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ABSTRACT:    Estuarine assemblages  are exposed to multiple  disturbances that overlap in time and space. Along the Atlantic 
Intracoastal Waterway (east  coast, United  States),  two disturbances that  frequently co-occur  are the production of wake by 
boats  and  the disposal  of sediment dredged from  boat  channels.  Boat wake generally  coarsens  sediments by eroding finer 
particles  while deposition of dredge spoil  decreases mean  grain  size. If previously  demonstrated effects  of boat  wake on 
infauna  are due  to coarsening of grain size, deposition of dredge spoil on wake affected sites may, through compensatory 
effects,  prevent  an effect  of wake from  being detected. Epifaunal assemblages  associated  with seagrass blades  that are more 
likely to be structured by hydrodynamic forces  than  granulometry may instead  be affected by boat  wake irrespective of the 
previous  deposition of fine materials. To test these hypotheses, infauna  and epifauna were sampled  in patchy seagrass habitat 
at sites with and without boat wake that were affected by historic deposition of dredge spoil and at sites without wake that had 
not received  dredge spoil. Sediment granulometry and infaunal  assemblages  differed between  sites with and without dredge 
spoil but not between  spoil affected sites differing in exposure to wake. Epifaunal assemblages  differed between  sites with 
and  without  wake  irrespective of  sediment granulometry. The  effect   of  wake  on  epifauna was primarily  due  to  lesser 
abundances of the gastropod Bittiolum varium and the slipper  limpet,  Crepidula fornicata, at wake exposed sites. These results 
suggest  that  because   of  their  opposing effects   on  sediment granulometry, boat-wake  and  sediment disposal   may  have 
compensatory effects  on  infaunal  assemblages. The  detection of  an  effect  of  wake on  epifauna despite the  absence  of 
a sedimentological effect  of  the  disturbance shows that  ecological  impacts  do  not  necessarily  mirror  physical effects  and 
should  be considered separately  when adopting strategies  of management. 

 
 

Introduction 
Estuaries  are  areas  of great  human activity. They 

support commercial and  recreational fisheries,  pro- 
vide natural harbors and  routes  for transportation, 
and represent a valuable resource for commerce, 
tourism,  and  recreation. As coastal development 
continues, anthropogenic activities place increasing 
pressures  on estuarine plants  and animals.  Research 
into   the   way  in  which   these   disturbances  affect 
estuarine assemblages  of plants  and  animals  is 
needed so that  the  disturbances may be  managed 
to minimize  their  ecological  effect. 

Most  ecological  impact  assessments  in  estuaries 
focus on the effect of a single anthropogenic 
disturbance on  the  organism(s) of  interest (Vouk 
et al. 1987). Almost all estuarine assemblages are 
exposed  to  multiple  disturbances  that   overlap  in 
time   or   space.   Where   multiple  disturbances  co- 
occur,  their  effects can  be additive  (their collective 
effects are equal to their sum), compensatory (one 
effect subtracts  from  another), or synergistic (their 
collective effect is greater than  the sum of the 
individual  effects; see Gosselink  et al. 1990; Spaling 
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and Smit 1993). The cumulative  effect of multiple 
disturbances cannot necessarily be predicted by 
adding independent effects. 

Boating,  like many  human activities, can  disturb 
the natural environment in a number of ways. Boats 
produce wake, can introduce heavy metals (associ- 
ated  with antifouling paints  and  sacrificial anodes) 
and  polyaromatic hydrocarbons (associated with 
fuels)  to waterways, discharge sewage, and  scar beds 
of submerged aquatic  vegetation. Marinas, which 
support boating, introduce structure where it would 
otherwise be absent,  pontoons and pilings shade 
sediments, boat  ramps  and  car  parks  increase  the 
area  of  impervious   surface,   and   the  dredging  of 
boat channels drastically alters the benthos. These 
disturbances associated with boating  can affect the 
distribution and  abundance of plants  and  animals 
in  natural  and   man-made  waterways  (e.g.,   Davis 
1977; Bryan et  al. 1986; Walker  et al. 1989; Glasby 
and  Connell 2001; Bell et al. 2002). 

Recent  studies  indicate that  boat-generated waves 
can drastically alter the structure of infaunal 
assemblages  of macroinvertebrates in estuaries 
(Bishop  2004;  Bishop   and   Chapman  2004).   Al- 
though the  mechanism by which  boat  wake affects 
infauna was not determined, infauna may be eroded 
with sediments and their  permanent tubes and 
burrows  may be  disrupted by sediment destabiliza- 
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tion  (Dobbs  and  Vozarik 1983). Suspension feeders 
may be favored by increases  in suspended organic 
matter  in  wave exposed  places  (Bock  and   Miller 
1994),  although the  resuspension of large  particles 
can  inhibit  feeding  (Bricelj  et  al. 1984; Grant  and 
Thorpe 1991), and increases  in turbidity  might 
decrease standing stocks of microflora available  to 
deposit  feeders  (MacIntyre and  Cullen  1996). 
Effects to infauna may be a result of boat wake 
increasing  the   mean   grain   size  of  sediments in 
shallow waters (Garrad and  Hey 1987; Nanson  et al. 
1994; Osborne and Boak 1999; Bauer et al. 2002). 
Deposit   feeders   are  generally  more   abundant  in 
muddy  sediments, and  sandy sediments often  favor 
suspension-feeders (Rhoads 1974; Snelgrove  and 
Butman  1994). 

Organisms that live above the sediment are 
presumably less affected  by changes  to granulome- 
try  of  the  sediment.  Although they  may  be  influ- 
enced   by  the   resuspension  of  organic   material 
(Bayne et al. 1989), epifaunal organisms  are most 
influenced by hydrodynamic forces of waves (i.e., lift 
and  drag) that  can  challenge their  attachment to 
the substrate and wash them  away (e.g., Denny et al. 
1985; Denny 1987, 1995). Lift and  drag forces 
generated  by  boat   wake  may  be   magnified  in 
seagrass  beds  where  oscillating  flows generated by 
waves can cause blades  to flap back and  forth  at the 
frequency of  the  waves (Grizzle  et  al.  1996;  Koch 
and  Gust 1999). 

Along  the  Atlantic  Intracoastal Waterway  (AIW), 
a  federally   maintained  navigation   channel  that 
extends along  the  southeastern coast of the  United 
States  from   Norfolk,   Virginia,  to  Miami,  Florida, 
boating  channels are  periodically  dredged to allow 
passage   of  deep-draught  vessels.  Fine   sediments 
dredged  from   the   bottom  of  the   channel  are 
deposited on  dredge spoil  islands,  adjacent to  the 
navigation  channel or at other land-based  fill sites. 
Although deposition of sediments on  dredge spoil 
islands   is  supratidal,  slumping  can   spread   fine 
sediments  on   to  adjacent  intertidal  and   shallow 
subtidal  waters. Dumping of fine sediments on these 
islands may counteract the anticipated effect of boat 
wake  in  coarsening  sediments in  shallow  subtidal 
and  intertidal habitats  on the  islands’ exposed side. 

Along much  of the AIW, waves generated by boats 
are  of  larger   amplitude  than   wind-driven   waves, 
which  have  been  demonstrated to  have  a sizeable 
effect   on   macroinvertebrate  assemblages   (e.g., 
Tamaki  1987; Emerson and  Grant  1991; Turner et 
al. 1999). In the absence  of compensatory effects of 
co-occurring disturbances, an effect of boat wake on 
infaunal  and   epifaunal  assemblages   may  be   ex- 
pected. If the  main  mechanism by which boat  wake 
influences  infaunal  assemblages   is via changes   in 
the  granulometry  of  the   sediment,  deposition  of 

spoil may counteract effects of coarsening of 
sediment  by  boat   wake  on  infaunal  assemblages. 
In  this case an  effect  of wake on  epifauna 
associated  with seagrass but  not  on  infauna may be 
detected. 

I investigated the  role of boat wake in structuring 
epifaunal and infaunal assemblages of macroinver- 
tebrates  in a patchy seagrass habitat where dredged 
materials  on  spoil  islands  might  counteract coars- 
ening  of sediments by wake. I hypothesized that 
assemblages  of infaunal macroinvertebrates would 
differ  between  sites with and  without  dredge spoil, 
irrespective  of the  exposure of sites to  boat  wake; 
and   assemblages   of  epifaunal  organisms   would 
differ between sites with and without boat wake 
irrespective  of whether the  sites are also affected  by 
dredge spoil. 
 

Materials  and  Methods 
 

STUDY  SITES 

In  North  Carolina,  one  of the  natural waterways 
through  which  the   AIW  passes  is  Bogue   Sound 
(Fig. 1). At the  western  end  of the  sound  (34u409N, 
77u29W),   sediment  has   been   dredged  from   the 
AIW and  deposited in  the  middle   of  the  Sound, 
forming  spoil  islands  that  have  been  colonized by 
marsh   plants.   These   islands,   which   no   longer 
receive   materials   dredged  from   the   AIW,  divide 
this part  of the  Sound  into  two 1-km wide sections: 
one  that  is exposed to the  wake of vessels traveling 
along  the  AIW and  one  that  is sheltered from  boat 
wake. 

Sampling   was done   at  sites  25 m  long  (in the 
direction  parallel   to   the   shore)  and   5 m   wide, 
situated  in shallow subtidal  areas adjacent to: the 
northern, wake exposed side of the dredge spoil 
islands (+wake [W]+spoil [S]),  the  southern side of 
the  dredge spoil islands, sheltered from  wake 
(2W+S),   and   the   southern  bank   of  the   sound 
(2W2S; Fig. 1). Although the northern bank of the 
sound  was also sampled,  it is not  considered here 
because  sand  bars  between  the  AIW and  the  shore 
complicated effects  of wake. The  sites had  a water 
depth of approximately  30 cm at low tide,  a mean 
tidal  range   of  0.89 m,  and  contained fragmented 
beds  of  the   eelgrass  Zostera marina  (L.)   and   the 
shoal  grass Halodule wrightii (Ascherson). Sightings 
through a  range   finder   (n  5 16)  indicated  that 
vessels traveling  along  the  AIW were an average 
distance  of 91 6 10 m (1 SE) away from sites on the 
exposed side of the spoil islands. Wake produced an 
average maximal  current speed  (in  a direction 
perpendicular to shore) of 95 6 11 cm s21   at these 
sites. During  sampling,  I did  not  observe  any boat 
traffic south  of the  dredge spoil islands.  I assumed 
that  generation of wind-driven  waves was similar on 





 
 

 
 

Fig. 1.    Sites at Bogue  Sound  that  were sampled  in fall 2001. 
+W 5 with wake, 2W 5 without wake, +S 5 with spoil, and 2S 5 
without  spoil. 

 

 
the   two  sides  of  the   sound   due   to  their   similar 
fetches. 

 
SAMPLING METHODS 

Sediments and  macroinvertebrates were sampled 
in fall 2001. To determine whether sediments 
differed   between   dredge  spoil   islands   and   the 
natural banks of the sound,  irrespective  of exposure 
to  wake, three  cores  of sediment, 10 cm  in  depth 
and  2 cm in diameter, from each of the  6 sites were 
collected using  a plastic  syringe. Cores  were frozen 
for 2 wk at 240uC.  Upon  defrosting, samples  were 
homogenized and washed through a 4 w (63 mm) 
sieve. The  fine  fraction,  which washed  through the 
sieve,  was  diluted  to   1,000 ml   in   a  graduated 
cylinder.  It was carefully mixed  by moving  a plastic 
rod  up  and  down,  from  bottom to  top,  for  exactly 
1 min.  The  sample  was left to settle  for 1 min  and 
56 s, at which time  a 20 ml sample  was taken  from 
a  depth  of  10 cm  (see  Folk  1974  for  a  full  de- 
scription of pipette analysis). All water was removed 
from  the  sample  by drying  it to constant weight  at 
85uC. The  dry weight of this subsample was used  to 
calculate   the  total  amount  of  sediment  less  than 
63 mm  in  diameter present in  the  core.  Sediment 
retained  on  the  4  w  sieve  was dried   to  constant 
weight   at   85uC.   This   sediment  was  sorted   into 
fractions   by  mechanically   shaking   a  column  of 
sieves of mesh  sizes 0 w (1 mm),  1 w (500 mm), 2 w 
(250 mm),  2.5  w  (177 mm),  3  w  (125 mm),  3.5  w 
(88 mm),  and  4 w (63 mm)  for  10 min  using  a Ro- 
Tap (Tyler)  shaker.  The dry weight of each  fraction 
was determined and  the  proportion each  contrib- 
uted  to total  mass was calculated. 

To  test  whether   macroinvertebrate  assemblages 
vary spatially  according to  sedimentology  or  expo- 
sure  to  boat  wake,  5  samples  of  infauna and  five 
samples  of epifauna were collected  from  each  site. 
Infauna were sampled by collecting  cylindrical cores 
of  sediment, 10 cm  in  diameter and  10 cm  deep, 
from unvegetated sediment adjacent to seagrass 
patches.  Epifauna were sampled  by placing 
circular  quadrats, 10 cm in diameter, over seagrass 
blades   on   the   edges   of  patches   and   collecting 
all   material    within   each   quadrat  by  carefully 
cutting  the  seagrass  just above  the  substratum and 
placing  the  seagrass  and  attached epiphytes  slowly 
and   carefully   into   plastic   bags   so  that   mobile 
epifauna  stayed  within   the   cut   clumps.   Samples 
were placed  on  ice and  transported to  the  labora- 
tory, where  they were washed  over a 500 mm mesh. 
The portion of the sample  retained by the  sieve was 
preserved in 7% formalin and stained  with Rose 
Bengal. 

A pair of forceps was run  along the length  of each 
blade of seagrass to remove all epifauna. Infaunal 
invertebrates were separated from the sediment. 
Polychaetes   were  sorted   to  family,  crustaceans to 
order, and  bivalves and  gastropods to species.  This 
approach shortened the time needed to process 
samples and is unlikely to have compromised the 
usefulness of the data in demonstrating spatial 
differences. Chapman (1998) showed that similar 
patterns  of  benthic  assemblages   are  often   found 
when either  mixed or finer levels of taxonomic 
resolution are  used. 

Although I determined the  dry weight of seagrass 
blades   within   each   core   by  drying   aboveground 
plant  material  to constant weight at 80uC, analyses 
indicated abundances of macroinvertebrates did not 
need  to be standardized according to biomass of 
seagrass  blades   before   testing   for  differences in 
epifaunal assemblages among  treatments. The dry 
weight of seagrass blades in samples did not differ 
among  treatments (analysis of variance [ANOVA]: p 
5 0.80).  A Spearman’s  rank  correlation  between 
normalized  Euclidean  distances   for  pairwise  com- 
parisons  of dry weights of seagrass blades  and  Bray- 
Curtis dissimilarities  for comparisons of invertebrate 
assemblages   was nonsignificant  (r  5 0.096,  p  5 
0.12, df 5 28). 

Hypothesized differences in sedimentology and 
assemblages of invertebrates between  sites were 
examined using  nonmetric  multidimensional scal- 
ing  (nMDS:  Shephard 1962;  Kruskal  1964)  of raw 
data.  Euclidean distances  were used  for ordination 
of sedimentological data. Separate ordinations of 
infaunal and  epifaunal macroinvertebrates were 
based on matrices of Bray-Curtis dissimilarities 
between  samples  (Bray and  Curtis 1957), calculated 
from  untransformed counts. 



 
 

To  test  whether   the   granulometry  of  sites  was 
related to  their  situation on  natural banks  of  the 
sound   or  dredge spoil  islands  a  two-way nested 
Permutational Multivariate  Analysis of Variance 
(PERMANOVA) (Anderson 2001) with the factors 
treatment (+W+S, 2W+S, 2W2S) and site within 
treatment were performed on Euclidean distances 
between  sediment samples. Similarity percentages 
(SIMPER)  analysis  (Clarke   1993)   identified  sedi- 
ment   fractions  most  important in  contributing to 
any multivariate differences among  treatments. 
Nested   ANOVA  with  two  factors,   treatment  and 
site,  were  performed on  these  fractions  to  test  for 
effects of treatment. 

If  the   previous   deposition  of  fine  materials   is 
more  important than  wake in determining the 
structure of invertebrate assemblages,  the assem- 
blages of spoil affected  sites should  be more  similar 
to one  another than  to those  without  spoil, 
irrespective  of wake exposure. If wake exposure is 
the   more   important  factor,   dissimilarity  between 
sites with or  without  wake will exceed  dissimilarity 
between  sheltered (2W) sites with or without  spoil. 
This  was  tested   using   one-way  ANOVA on   Bray- 
Curtis measures of dissimilarity between  faunal 
samples. To provide  independent measures  for 
analysis  (Underwood  and   Chapman  1998),   each 
site was paired  only  once,  as were replicates  within 
pairings  of sites. 

Where  a significant  effect of either treatment on 
assemblages  of macroinvertebrates was found, SIM- 
PER (Clarke  1993) analyses were performed to 
identify taxa contributing most to this pattern. 
ANOVA were  performed on  these  taxa  to  test  for 
differences among  treatments. Data were trans- 
formed using  ln(x  + 1)  to reduce heterogeneity in 
variances and ensure that Cochran’s  C-test (1951) 
would not  be significant  at a 5 0.05. 

 
Results 

Ordination and  PERMANOVA analysis  of  grain 
size distributions separated sites into two groups 
according to their  situation along  the natural banks 
of the sound  or adjacent to dredge spoil islands 
(PERMANOVA: F2,3   5 0.192,  p  5 0.035;  Fig.  2). 
Among spoil affected  sites granulometry was similar 
between  places with and  without  wake (a posteriori 
tests,  PERMANOVA: +W+S 5 2W+S  ? 2W2S). 
SIMPER analysis indicated that differences in 
granulometry among  sites were primarily due to 
differences  in  the   proportion  of  very  fine   sand 
(3.5 . w . 3) and medium sand (2.5 . w . 2) they 
contained. Very fine sand  contributed 30–40% of 
variability between  pairs of treatments and  medium 
sands   contributed  19–32%.  Sites  without   dredge 
spoil contained greater proportions by weight of 
medium sands  and  smaller  proportions of very fine 

 
 

Fig.  2.    nMDS   ordination  of  grain   size  distributions  of 
sediments collected   just  outside  patches  of  seagrass  at  each  of 
the  sites. Points  represent individual  samples.  +W 5 with wake, 
2W 5 without  wake, +S 5 with spoil, and  2S 5 without  spoil. 
 
 
sands  than   sites  with  dredged materials   (Table   1 
and  Fig. 3),  so sediments along  the  natural banks 
were coarser  than  those  adjacent to spoil islands. 

In  contrast to  the  sediments, invertebrate fauna 
did  not   form   distinct   groupings  on  nMDS  plots 
(Fig. 4). Infaunal assemblages  at spoil affected  sites, 
with  or  without   wake,  were  more   similar  to  one 
another  than   they   were   to   assemblages   at  sites 
without  spoil  or  wake (Table   2  and  Fig.  5).  Sites 
without   wake  had   more   similar  epifaunal  assem- 
blages   to  one   another  than   to  sites  with  wake, 
irrespective  of whether they were affected  by spoil. 

Of  the  63  infaunal  taxa  identified  in  cores  of 
sediment,  SIMPER  identified  Amphipoda  as  the 
most important in contributing to the  difference in 
assemblages  between  spoil affected  and  sedimento- 
logically   natural  sites,   accounting  for   21%   of 
dissimilarity   between   these   groups.   Nereididae 
(10%),  Paraonidae  (8%),   Lumbrineridae  (6%), 
Nematoda (5%),  and  Syllidae (3%) were  the  next 
most  important contributors. Of  these,  only  Para- 
onidae  and   Syllidae  displayed   patterns  consistent 
with  granulometry, having  greater abundances on 
the  natural bank  than  on  the  dredge spoil  islands 
(Table  3 and  Fig. 6). 

SIMPER indicated that  dissimilarity in the  assem- 
blages of seagrass blades between  wake exposed and 
sheltered treatments was largely due  to differing 
abundances of the epifaunal gastropod Bittiolum 
varium.  This  taxon,   which  explained  47%  of  the 



 
 

 
TABLE 1.    ANOVA comparing the percent contribution of sediment fractions  identified as principle contributors to multivariate patterns 
and total weight at sites at Bogue Sound,  North  Carolina.  There were 3 levels of treatment (with wake and spoil [+W+S], without wake but 
with spoil [2W+S], without  wake or spoil [2W2S]), and  2 levels of Site (treatment) (random). * p . 0.05. n 5 3. 

 
Very Fine Sand  Medium  Sand 

(3.5 . W . 3)  (2.5 . W . 2) 

df  MS F p  MS F p 
 

Treatment 2 1142 14.4 0.03 672 23.5 0.01 
Site (treatment) 3 78 41.3 0.00 29 27.6 0.00 
Residual 
Cochran’s  test 

12 2  
C 5 0.54*  1  

C 5 0.48*  
SNK   +W+S 5 2W+S . 2W2S   +W+S 5 2W+S , 2W2S  

 
variation  between  treatments, was more  abundant 
(although not  significantly  so; Table  3) at sites with 
wake than  sites without wake (Fig. 7). The slipper 
limpet,   Crepidula fornicata, also  displayed  this  pat- 
tern. 

 
Discussion 

Among  the  effects of boat  generated waves on 
sedimentary habitats   is the  resuspension and  ero- 
sion of fine sediments to leave only coarser  grained 
materials  (Garrad and Hey 1987; Nanson  et al. 1994; 
Osborne and Boak 1999; Bauer et al. 2002). 
Coarsening  of  sediments  may  substantially   alter 

 

 
 

Fig.  3.    Mean  (+ 1  SE)  percent  contribution  of  dominant 
sediment fractions  to  total  weight  at  each  of the  sites sampled 
along Bogue Sound.  +W 5 with wake, 2W 5 without  wake, +S 5 
with spoil, and  2S 5 without  spoil. n 5 3. 

spatial patterns of infaunal species of macroinverte- 
brate that have distributions closely correlated to 
certain  types of sediment (Rhoads 1974; Snelgrove 
and Butman 1994). In many places where boating 
occurs, sediments are also affected  by the routine 
disposal  of dredge spoil from  boat  channels as well 
as boat  wake. Because  dredge spoil is generally fine 
 
 

 
 

Fig.  4.    nMDS  ordinations  of  assemblages   of  macroinverte- 
brates  collected  from sites within Bogue Sound.  Points  represent 
individual  samples.  +W 5 with wake, 2W 5 without  wake, +S 5 
with spoil, and  2S 5 without  spoil. 



 
 

 
TABLE 2.    ANOVA testing  for  differences in  the  magnitude of 
Bray Curtis measures  of dissimilarity in composition of 
macroinvertebrates between  pairs  of treatments. 1 5 with wake 
and  spoil versus without  wake but  with spoil, 2 5 with wake and 
spoil versus without wake or spoil, and 3 5 without wake but with 
spoil versus without  wake or spoil. n 5 5. * 5 p . 0.05. 

 
Infauna  Epifauna 

df  MS F p  MS F p 
 

Comparison 2  760  4.0  0.048    2160    7.8  0.007 
Residual  27  192  278 
Cochran’s 

test 
C 5 0.58*  C 5 0.72* 

SNK 1 , 2 5 3  1 5 2 . 3 
 
 

grained, this disturbance may have an effect on 
sediments that is compensatory to that of boat wake. 
In this case, an effect of boat wake on infaunal 
assemblages  of unvegetated sediments may not  be 
seen  even  though  hydrodynamic forces  are  large 
enough to affect distributions of epifaunal macro- 
invertebrates associated  with adjacent patches  of 
seagrass. 

In  Bogue  Sound,   North   Carolina,   exposure to 
boat wake did not influence infaunal assemblages  in 
spoil-affected   sediments  despite   strong   effects  of 
boat wake on epifauna. The structure of infaunal 
assemblages  was similar between  sheltered and 
exposed sides of dredge spoil islands and instead 
differed   between   dredge  spoil   islands   and   sites 
lacking  spoil. Paranoids and  syllids were more 
abundant  at  sites  without   spoil  than   on   dredge 
spoil  islands,  but  did  not  differ  between  sites with 
and sites without  wake. The lack of an effect of wake 
on infauna, despite  the detection of strong effects of 
similarly  sized  waves by other studies  (Bishop  and 
Chapman 2004), may be because  any effect of wake 
on grain  size was masked  by dredge disposal,  which 
decreased grain size. Epifaunal assemblages, pre- 
sumably  less influenced by sediment granulometry, 
differed  between  sites without wake and with wake 
irrespective  of previous  spoil disposal. 

Although this  study  did  not  directly  manipulate 
boat wake to demonstrate its role in structuring 
assemblages,  wake appears the most likely candidate 
in producing the epifaunal distributions observed 
here.  Although exposure to wind-driven  waves may 
have  differed   between   sites  on   the   north-facing 
(+W)  and   south-facing   (2W)   sides  of  the   spoil 
islands,   differences  in  epifaunal  assemblages   be- 
tween north-facing sites with and without  wake were 
detected despite  similar exposure to wind generated 
waves, so wind generated waves alone  cannot 
explain  differences in epifauna among  sites. Among 
site differences in epifaunal distributions do not 
appear to be due  to contaminants emitted by boats, 
because  hydrodynamic mixing  occurs  between  the 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.    Mean (+ 1 SE) Bray–Curtis dissimilarity in assemblages 
of macroinvertebrates between  treatments. +W 5 with wake, 2W 
5 without  wake, +S 5 with spoil, and  2S 5 without  spoil. n 5 5. 
 
 
two  halves   of  the   sound,   exposing   all  sites  to 
contaminants. 

The  molluscs,  B. varium and  C. fornicata, contrib- 
uted   most  to  epifaunal  differences between   shel- 
tered  and  exposed sites. Each  was less abundant at 
sites with wake than  at sites without  wake, irrespec- 
tive of sediment granulometry. Decreased abun- 
dances  of these  taxa at exposed sites may have been 
due  to inhibition of feeding  by the  resuspension of 
fine dredge materials.  As a suspension feeder,  C. 
fornicata is known to be particularly sensitive to 
resuspended sediments (Newell  and  Kofoed  1977). 
The   effect   may  have   been   a   direct   result   of 
increased hydrodynamic forces. B. varium and  C. 
fornicata,  as  mobile   epifuanal  taxa,   only   loosely 
attach  to seagrass blades  so may easily be displaced 
during flapping  of seagrass  blades,  induced by the 
orbital  motion of waves (Grizzle  et  al. 1996; Koch 
and  Gust  1999).  Their  abundances will be  perma- 
nently  depressed following displacement if they are 
incapable of recolonizing blades (e.g., adult C. 
fornicata, Hoagland 1978), they are more  susceptible 
to predation during the period of displacement (see 
Warren  1985),  or the  time  required for recoloniza- 
tion  of blades  is greater than  the  frequency  of the 
disturbance. Wave-induced  flapping  of blades could 



 

Cochran’s test C 5 0.27* C 5 0.47* 
SNK +W+S 5 2W+S , 2W2S +W+S 5 2W+S , 2W2S 

 

 
TABLE 3.    ANOVA comparing abundances of macroinvertebrates among  the 3 treatments (with wake and spoil [+W+S], without wake but 
with spoil [2W+S], and  without  wake or spoil [2W2S]). All data  were ln(x  + 1) transformed prior  to analysis. n 5 5. * 5 p . 0.05. 

 

 df MS F p MS F p 

Infauna 
Treatment 

 
2 

 
3.40 

Paraonidae 
9.08 

 
0.05 

 
7.19 

Syllidae 
28.69 

 
0.01 

Sites (treatment) 3 0.37 0.99 0.42 0.25 0.95 0.43 
Residual 24 0.38  0.26     

 
 

Epifauna   Bittiolum varium   Crepidula fornicata  
Treatment 2 15.07 2.62 0.22 6.58 39.91 0.01 
Sites (treatment) 3 5.76 5.46 0.00 0.16 0.47 0.70 
Residual 
Cochran’s test 

24 1.05  
C 5 0.22*  0.35  

C 5 0.37*  
SNK      +W+S , 2W+S 5 2W2S  

 
also influence faunal assemblages  by improving 
accessibility  of  epifaunal assemblages  to  predatory 
fish. 

Boat wake may also have indirectly affected the 
faunal  assemblages  of seagrass via changes  in the 
morphology of the seagrass beds themselves. The 
perimeter to area ratio of seagrass patches,  an 
important determinant of the  susceptibility  of prey 
residing  in  patches   to  predators that  forage  from 

 

 
 

Fig. 6.    Mean (+ 1 SE) abundance of infaunal taxa in cores of 
sediment collected  from  sites at Bogue  Sound.  +W 5 with wake, 
2W  5 without  wake, +S 5 with spoil,  and  2S  5 without  spoil. 
n 5 5. 

patch  to patch,  generally  increases  with wave 
exposure (Fonseca   and  Bell  1998).  Exposure can 
also decrease shoot densities  and as a result, the 
foraging   efficiency   of  predators  resident  within 
patch   (see   Heck   and   Thoman  1981).   Although 
the   landscape-scale  morphology  of  seagrass  beds 
was  not   quantified  here,   biomass   did   not   differ 
between  seagrass patches  in exposed and  sheltered 
areas. 
 

 
 

Fig. 7.    Mean (+ 1 SE) abundance of epifaunal taxa in cores of 
seagrass collected  from  sites at Bogue  Sound.  +W 5 with wake, 
2W  5 without  wake, +S 5 with spoil,  and  2S  5 without  spoil. 
n 5 5. 



 
 

The  results  of this study have important implica- 
tions  for the  management of coastal  systems. Boat- 
ing activity is commonly managed to minimize 
physical  damage   to  structures.  For  example,  no- 
wake zones, where vessels must slow to minimize  the 
production of wake, may be implemented in 
unvegetated areas to reduce erosion of fine sedi- 
ments.  Sampling  of  sediments and  fauna  suggests 
that   despite   the   absence   of  a  sedimentological 
signal  associated  with  wake,  a  significant  effect  of 
this   disturbance  on   assemblages   of  seagrass   oc- 
curred. Ecological impacts do not necessarily mirror 
physical effects and should  be considered separately 
from physical effects when adopting strategies of 
management. This  study  also demonstrates that  in 
environments  where   multiple  disturbances  co-oc- 
cur,  compensatory effects  of multiple disturbances 
can  occur  on  some  but  not  all components of the 
environment. A holistic  approach to ecological 
impact assessment, in which effects of co-occurring 
disturbances are  considered together, not  separate- 
ly, is required. 
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