturbed)

Time 1 Time 2 Time 3 Time 4 Time 5 Time 6
F P F P F P F P F P F P
Species richness 5.60 0.10 0.40 0.57 234  0.22 1.10 0.37 1.69 0.28 1.25 0.35
Paranais litoralis 0.94 040 1.10 0.37 1.47 0.31 4.06 0.14 0.06 0.83 1.60 0.30
Streblospio benedicti 0.21 0.68 0.07 0.80 0.01 0.95 0.02 0.91 0.52  0.52 0.61 0.49
Capitella capitata 0.12  0.75 0.60 0.50 221 0.23 18.46  0.02 0.18 0.70 0.89 0.41
Leitoscolopolos robustus 1.80  0.27 0.18 0.70 0.11 0.76 0.37 0.58 0.33 0.61 1.33 0.33
Nereis succinea 0.02  0.90 0.13 0.75 0.31 0.62 8.08 0.06 0.57 0.50 0.21 0.70
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Fig. 7. Two-dimensional nMDS ordination tracking changes

in annelid assemblages in undisturbed (O) and detritus-

enriched () sediments. Nos. 1 to 6: assemblages on March

21, April 8, April 26, May 13, June 3, July 21, respectively.
Data averaged for each treatment

effect. Overall, it appeared that the manual distur-
bance associated with Ulva rotundata addition had
few, if any, lasting effects on the development of
annelid assemblages. Consequently, this control treat-
ment was excluded from further analy-
ses.

There were significant differences
between assemblages of annelids in
sediment with enhanced detritus and
those in undisturbed sediment at the

pressed in the detritus-enriched treatment for the first
2 times of sampling, but after this resembled the rich-
ness of species in undisturbed sediment (Fig. 8). A simi-
lar depression was shown in the abundance of
Paranais litoralis for the first 2 times of sampling and in
the abundance of Streblospio benedicti for the first 3
times of sampling. Almost certainly, these effects are
related to anoxic conditions associated with adding
detritus, as white sulfur bacteria were present on the
surface of the sediment for the first 2 times of sampling.
At the third time of sampling, there was a dramatic
increase in the abundance of the opportunistic
annelids P. littoralis and Capitella capitata. The orbinid
polychaete, Leitoscolopolos robustus, was the only
species not to respond to the addition of Ulva rotun-
data.

DISCUSSION

The compositions of annelid assemblages at Flax
pond were extremely variable in space and time. The
general seasonal patterns were similar to those
reported for previous studies of intertidal mud flats in
New England (e.g. Cheng et al. 1993, Nilsson et al.
1997) in that there was a spring boom in which surface-
feeding annelids peaked in abundance. This was fol-

Table 5. ANOVAs comparing number of annelid species and abundance of com-
mon annelids (n = 4 replicate cores) in undisturbed and detritus-enriched sedi-
ments. T: comparison of 6 randomly chosen times of sampling; D: fixed compari-
son between undisturbed and detritus-enriched sediments;

S: comparison

between sites nested within D; Res: residual; nt: no test

first 3 times of sampling, but no signifi-

cant differences for the remaining 3 af MS F 0 MS F 0
times of sampling (Fig. 6). Fig. 7 shows
the temporal development of assem- Species richness Paranais litoralis
blages of annelids in the undisturbed T 5 12.79 1344 <0.01 28.66 37.35 <0.01
control and detritus-enriched treat- ]S)D i 11‘22 ft77 (;lt(n 515258’ 2“56 5“12
ments. For the first 3 times of sampling, T(X}D 5 1011 1063 <001 1226 1598 <0.01
the average assemblages in each treat- Tx S(D) 20 0.95 1.14 0.32 0.77 213  <0.01
ment took very different temporal Res 108 0.84 0.36
paths. Nevertheless, by the fourth time Capitella capitata Streblospio benedicti
of sampling, the structure of annelid as- T 5 7.55 10.64 <0.01 8.20 31.60 <0.01
semblages had converged and followed D 1 17.27 nt nt 45.80 nt nt
similar paths. In many respects, this is S(D) 4 0.70 0.98 0.44 1.26 485 <001
o ) i _ TxD 5 10.29 1449 <0.01 576 2220 <0.01
similar to the field sampling results in T xS(D) 20 0.71 1.32 0.18 0.26 0.55 0.94
2001, although the convergence was Res 108 0.54 0.47
somewhat earlier in the season. Leitoscolopolos robustus Nerelis succinea
The univariate comparisons reflect T 5 2.64 4.07 0.01 0.75 3.92 0.01
the multivariate results in that differ- D 1 0.13 0.0 0.84 7.12 nt nt
SD) 4 2.63 4.05 0.01 1.11 5.85 <0.01
ences among treatments were not con- TxD 5 0.85 130 0.30 0.60 317 0.03
sistent in time (see significant time X TXS(D) 20 0.65 2.05 <0.01 0.19 0.76 0.76
treatment interactions in Table 5). Res 108 0.32 0.25
Species richness was significantly de-
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lowed by severe crashes in some populations around
June/July and a stable period with low annelid abun-
dances over summer. Finally, there was an increase in
the abundance of opportunistic species just before the
coldest months in late fall/early winter.

At Flax Pond, the spring boom is probably initiated
by a high deposition of algal and saltmarsh detritus
and a low decomposition rate over the winter period
(Levinton & Stewart 1988, Cheng et al. 1993). The
combination of these factors creates an ideal environ-
ment for microbial productivity and population growth
of deposit-feeding invertebrates when temperatures
increase in March (Levinton 1985, Lopez & Levinton
1987). Nevertheless, these excess detrital resources

usually run out in early summer and microbial produc-
tion decreases, closely followed by crashes in popula-
tions of opportunistic deposit-feeders (Marsh & Tenore
1990, Cheng et al. 1993). It is also possible that a sea-
sonal increase in predation of annelids by fishes and
crabs in late spring contributes to the demise and sup-
pression of annelid abundances in some systems. How-
ever, caging experiments have shown that these
predation effects are negligible at Flax Pond (Cheng et
al. 1993).

The general seasonal patterns of annelids are per-
haps best demonstrated by the numerically dominant
annelids, Paranais litoralis and Streblospio benedicti,
which showed highest abundance during the spring
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boom, followed by a massive population crash in
June/July. Generally, the abundance peak of P. lito-
ralis precedes that of S. benedicti, which is probably
attributable to differences in reproductive biology:
P. litoralis reproduces asexually by naidian paratomy,
which permits rapid population growth (Nilsson et al.
1997, 1999), whereas S. benedicti in this area repro-
duces sexually and has planktotrophic rather than
lecithotrophic larvae (see Levin & Creed 1986 for
details), which may delay initial recruitment into adult
populations at the beginning of spring.

Although the exact timing of the crash varies from
year to year, the abundance of the oligochaete
Paranais litoralis consistently decreases several weeks
prior to, and with much greater magnitude than, the
decrease in abundance of the spionid polychaete Stre-
blospio benedicti. Because these deposit-feeding spe-
cies generally obtain most of their nutritional needs
from microorganisms at or near the sediment-—water
interface (Lopez & Levinton 1987), the timing and
strength of these crashes provides relatively strong
evidence for resource-limitation when the microbial
productivity decreases dramatically in June. The
greater subsequent survival of S. benedicti over
P. litoralis is probably attributable to the former's
larger biomass and spionid feeding flexibility, which
can include the capture of suspended particles from
the water column (Taghon et al. 1980, Dauer & Ewing
1991, Taghon 1992, Dauer 2000). Further experiments
are, however, required before the exact mechanism
can be determined.

While our results show that disturbance in general
can cause variation among annelid assemblages in
sites separated by 10s of meters, the relative impor-
tance of effects depended on the type of disturbance
applied to the system. For example, physicochemical
disturbance of anoxic conditions at the surface-water
interface substantially reduced the diversity and abun-
dance of annelids. In contrast, our simulation of a local-
ized physical disturbance by hand-churning the sedi-
ment surface had no detectable effect on annelids.
Small physical disturbances from burrowing crus-
taceans and benthic fishes are common in soft-
sediment habitats (Levin 1984, Thrush et al. 1991). Our
results show that annelid assemblages at Flax Pond are
relatively resilient to these small-scale disturbances at
the intensity used in our treatments.

Although annelid assemblages varied significantly
among sites separated by 10s of meters, the patterns
and magnitudes of these differences varied substan-
tially from time to time. As well as significant site X
time interactions, this was strongly reflected in the
variance components. In these analyses, the spatio-
temporal component of variation contributed much
more to the total variation than the pure spatial

component, which is what would be expected if the
system resembled a mosaic of patches rather than a
rigid spatial structure. These results emphasize the
importance of processes that act on short-term tempo-
ral scales (e.g. disturbances, detritus inputs and
recruitment events) rather than those that operate
consistently over long time periods (e.g. relatively
permanent changes in the physicochemical environ-
ment).

While the most abundant annelids showed this pat-
tern of variation, there were several notable excep-
tions. Probably the most important of these is the
orbinid polycheate Leitoscolopolos robustus, which
lives and feeds more deeply in the sediment than the
other common species investigated (Bianchi 1988,
Bianchi & Rice 1988). In many respects, L. robustus
appears to represent a stable element at all sites
because, in contrast to the surface feeders, it showed
less spatio-temporal and temporal variation. Bioturba-
tion of this deep-feeding species contributes to diagen-
esis of organic matter, resulting in a suite of more
slowly degrading fractions deeper into the sediment
(Mayer & Rice 1992). On the other hand, burrowing
activities of this species may promote positive feed-
back toward the surface, enhancing microbial activity
for surface feeders (Bianchi et al. 1989). Thus, in the
long run, activities of this deeper feeder might subsi-
dize surface feeders.

From an examination of the field sampling data, it
appears that the mud flats at Flax Pond during the
spring boom are perhaps best described by Johnson's
(1970) hypothesis of a mosaic of patches. This descrip-
tion does not, however, represent community dynam-
ics during summer and fall, when spatio-temporal vari-
ation among sites was small. This is perhaps most
clearly seen in the MDS plot that tracked the develop-
ment of annelid assemblages and showed a conver-
gence of sites in July, after fluctuating during spring.
Although a number of factors may be responsible for
these intriguing seasonal patterns of inter-site varia-
tion, we hypothesize that spatial variation in the depo-
sition of detritus has a large influence, because (1) the
population abundance of surface deposit-feeders is
resource-limited (Levinton & Stewart 1988, B. P. Kela-
her et al. unpubl. data), (2) the nutritive quality of the
sediment is higher but may be more spatio-temporally
variable in spring than in summer (Cheng et al. 1993,
Cheng & Chang 1999), and (3) the magnitudes of local
increases in population abundances during spring are
directly proportional to available resources (Levinton
& Stewart 1982, 1988).

Inputs of algal detritus can clearly influence patterns
of spatial and temporal variation of micro- and macro-
faunal assemblages in soft-sediment habitats (Tenore
1977, Cheng et al. 1993, Raffaelli et al. 1998, Rossi &
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Underwood 2002). Our study shows that detrital
enrichment and anoxic disturbance contributes to the
substantial spatial variation in annelid assemblages at
the scale of 10s of meters. More than this, however, our
study demonstrates that simple spatial variation in the
deposition of detritus can also generate the compli-
cated spatio-temporal patterns observed in natural sys-
tems. This study, therefore, highlights the important
role of interactions generated by the bottom-up force
of localized macroalgal detrital food input and its indi-
rect short-term consequence of surface anoxic distur-
bance in generating the complex patterns of benthic
community structure in soft-sediment habitats.
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