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Abstract. This sludy demonstrates experimentally that 
coarse woody debris (CWD) can provide refuge From 
predation in aquatic habitats. In the Rhode River subes- 
tuary of Chesapeake Bay, Maryland, (USA), we (1) mea- 
sured the abundance of CWD, (2) examined the utiliza- 
tion of CWD by mobile epibenthic fish and crustaceans, 
and (3) tested experimentally the value of CWD as a 
refuge from predation. CWD was the dominant above- 
bottom physical structure in shallow water, ranging in 
size from small branches (< 2 cm diameter) to fallen 
trees (> 50 cm diameter). In response to experimental 
additions of CWD, densities of common epibenthic spe- 
cies (Ca///nfc/fJ ja/);WwLy, fw/Zf/w/wf Affgroc/ifz#, fi/mdw/wj 
/?;o/a/«, CoA/ojoma 6<w, Co6/gJOX Jfrwrno^wj, Pa/oemo/i- 
efffpug/o, and MfAropwio/witr Aarrm/) increased signifi- 
cantly compared to control sites without CWD. In labo- 
ratory experiments, grass shrimp (f. /%#/o) responded 
to predatory fish (f. Afffroc//fwj and Af/cropogon/af wn- 
f/w/afwj) by utilizing shelter at CWD more frequently 
than in the absence of fish. Access to CWD increased 
survivorship of grass shrimp in laboratory and field ex- 
periments. These experimental results (I) support the 
hypothesis, commonly proposed but untested for fresh- 
water habitats, that CWD can provide a refuge from 
predation for epibenthic fish and invertebrates and (2) 
extend the recognized functional importance of CWD 
in freshwater to estuarine and marine communities. We 
hypothesize that CWD is an especially important refuge 
habitat in the many estuarine and freshwater systems 
lor which alternative physical structure (e.g., vegetation 
or oyster reels) are absent or in low abundance. 

key  words:  Coarse  woody debris      Habitat structure 
/Wwpmm'/rv     Refuge     Risk of predation 

"he quantity and quality of physical structure in aquatic 
abitats can strongly mlluencc the structure (abundance 

(/'cmA via' 'c   R A   Kvcrcu 

and species composition) and dynamics of faunal com- 
munities (e.g., Petersen 1918; Nord and Schulmbach 
1973; Orth 1973; Peterson 1979; Carpenter and Lodge 
1986; Sale and Douglas 1984; Smock etal. 1985). The 
potential roles of physical structure in population and 
community processes are well illustrated by studies of 
submerged aquatic vegetation (SAV) (see reviews in 
Cooper and Crowder 1979; Stoner 1980; Orth etal. 
1984; Heck and Crowder 1991). While the mechanisms 
by which SAV can affect animal communities are numer- 
ous (e.g., Scoffin 1970; Burrell and Schubcl 1977; Orth 
etal. 1984; Orth and Van Montfrans 1984; Peterson 
etal. 1984; Fonseca and Fisher 1986; Eckman 1987), 
its role as a refuge from predation has received the most 
attention and experimental support in freshwater (e.g., 
Crowder and Cooper 1982; Savino and Stein 1982), es- 
tuarine (e.g., Coen et al. 1981; Heck and Thoman 1981; 
Wilson et al. 1987, 1990), and marine (e.g., Reise 1977; 
Menge and Lubchenco 1981; Peterson 1982; Summer- 
son and Peterson 1984) habitats (but see also Robertson 
and Lenanton 1984 and Lenanton and Caputi 1989 for 
evidence of the importance of SAV as a foraging habi- 
tat). 

In many freshwater lentic and lotic ecosygtems, an 
important component of physical structure -is coarse 
woody debris (CWD). which usually includes all pieces 
of wood > 2 cm diameter and is thought to play a signifi- 
cant role in structuring animal communities (see reviews 
in Triska and Cromack 1980: Harmon et al. 1986; 
Bisson et al. 1987) Both animal abundance and diversity 
have shown positive correlations with the abundance of 
CWD (Dudley and Anderson 1982; Benke etal. 1984; 
Murphy etal. 1984: Smock etal. 1985. 1989. 1992). and 
additions of CWD to streams have resulted in increased 
abundances of fish (Saunders and Smith 1962: Burgess 
and Rider I9S0: House and Boehne 1985. 1986) As with 
other types of structure, refuge from predation has been 
suggested as a primary mechanism by which CWD af- 
fects animal communities (Hall and Baker 1975. 1982; 
Triska and Cromack WS0). While Ware (1972) demon- 
strated that rates of attack and total food consumption 
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Tor trout (.Sw//?w [;ofrr//7r'ri), preying on freshwater am- 
phipods in laboratory aquaria, were inversely correlated 
with the abundance of small (I cm ilia.) woody debris, 
experimental tests of this hypothesis in the Held arc lack- 
ing (Bisson ei al. I9K7). 

Despite its perceived importance in Freshwater com- 
munities. CWD has received relatively little attention 
in marine and cstuarinc systems. CWD is presently 
abundant in some nearshorc (Mores-Verdugo clal. 
1987; Conor etal. 1988: Daniel and Robertson 1990) 
and deep ocean (Knudscn 1961) habitats, where it may 
have been even more pervasive historically (Sedell and 
Froggatt 1984; Triska 1984; Conor et al. 1988). The role 
oF CWD in marine and estuarine communities has re- 
ceived some attention both as an important agent of 
disturbance (eg, Dayton 1971) and as an important 
habitat. However, studies oF CWD as habitat Focus pri- 
marily on utilization by assemblages oF specialized 
wood-boring Fauna (Turner and Johnson 1971; Becker 
1971; Turner 1977, 1981, 1984; Conor etal. 1988) or 
by birds and seals (e.g., Bayer 1978, 1981, 1983). Only 
one study (Daniel and Robertson 1990) has examined 
the utilization of CWD by epibenthic invertebrate and 
fish fauna in saline (brackish or marine) waters. As in 
freshwater, Daniel and Robertson (1990) found greatest 
abundances of estuarine epibenthic fauna where CWD 
was most abundant, and attributed this to the possible 
refuge from predation provided by CWD. 

In this study we examined the utilization of CWD 
by epibenthic species and tested experimentally the ref- 
uge value of CWD in a temperate estuary of North 
America. The abundances of common species were com- 
pared between sites with and without CWD. In addition, 
laboratory and field experiments were designed to expli- 
citly test the hypothesis that CWD provides a refuge 
from predation for an aquatic species. The grass shrimp 
fa/aefnoMefgj/wgfo (Decapoda: Palaemonidae) was cho- 
sen as a model species for these experiments due not 
only to its association with CWD. but also its numerical 
and functional importance in estuaries of Eastern North 
America (e.g., Darnell 1958; Odum and Heald 1972; 
Nixon and Oviatt 1973; Welsh 1975; Morgan 1980; 
Kneib 1985, 1987; Smith and Coull 1987; Posey and 
Hines 1991). 

Methods 

SfWy Jiff 

3#" 
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Fig. I. Map of the Rhode River. Maryland, //wf: location of 
Rhode River along western shore of Chesapeake Bay. Afam/fgurr 
ff. Fox Point; CC. Cheston Creek; C#: arrow points to connec- 
tion with mainstem of Chesapeake Bay. /)o/W /wi« delimit area 
of tidal marsh 

1990). Further description of the Rhode River area can be found 
elsewhere (e.g., Correll 1975; Hines et al. 1987). 

All (he field work was done at Fox Point (Rhode River) or 
Cheston Creek (West River, see Fig. I). The shoreline at both sites 
has a narrow fringe of emergent vegetation, primarily S/xwvmo 
a/fwni/bm and S. cyniwuroidM, and an abrupt rise (2-3 m) lo m 
heavily wooded flood plain. CWD is abundant in the nearshorc 
shallows at Cheston Creek, consisting of both single pieces and 
complex accumulations. As is common in tributaries of the upper 
Chesapeake Bay (pers. obs), neither study site has SAV or any 
other above-bottom physical structure except CWD. 

SVzf. (//jfr/AHfMw;. afw/a6iM6/a/iff of CtK/2) 

The abundance and distribution of woody debris (> 1 cm dia. and 
10 cm long) in the nearshorc zone was quantified at Cheston Creek 
(27 June 1991) and Fox Point (14 May 1991) At six locations 
for each site, line-transects (10 m length) were run parallel to shore 
at distances of I. 2. 1 and 4 meters from the waters edge. All 
pieces of CWD intercepted by these lines were counted and mea- 
sured for diameter to the nearest centimeter. 

This study was conducted at the Rhode and West Rivers, two 
small subestuaries which share a connection to the mesohaline cen- 
tral Chesapeake Bay. MD, USA (Fie. I). Average water tempera- 
ture in the Rhode River peaks in July, at 27 28° C. and falls to 
lows of 2 4° C in January (Mines et a I I ')87l. summer temperatures 
can exceed 30° C along the shore, where ice often forms m winter 
Salinity vanes seasonally in the rucr from 3 I ' ppi (Mines et al 
1987). Mean tidal amplitude in the river is 0 1 m. and mean low tide 
level is 0 2 m above mllw (Anonymous llW0) However, das-to-day 
tidal action in the Rhode River is highly influenced by winds, 
and fluxes greater than predicted can occur Turbidity in the Rhode 
and West Rivers is very great in summer, with secehi depths under 
0.5 m  measured in  the vicinity of our  studs- site (Gallcnos el al 

DffmYi o/^f^J.T .\Vir/w/) wf /Mmm/A w cwrr//ii? CWZ) 

Qualitative observations indicated that densities of grass shrimp 
were usually much greater around C\V[) than in areas lacking 
debris To quantitatively test for tins relationship, we measured 
densities ol grass shrimp near and ass.is Irom naturally occurring 
CWD at box Point in September llW(). Shrimp densities were esti- 
mated with a net (40 \ 25 cm. 3 mm mesh) using a single sweep 
along 12 pieces of CW1) (fallen trees and limbs. 0.1 0 2 m dia . 
1-3 m long): adjacent to each CWD sample, another sample ol 
identical length was taken from a location lacking CWD In this 
and all other sampling efforts descnbed below, shrimp (and other 
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mbcnlhic sp-cCKsl were counted and teiurned lo their original 
,ie of collect "X    Data  were sltindardi/ed  to number of shrimp 

,-M.r square inner, square-root translormed (|. (x*0 5)) and 
',ecked Tor raomosccdasticily using Cochran\ test (Winer  1071). 

,|,en used to compare shrimp density in the presence and absence 
,,l ("WD using artest (Sokal and Rohlf l')XI) 

lo measure directly (he effect of manipulating CWD on animal 
density, we used a standardized CWD unit, which controlled for 
variation due to the heterogeneous length, diameter, shape (i.e., 
number and size of branches, architectural complexity), species 
composition, age, and location of naturally occurring CWD. Ten 
replicate logs ( I 3 m long x 10-15 cm dia.) were obtained by cutting 
sweet gum. Z.f4w/am6fr ffi/raci/7ora. saplings of similar age and 
size. The logs, anchored perpendicular to shore with steel stakes, 
were placed at approximately 10 m intervals along the shore at 
Fox Point in early June. 

The experimental CWD units were first sampled for epibenthic 
fauna during both low and high tides in late July-early August 
1991, after at leant 2 weeks since previous disturbance (movement 
and/or sampling) At low tide (15-30 cm), shrimp had no access 
to the fringing emergent vegetation, and at high tide (30-50 cm) 
the water level was well into the vegetation. We sampled epibenthic 
fauna by dropping a rectangular sheet-metal caisson (2 m long x 
0.5 m wide x 0.5 m high) over the experimental logs. For sampling, 
two people carrying the caisson with 1 m handles, slowly ap- 
proached a site and deployed the trap from a distance of 0.5-1.0 m 
away from the sample sites. Upon deployment, the lower edges 
of the caisson became embedded in the bottom sediments, which 
prevented any escape of trapped fauna. After removing the logs, 
the interior of the trap was swept with nets until no fish, shrimp, 
or blue crabs were caught in 3 successive passes. In the same depth 
zone, adjacent control sites without debris (a minimum distance 
of 5 m away from experimental CWD sites) were sampled in a 
similar fashion, alternating the sampling sequence. All shrimp, fish 
and crabs caught were identified to species and counted. For blue 
crabs, molt stage was determined by carapace hardness and degree 
of epidermal retraction in the modified fifth walking legs (Van 
Engel 1958: Johnson 1980). 

For shrimp, which were abundant in both high and low tide 
samples, differences in density between CWD and non-CWD treat- 
ments were compared with a 2-way ANOVA, using square-root 
transformed data checked for homoscedaslicily as above, with tide 
height and CWD as main factors. Other epibenthic fauna were 
abundant only at high tide, and the data were highly •heteroscedas- 
tic. Consequently, densities with and without CWD were compared 
using Mann-Whitney U or Wilcoxon signed-ranks tests. 

Our results from the experimental CWD indicated that densities 
of several species were significantly greater at sites with than at 
sites without CWD While these data demonstrated intense utiliza- 
non of CWD by epibenthic fauna in the field, this pattern may 
have resulted to some extent from our presence For example, ani- 
mals may have responded to our sampling efforts by concentrating 
primarily at CWD To lest for this possibility, we repealed the 
experiment at a single depth zone (36-50 cm) in October 1992, 
including a third treatment: a short term CWD treatment in which 
in experimental log was placed at a sue otherwise lacking debris. 
then sampled within 5 mm. For the short-term treatments, long- 
teim logs were moved to new sites, with efforts to minimize distur- 
bance, especially along the route ol subsequent approach during 
sampling All treatments were present in each of nine blocks, and 
the relative positions and sampling sequences were varied among 
blocks If distuthance Irom our sampling method caused higher 
densities of fauna at CWD. then densities at long-term CWD (in 
place since June 19lJl | and short-term (WD (in place 5 mm) would 
be similar, and higher than at no (WD sues Alternatively, if our 
" iginal  hypothesis  that  fauna! densities are naturally  higher at 

(WD is true, then densities at ^hort-lerm and .in ( WD sites would 
be similar, and lower than at long-term (WD 

We sampled the ncarshore /.one at Fo< Point for the abundance 
and composition of potential predators of grass shrimp in mid-July 
and mid-August 1991 In each month, 3 replicate seine samples 
were collected at non overlapping sites along the shore over a 1-2 
day period. The nets (10-m mouth opening. 0 63 cm mesh) were 
set parallel to shore at t m dcplh (approximately I 5-m from shore) 
and pulled directly on to the beach, thus sampling an area of 
approximately 150 m" All fauna caught, except for grass shrimp, 
were counted, identified to species, and measured to the nearest 
mm; blue crabs were molt-siaged as above 

To test the hypothesis that CWD serves as a refuge from predation, 
we performed a field experiment that measured the relative intensi- 
ty (risk) of predation near and away from CWD. Grass shrimp 
(30-35 mm total length) were tethered at a single depth zone 
(30 cm), either with or without access to a log (sweet gum, 30 cm 
longx 10cm dia). Only intermolt shrimp, as indicated by degree 
of tissue retraction in the uropods (Nicol and Stolp 1990), were 
used in the experiment. Shrimp were tethered to large nails with 
monofilament fishing line. A halter of 1 lb-test line was tied around 
the shrimp at the juncture of the thorax and abdomen, without 
restricting, the movement of pcrcopods or pleopods. A 30 cm lead- 
er of 4 lb-test line, bearing an attached hook (* 20 size, barbed) 
at the shrimp end, was then lied to the halter and to a nail (16 d). 
After being tied to tether lines, shrimp were held individually in 
plastic cups with water, pending deployment in the field. Shrimp 
with halters tied too tight were rare, and were easily identifiable 
within 30 min after tying by a curled posture and an opaque white 
band around the body at the halter. Shrimp exhibiting either char- 
acteristic were not used in the experiment. Preliminary trials re- 
vealed 100% retention of tethered shrimp (n = 10) after 2 h. Shrimp 
were collected in the morning (0900-1000 h). tied to leaders in 
the late morning (1000-1300 h), then tethered in the field in the 
early afternoon (1400-1500 h). 

The tether experiments were run at Fox Point on six days from 
late July to early August 1991. Twenty sites were selected at approx- 
imately 2 m intervals. Each site (60 cm dia.) was cleared of any 
natural CWD, and experimental logs (30cm longx 10 cm dia.) 
were placed at the center of every other site. Logs of this diameter 
were used because of their utilization by shrimp in the field (sec 
results). Nails bearing tethered shrimp were buried at the center 
of each site (and beneath logs when present), restricting shrimp 
movement to the cleared areas. Survivorship was measured after 
15 min, and the size and species of any fish caught on the hooks. 
as well as the condition of surviving shrimp, were recorded. The 
data for shrimp survivorship were used to test for dependence 
of survivorship on presence/absence of CWD with a 2x 2 G-tcst 
(Model II. dead/alive vs CWD no CWD) using data pooled over 
the six days. Data on the species of fish caught on the tethered 
shrimp were analyzed similarly for the dependence of predator 
species on habitat (CWDno CWD) 

lo examine more closelv the utilization ol ( \\ D by grass shrimp 
under risk ol predation. we perfoimed two experiments in laborato- 
ry aquaria fhe first experiment was designed to determine 11 access 
to CWD increased shrimp sum\otship in the presence o\' known 
predators within a controlled laboratory environment. All experi- 
ments were  run  m aquaria (20X11 containing sand I' cm  depth) 
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and water from the Rhode Kivcr lhai was continuously Filtered 
and aerated. The aquaria were shrouded with black plastic sheet 
mg, to minimi/e visual disturbance by observers, and illuminated 
From above with a single, lull-spectrum Fluorescent light (20 w) 
Aquaria either contained a log (identical to those used in the tether- 
ing experiment) or had no structure at all l.ach log was held I cm 
above the sediment surface by screws Fastened to a buried plexiglass 
sheet. 

Mummichog (h'undutus heieroctilus) and Allanllic croaker (Mi- 
cro/)Ogon/»j »n(iu/wfuj) were used as predators, because these were 
the only species of fish caught in the held tethenng experiment 
and were very abundant in the seme samples Mummichogs were 
restricted in size to 85-110 mm total length, since smaller Fish have 
not been observed by us to prey on shrimp in aquaria and were 
not caught with tethered shrimp in the field; croaker sizes ranged 
from 130-150 mm total length, the si/.c range of fish present at 
the mouth of Muddy Creek. 

To begin an experiment, 15 shrimp (30-35 mm) were allowed 
to acclimate overnight (12 h) in the aquaria. Three fish (either 
croaker or mummichogs), which had been starved for 24 h, were 
introduced into each aquarium at approximately 0900 h. After 
24 h. the fish were removed and the number of shrimp remaining 
in each aquarium was recorded. Six aquaria were used, 3 with 
and 3 without CWD, and a total of 12 replicate runs of each 
of the 4 treatments (mummichog + CWD, mummichog —CWD, 
croaker + CWD. croaker—CWD) were conducted over the period 
August-October 1991. At least one replicate of each treatment was 
run on each date during the course of the experiment. The remain- 
ing data were analyzed for the effect of CWD presence on shrimp 
survival. Percent of shrimp surviving was first calculated for each 
replicate, then a resin square-root transformed (Sokal and Rohlf 
1981), tested for nomoscedasticity, and analyzed with a 2-way AN- 
OVA, with CWD and predator species as main factors. 

In a second experiment, we examined the behavioral response 
of shrimp to predatory fish when CWD was present. Aquaria, 
shrimp, and fish were as described above, except all aquaria con- 
tained a log. Eight replicates were run for each of 3 experimental 
treatments: control (no fish), mummichog, and croaker. Small flaps 
cut in the plastic sheeting which covered the aquaria permitted 
observation of shrimp and fish. The distribution of shrimp in rela- 
tion to a log was recorded just prior to introduction, and at inter- 
vals of 30, 60, 120, and 240 min after ward. The number of shrimp 
present a) under, b) on. c) within 3 cm, d) 3-13 cm, or c) > 13 cm 
from the log was recorded at each time. The positions of fish 
in the aquaria were noted at each lime as well. 

To test for differences between treatments in the distribution 
of shrimp relative to CWD, the data from each replicate were 
first used to calculate the percent of surviving shrimp in each loca- 
tion. After testing for homoscedasticity. the a resin square-root 
transformed percentages were analyzed for differences among 
treatments in the percent of surviving shrimp under logs at 30 min 
with a 1-way A NOVA, followed by a Ryan's Q test (Day and 
Quinn 1989) for comparisons between treatment means. 

Cheston Creek 
Q 2 cm (0 & cm 
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Distance from shore (m) 

Fig. 2. Abundance and size distribution of natural CWD by dis- 
tance from shore at CAfffon Crert and fbz foimf. Shown are mean 
numbers (±1 SE) for six replicate 10 m line-transects at each dis- 
tance from shore, May-June 1991. Legend identifies size classes 
(diameters) 
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Fig. 3. Density of grass shrimp (mean ± I SE) at 12 sites with and 
12 sites without natural CWD (individual logs), September 1990 

Results 

CWD was common at both Cheston Creek and Fox 
Point in May-June 1991. although the characteristics 
ol" CWD appeared to differ between sites (Fig 2). At 
Cheston Creek CWD declined in abundance with in- 
creasing distance from shore, while at Fox Point the 
opposite pattern was observed Overall. CWD was more 
abundant at Cheston Creek and consisted of more large 
pieces (>4cm dia ) than at Fox Point This variation 
in characteristics of CWD between sites may reflect dif- 
ferent degrees of disturbance historically, with Fox Point 
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I mean ±1 SE) at 10 sites with and 10 sites without experimental 
(WD. during high tide. July-August 1991 
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Fig. 6. Density of mobile epibenthic fauna (mean±|-SE) at sites 
with long-term (67": in place since June I991), short-term (S7\ 
in place 5 minutes) and no CWD. October 1992. n = 9 in all treat 
ments; treatments sharing letters not significantly different (/)< 
0.05) according to nonparamctric comparison among means test 

^irig a site of more human activity that includes (1) 
i younger forest due to more recent clearing compared 
o Cheston Creek and (2) removal of CWD from shallow 
\atcrs by previous investigators to facilitate seining cf- 
->ris. 

n.tss shrimp at Fox Point were 5X as abundant at natu- 
iliy occurring CWD compared to sites without debris 
i September 1990 (; = 5.34. df=22. /xO.OOI. Fig. 3) 
tier about I month of exposure, shrimp were also sig- 

nificantly more abundant at experimental CWD than 
at sites lacking debris during both low and high tides 
in July-August 1991 (Fig. 4. Table I). Shrimp were signif- 
icantly more abundant at logs at low tide than at high 
tide (Table I). 

Five other species were caught in high tide samples 
at the experimental CWD in 1991 (Fig. 5). 4 of which 
were significantly more abundant at CWD than at sites 
lacking debris: Mummichogs (/-. AcfrmrAVm, [' = 87. 
/?<0 005). naked gobies (Gj/;/o.?w;k; Aoyr; c/=86. /;< 
0.005). blue crabs (Of/V/wi-frf .wyu/ia: 0 = 75.5, p< 
0.05). and mud crabs (/(/wVArcifKmo/Jt'io /lorr;.?//; signed- 
rank test. p<0.05). Abundances of a fifth species, the 
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(able I. Comparison of rrass shrimp den 
sines in samples from experunent.il (WD 
and control sues. July  August  IWI 
Shown are results of A NOVA on square 
root transformed data (ns   not sigmlicanl 
at /,<0 05) 

A NOVA 

Source SS 

C'WD treatment (A) 577 57 
Depth (0) 54.55 
A x 8 0 34 

Hrror 290.11 

<ir 

36 

MS 

577.57 71.67 
54 5 5 6.77 
0.34 0.04 

8.06 

P<0.00] 
f <0 025 
ns 

Table 2. Summary of Kruskal-Wallis tests comparing densities 
among treatments for each species commonly captured during sec- 
ond sampling of experimental CWD October 1992. K-W: Kruskal- 
Wallis statistic, p: significance value (p < } 

Grass Mummichog 
shrimp 

Naked 
goby 

Skillet 
fish crab 

K-W 

P 

16.55 
0.001 

10.78 
0.005 

17.79 
0.001 

21.93 
0.001 

17.20 
0.001 

banded killifish (/wK/w/wj ma/o//j), were not significantly 
different between treatments, although there was a trend 
toward greater abundances at CWD. 

Five species of mobile epifauna (grass shrimp, mum- 
michogs, naked gobies, skillet fish Gofw&rox jfrwmofMY, 
and mud crabs) were caught in the drop-trap samples 
in October 1992. Because most of the species had hetero- 
geneous variances among treatments, Kruskal-Wallis 
tests were used to compare among treatment for differ- 
ences in the densities of each species. There were signifi- 
cant treatment effects for all five species (Table 2), and 
subsequent nonparametric multiple comparison tests 
(Sokal and Rohlf 1981) revealed that densities of 4 of 
the 5 species were significantly greater at resident CWD 
than at either short-term or no CWD treatment sites, 
with no significant differences between the latter two 
treatments (Fig. 6). One species, mummichog, had densi- 
ties at resident and short-term CWD treatments which 
were not significantly different according to the multiple 
comparison test; however, the comparison results (long- 

term =short-icrm= no CWD, but long-term > no CWD) 
probably resulted from the low power of this multiple 
comparison procedure By comparison, a single Mann- 
Whitney [/ test of the difference between the densities 
of mummichog at resident and short-term treatments 
revealed a significant difference ((/=65, /? = 0.027). To- 
gether, our results indicated higher abundances of fauna 
at CWD, independent of sampling artifacts (see methods 
for discussion). 

Although we did not quantify their occurrence, sever- 
al species of sessile invertebrates also colonized the ex- 
perimental CWD. The barnacle Ay/gnu; WM/wouuzw was 
abundant on every piece of experimental CWD, and en- 
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Fig. 7. Distributions of molt-slages for blue crabs caught with drop- 
traps at experimental CWD. and for blue crabs caught with seine 
nets in areas without CWD. Numbers in parentheses indicate 
number of crabs in each sample. July-August 1991 

Table 3. Mean number and length in mm ( + 1 SE) of fish and crabs caught in seines (n = l) at Fox Point in July and August 1991 

Species 

Atlantic croaker (Micropogonms unduluius) 
Mummichog (Fundulus hcicrocluus) 
Banded kiliifish (Fundulus ina/alis) 
Atlantic silvcrsides (Menidia spp ) 
Bay anchovy (Anchoa mitchilli) 
Menhaden {Brevoorlia ivrannus) 
Blue crab [Calhnectes sapidus) 
Striped bass (Mcrcnr ^axaalis) 
Blueuill {I t'pnrnis machr<H hiruy) 
Hog choker ( Fnnccies nun uuiius) 
l.i/ard fish (Svnodus locU'ns) 
Naked goby ((iofriotama base) 
Spot ( Lciostufnus xanthurus) 
Sheephead minnow (C\prt/icd:>n rant-^urust 

July 1991 

Size 

August 1991 

Number 

15.0+  6.4 

Number Size 

24.3 + 5.9 107.8 + 3 6 139.2+   1.9 
17.3 + 7.9 77.9+ 15 7.0+   1.0 53.6+  2.4 
11.7 + 1.4 52.8 + 4 3 180+  4 7 49 9+   1.9 
6.3±2 9 69.1 +2.4 26 7-4   0.3 68.3+   1.3 
5.7 + 4.3 440+1.6 6.0+   v: 50.3+   2.6 
5.0 + 5.0 887+41 101.3+92 6 116.9+  0.6 
4.7 t 2 0 50.14 7 5 .! 0 4-   0.6 108.6 + 12.4 
1.0+1 0 80.3 4-4 1 ; 0 -*   10 123 4+ 18.3 
0 3 + 0.3 70.0 0 0 
0.3 +0.3 69.0 4 1 0 ()7t-  0 3 1305+  8.5 
0.3 t-0.3 110 0 0 0 
0 3 4-0.! 35.0 : 3 4 o.9 18.7 4-   1.5 
0.3 l-O 3 V] 0 <0 4   1.5 126.3+  2.2 
0 0 0 7 +  0 3 50 5+  0 5 
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Fig. 8. Percent survivorship after I5min of grass shrimp tethered 
in the field with and without access to experimental CWD. Ten 
shrimp tethered in each treatment on each of six days, during 
period of July 30-August 8. 1991. Survivorship is shown for each 
day. and for the total period (mean ± I SE over six days) 
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Fig. 9. Effect of presence or absence of CWD on species of fish 
caught with tethered shrimp Total number of individual fish caught 
for each type of site indicated in parentheses 
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Fig. 10. Survivorship (mean f I SH) of grass shrimp in laboratory 
predation experiments as a function of predator species and CWD 
presence Each histogram shows survivorship (n ■■ 12) of 15 shrimp 
after 24 h exposure io  > fish 

/l/);/f;c/f/Mrr r;/ /pnfr/mu/ .t/trim/) /;rc(/r/fr;r s 

Atlantic croaker and mummichogs were the most abun- 
dant large species caught in seme samples From the near- 
shore zone at Fox Point in both July and August 1991 
(Table 3) Banded killiFish were also abundanl in the 
samples, but their average size was relatively small (49.9- 
52.8 mm). Other potential predators oF grass shrimp 
(blue crab, striped bass, blucgill, lizard Fish, and spot) 
were caught in low numbers. Although silversides (Men- 
(Y//a spp.) and menhaden (#rftworf;a fyru/ww.?) were 
abundant in both months, they are planktivores rather 
than potential predators oF juvenile and adult shrimp. 

For blue crabs, there was a clear distinction in the 
distribution oF molt-stages between the crabs caught in 
caisson samples oF experimental CWD, and crabs caught 
in seine samples. Most oF the crabs caught in seine sam- 
ples, which were collected in areas lacking CWD, were 
either intermolt or early premolt (white line) stages, 
while crabs caught at logs were late premolt or early 
postmolt stages (Fig. 7; G.,% =7.604, p< 0.01). 

Overall, the presence of CWD resulted in significantly 
greater survivorship of tethered grass shrimp, compared 
to shrimp without CWD (G.,,. = 17.81, p < 0.001; Fig. 8). 
Day-to-day variation in the effect of CWD was relatively 
high. Although the cause of this variation is unknown, 
it may reflect temporal changes in the abundance and 
composition offish predators, as risk of predation varied 
according to fish species (see below). 

Tethering experiments such as this are frequently used 
to measure the relative risk of predation in different 
locations or at different times (i.e., Shulman 1985; Heck 
and Wilson 1987; Barshaw and Able 1990). In using 
tethering techniques, it is important to acknowledge that 
the predation rates measured are not equal to actual 
rates in the natural prey population, and may only be 
compared among treatments within the experiment. Ac- 
tual mortality rates in the grass shrimp population at 
Fox Point are undoubtedly much lower than those we 
observed For tethered shrimp. 

Two species oF Fish. Atlantic croaker and mummi- 
chogs, were caught on the thcthcrcd shrimp. The species 
oF Fish caught was. however, significantly dependent on 
the treatment (G^,= 10.87. p<0.00l) Croaker were 
caught more oFten at sites lacking debris, and mummi- 
chogs were caught more oFten at logs (Fig. 9). Average 
size ranges oF croaker and mumrmchogs caught were 
115mm (SF-10 2) and SSJmm (SF = 8.2)7rcspcc- 
tivcly. 

crusting hryozoans. mussels (/sr/wr/a/w rerun urn), and 
lunicatcs (.\/o/g;//w ym/w/miVt'm.'.'i) were Frcnucnily pres- 
ent. These Fouling organisms were observed only on the 
lower surfaces of the logs, usually in grooves lormed 
by the rugose bark 

luihoratorv preihuion experiments 

As in the Held, access to (WD greatly increased the 
survivorship of grass shrimp (Fig. 10. Fable 4). In addi- 
tion, the degree to which CWF) constituted a refuge dif- 
Icred between the two lish species.  In the presence ol 
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Hg  II. Distribution of grass 
shrimp (mean proportion ±] %p, 
with reference to experimental 
f WO in laboratory experiments 
f W, r M,K,   start = prior to addi- 
tion of Hsh. Lwwfr row- distribu. 
tion or surviving shrimp 30 mjn 
aucr addition of Hsh. Control 
treatment received no Hsh. Eight 
replicate runs Tor each treatment 
3 fish/lank in mummichog and 
croaker treatments. 15 shrimp/ 
tank in all treatments at time 0 
and time 30 control; 11.6±1.2 
and 8.0 ±0.8 surviving shrimp per 
tank at time 30 in mummichog 
and croaker treatments, rcspec- 
lively 

Table 4. Survivorship of grass shrimp in laboratory aquaria experi- 
ments. Shown arc results of ANOVA (arcsin square-root trans- 
formed data) examining the effects of predator species and debris 
presence (ns: not significant a t p< 0.05) 

ANOVA 

Source SS df MS F-ratio P 

Fish (A) 
CWD(B) 
AxB 

Error 

2813.47 
7901.83 

182.96 

16771.35 

1 
1 
1 

44 

2813.47 
7901.83 

182.96 

381.17 

7.38 
20.73 
0 48 

p<0.01 
p< 0.001 
ns 

CWD. Within 30 min of Fish introduction, however 
most shrimp in the tanks with predators moved under 
the CWD, while the shrimp in control tanks had not 
changed position (Fig. 11). Significantly greater propor- 
tions of surviving shrimp were present under CWD in 
the predator treatment than in the no-predator treat- 
ment (Table 5). Although we observed that mummichogs 
(but not croaker) often chased shrimp out from under 
the CWD, there was no significant difference in the pro- 
portion of shrimp under CWD between tanks with 
mummichog and those with croaker (Table 5). 

Tabk S. Proportion of grass shrimp under experimental CWD 
30 min after addition of fish. A: results of ANOVA examining 
the effects of predator treatment on shrimp distribution. B: results 
of Ryan's g-tcst of differences among means. Treatments ranked 
by means from high to low. those sharing letters were not signifi- 
canlly different (p <0.05) 

Source             SS df MS F-ratio P 

A ANOVA 

Treatment        15736.22 
Error                16771.35 44 

7868 11 
381.17 

27.68 f<0.00l 

B Ryan's g-tcst 

a 

Mummichog 

a 
Rank                             1 
Treatment                      C roaker 

b 
3 
No fish 

CWD, shrimp survivorship was significantly higher with 
croaker as predator than with mummichogs as predator 
(Table 4). There was no significant difference in shrimp 
survivorship between predator treatments in the absence 
of CWD 

The second laboratory experiment showed that 
shrimp actively utilized CWD in the presence ol predato- 
ry fish. Prior to the introduction ot Hsh, most shrimp 
in aquaria were distributed more than  13 cm from the 

Discussion 

Our results demonstrate that CWD can play an impor- 
tant role in estuahne animal communities. In the Rhode 
River subestuary, CWD strongly influences the distribu- 
tion of epibenthic fish and crustaceans along the shore- 
line. As in freshwater ecosystems (e.g., Hartman 1965; 
Bustard and Narver 1975a, b; Mortensen 1977; Lister 
and Genoe 1979; Tschaplinsky and Hartman 1983; 
Murphey etal. 1984; Fausch and Northcote 1992),the 
densities of epibenthic fauna at the Rhode River in July- 
August 1991 and October 1992 were higher at natural 
and experimental CWD compared to areas without large 
debris (Figs. 3-6). Our results also demonstrate that 
CWD provides an effective refuge from predation, sup- 
porting a common but previously untested hypothesis 
(e.g.. Hall and Baker 1975. 1982; Triska and Cromack 
1980; Moringetal. 1989; Daniel and Robertson 1990). 
In both laboratory and field experiments, the utilization 
of CWD significantly reduced the risk of predation for 
grass shrimp (Figs. 8 and 10) The extent of CWD utili- 
zation in laboratory aquaria was dependent upon risk 
of predation (Fig II). as observed for refuge use of 
other aquatic prey (Fraser and Cerri 1982: Petranka 
1983; Werneret al. 1983: Power 1984. Bland and Temple 
1990; Tonn et al 1992). In addition, the pattern of CWD 
utilization by late prcmolt and early postmolt blue crabs 
(Fig. 7) may also result from changes in predation risk 
with molt stage 
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As reported Forcstuanne prey in other reFuge habitats 
(e.g., Stone*" 1982: Minello and Zimmerman 1983: Min- 
ullo et al. I 9(7), the degree ol" protection provided to 
^rass shrimp by CWD was dependent upon the predator 
involved. N/fummichogs consumed more shrimp than 
croaker in t he presence oFCWD. hut Ted at comparable 
rates in the absence of" CWD (Fig 10. Table 4). In addi- 
tion, mumrrmidiogs appeared to remove a greater propor- 
tion oF tetbeied shrimp at logs than croaker (Fig. 9). 
The effectiveness oF CWD as a refuge was related to 
predator behavior. In the laboratory, we observed mum- 
michogs actively driving shrimp out From underneath 
logs, whereas croaker were never observed to Forage 
around logs ; instead, croaker swam considerably above 
the bottom and struck at shrimp that ventured out away 
From logs. Despite these difTerences in Feeding behavior 
oF the Fish, especially in the displacement oF shrimp, the 
proportion oF shrimp away From log reFuges was not 
significantly different between predator species. Appar- 
ently, shrimp displaced by mummichogs either returned 
quickly to the protection oFlogs or were eaten. 

The influence oF CWD on relative mortality rates 
For grass shrimp, and probably other associated species, 
suggests that the presence oF CWD can influence preda- 
tor and prey population dynamics. Empirical studies 
have long suggested that reFugia can result in increased 
persistence of prey populations (e.g., Cause et al. 1936; 
Huffaker 1958; Connell 1970; Menge and Lubchenco 
1981). Although prey survivorship may benefit, preda- 
tor-mediated refuge use can also produce indirect effects 
on prey fitness through costs to growth and reproduc- 
tion (Werner etal. 1983; Skelly and Werner 1990; Fraser 
and Gilliam 1992; Tonn etal. 1992), and differential 
availability of rcFuge microhabitats can influence recruit- 
ment and structure oF prey populations (Shulman 1984, 
1985). 

The importance oF CWD in estuahne communities 
is almost certainly not limited to its reFuge value. Food 
resources available at CWD may differ quantitatively 
or qualitatively From alternative sites, as For Freshwater 
llsh communities where the composition and abundance 
oF invertebrate prey at sites with and without CWD are 
oFten quite different (Dudley and Anderson 1982; Benke 
et al. 1984; Moring et al. 1989: Smock et al 1992). The 
increased habitat complexity provided by CWD is also 
likely to influence competitive interactions. For example. 
Dolloff(l983) has suggested that the visual barrier pro- 
vided by CWD in streams reduces intraspcciFic aggres- 
sion among juvenile coho salmon, and Mittelbach (1984. 
1986) has argued that concentration oF prey in reFuge 
habitats results in increased interspecillc competition. As 
a source of" hard substratum, CWD in estuaries also 
provides a habitat lor louling organisms incapable ol 
maintaining an existence on a sedimentary bottom 
While community structure (species composition and di- 
\ersity) can be Fundamentally altered by the presence 
ol CWD. these and other potential roles ol CWD in 
estuarine communities, and their relative importance, re- 
mam unexplored 

A Functional importance ol CWD is well recognized 
:n  freshwater ecos\ stems but has rareh   been suutzested 

lor cstuarmc and marine habitats (but sec Conor et al 
1988). This disparity may be partially an artiFact oF anth- 
ropogenic alteration oF estuaries While CWD can be 
abundant presently in estuaries and bays (e.g.. Goto and 
Bunt 1981: Jimenez etal. 1985: Florcs-Vcrdugo etal 
1987; Robertson and Daniel 1989: Daniel and Robert- 
son 1990; Robertson et al. 1991). it was probably much 
more abundant historically. Early explorers reported 
that North American estuaries and coastal beaches were 
choked with CWD (Conor et al. 1988 and references 
therein), but snags and driFlwood. which were so numer- 
ous to be considered hazards to navigation and impedi- 
ments to commerce, have been actively removed From 
estuaries and coastal rivers (Sedell etal. 1982; Conor 
etal. 1988). Furthermore, because estuaries are oFten 
sites oF dense human habitation and deForestalion, cur- 
rent input rates oF CWD are probably small Fractions 
oFthe historical rates. 

Despite the probable decline in abundance oF CWD 
among many estuaries, the relative importance of CWD 
may have increased recently in the Rhode River, and 
the Chesapeake Bay. due to the striking decline in abun- 
dance oF submerged aquatic vegetation (SAV) during 
the past several decades (Bayley etal. 1968; Southwick 
and Pine 1975; Orth and Moore 1983, 1984). Although 
historically abundant in the Chesapeake Bay and provid- 
ing an important refuge habitat (e.g., Heck and Thoman 
1981; Wilson etal. 1987, 1990), SAV has been absent 
from the Rhode River since 1968 (Southwick and Pine 
1975). Grass shrimp and other epibenthic animals pre- 
viously common in offshore SAV meadows are now re- 
stricted primarily to shallow water (< 70 cm depth), 
which provides a refuge From predation (Ruiz et al. in 
press). Currently, CWD constitutes the only natural 
above-bottom physical structure in the Rhode River, oc- 
curring mostly in shallow water (Fig. 2; pers. obs.), 
which appears similar to SAV in its reFuge value. The 
relative importance oF CWD in Chesapeake Bay may 
be Further enhanced by a decline oF oyster reeFs or bars, 
another  physical   structure  associated   with  elevated 
abundances oF Fauna and reFuge From predation (Wells 
1961; Bahr and Lanier 1981) that has declined over the 
last century (Sindermann 1968. 1990: Matthiessen 1969). 

We suggest that the role oFCWD in the Rhode River 
reflects generally its role in Chesapeake Bay and many 
other estuaries worldwide. Specifically, we propose that 
CWD is oFten an important structural habitat that pro- 
vides reFuge From predation For associated Fauna. With 
declines in SAV observed throughout many estuaries 
(e.g.. Den Hartogand Poldcrman I97S; Peres and Picard 
1975; Cambridge and McComb 1984. Larkum and West 
1990: Short et al. 1991). similar to those observed recent- 
ly in Chesapeake Day. other physical structure such as 
CWD would appear especially important as reFuge 
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