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INTRODUCTION

In shallow coastal waters, invertebrate and fish
abundances, species richness and biomass increase
with increasing habitat complexity (Orth et al. 1984,
Edgar & Shaw 1995). It is also commonly believed that
reduced predation risk results in elevated densities of
invertebrates and fish that inhabit soft bottom areas
containing structurally complex submerged aquatic
vegetation (SAV) (Gotceitas & Colgan 1987, Gotceitas
1990a, Laprise & Blaber 1992). Predation risk is gener-
ally thought to decrease with increasing habitat com-
plexity, and many experimental studies have shown

that increases in habitat structure decrease predation
efficiency of fish and other epibenthic predators (Savi-
no & Stein 1982, Minello & Zimmerman 1983, Johns &
Mann 1987, Gotceitas 1990b).

Experimental design in all previous laboratory tests
of the effects of vegetation density on prey capture has
been similar: the effects of a constant number of preda-
tors on a constant number of prey have been tested
at different levels of habitat structure. However, as
shown repeatedly by in situ studies, both the numbers
of prey and predators increase with increasing vegeta-
tion density (Werner et al. 1977, Heck et al. 1989,
Wyda et al. 2002). Thus, the results from laboratory
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experiments done to date, in which predator and prey
densities were kept constant as vegetation density was
increased, may have incompletely represented natural
conditions and resulted in an imperfect understanding
of how SAV influences predator–prey interactions in
nature.

Since the previous experimental setups have not sat-
isfactorily mirrored natural situations, we hypothe-
sized that if the abundances of predators and prey
increased with increasing surface area, as might be
expected in field settings, predation pressure might be
unchanged as the complexity of SAV habitats increa-
sed. To test this hypothesis we carried out mesocosm
studies using artificial SAV habitats of varying density
with grass shrimp Palaemonetes pugio as prey and
pinfish Lagodon rhomboides as the predator. Our in-
tention was to use the same mesocosm design as in
previous studies to enable comparisons with them. We
also intentionally chose only one type of seagrass leaf
morphology to minimize problems with interpretation
(Edgar & Robertson 1992). Further, in the first experi-
ment we kept the ratio between the abundance of
predators and prey constant in relation to available
surface area (SAV plus tank area) across all treat-
ments, while in the second experiment ratios of preda-
tor:prey were scaled only to the surface of SAV (not
including the area of the tank).

MATERIALS AND METHODS

Expt 1. Expt 1 was conducted in July and August
1997 in a 3 compartment water table. The compart-
ment dimensions and other basic experimental condi-
tions are given in Table 1. The compartments con-
tained a vertical outflow pipe (diameter [Ø] = 4 cm),
the open end of which was covered with fine mesh

cloth (mesh Ø = 0.5 mm) to prevent animals from
escaping during the experiments. Complexity was
varied by adding different densities of artificial sea-
grass (Table 1) in the form of polypropylene ribbons
tied to Vexar™ mesh (that was buried in the sand) at
the specific treatment density. Polypropylene ribbon
is a good mimic of turtlegrass Thalassia testudinum,
a common seagrass species in the Gulf of Mexico
and Caribbean Sea, and has previously been used in
several predation experiments (e.g. James & Heck
1994, Boström & Mattila 1999). Three different densi-
ties of seagrass (400, 2000 and 4000 leaves m–2,
Table 2) and a bare sand treatment were tested in
the experiments. The turtlegrass densities were
within the range of natural densities in the northern
Gulf of Mexico (Coen et al. 1981, Heck & Thoman
1981).
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Table 1. Summary of basic experimental setup in Expts 1 and 2

Expt 1 Expt 2

Tank size (length × width × height); bottom area 87 × 78 × 39 cm; 0.68/1.38a m2 124 × 124 × 73 cm; 1.53 m2

Sediment type 5 cm sieved sand (Ø = 0.6 mm) 5 cm sieved sand (Ø = 0.6 mm)
Artificial seagrass, width × height Polypropylene ribbon, Polypropylene ribbon, 

0.5 × 30 cm 0.5 × 25 cm 
Water depth 35 cm 42 cm 
Salinity 18.5–20.1 psu 24.5–29.0 psu
Temperature 26.3–30.1°C 22.5–27.0°C
Pinfish Lagodon rhomboides size, mean ± SD (n) 88 ± 9 mm (60) 80 ± 8 mm (401)
Grass shrimp Palaemonetes pugio size, mean ± SD (n) 4.5 ± 1.0 mm (99) 5.0 ± 1.3 mm (100)
Experimental duration 2 h 4 h
Number of trials 9 10
Statistical analysis 1-way ANOVA 1-way ANOVA

aDouble-sized tank used in the sand treatment

Table 2. Densities of artifical seagrass, prey and predators
(m–2) in the different experimental treatments. In Expt 1 the
compartment size in the bare sand treatment (first row) is
double (1.38 m2) that of the other treatments (0.68 m2). In 

Expt 2 tank size was 1.48 m2 in all treatments

Seagrass     Surface Prey Predator
density area density density

(leaves m–2) (m2) (ind. m–2) (ind. m–2)

Expt 1
Sand 0 1.38 15 1.5
Low 400 1.51 30 3
Intermediate 2000 4.80 100 10
High 4000 8.92 190 19

Expt 2
Sand 0 1.48 13.5 1.4
Low 400 2.96 40.5 4
Intermediate 2000 8.88 203 20
High 4000 16.28 405 40.5
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In the experiments we used pinfish as the predator
and grass shrimp as the prey (Table 1). The pinfish is
the most common semidemersal fish species in sea-
grass habitats in the northern Gulf of Mexico (Stoner
1979, Darcy 1985), and grass shrimp are typical prey
items that commonly co-occur in seagrass (Gore et al.
1981). Pinfish densities in low density SAV treatments
(3 ind. m–2) were based on previously recorded densi-
ties in collections from turtlegrass habitats in the north-
ern Gulf of Mexico (Heck et al. 2000, Spitzer et al.
2000). Shrimp densities (30 ind. m–2) were also based
on earlier field studies in seagrass habitats (Gore et al.
1981, Holmquist et al. 1989), and similar densities of
grass shrimp have also been used in prior laboratory
experiments (Coen et al. 1981).

The ratio between predators and prey abundance
per unit of available surface area was kept constant at
1:10 in all treatments (Table 2). A constant ratio be-
tween the numbers of prey and predators over a gradi-
ent of vegetation densities is certainly an oversimplifi-
cation of reality. However, since sufficient data on
predator:prey ratios at different vegetation densities
are lacking, we chose a constant ratio to facilitate the
analysis of results. In recent studies, vegetation bio-
mass and/or coverage and fish fauna (number of
species, biomass and/or abundance) are positively cor-
related (Pierce et al. 1994, Wyda et al. 2002), which
supports the relevance of our experimental design.

Available surface area was defined as the bottom
area in each water table compartment combined
with the total leaf surface area of the artificial grass
(cf. Brown & Lodge, 1993, Table 1). Leaf surface area is
perhaps one of the best estimates of habitat complexity
in seagrasses (Stoner 1979), and it was thus selected for
use in our experiments. All 2 h experimental runs were
conducted between 12:00 and 18:00 h. Prey were
placed in the compartments 30 min before the fish were
introduced to allow the shrimps time to seek cover and
adjust to the experimental conditions before the pinfish
were added. The 4 different treatments were repeated
9 times in a random order regarding both time and
space, i.e. water table compartment (Table 1).

In the original bare sand treatment with 1 fish and
10 prey, predation efficiency of pinfish varied between
0 and 100% (survival of prey: 74.4 ± 37.8%, mean
± SD, n = 9). This variation was significantly higher
than in the vegetation treatments (see ‘Results’ and
‘Discussion’), and it was considered unacceptable. A
likely reason for the uneven performance of the fish is
that pinfish often hunt in groups (Luczkovich 1987,
Jordan et al. 1996) and in this experiment only 1 fish
was used. According to our pilot studies, the perfor-
mance and predation efficiency of pinfish improved in
the sand habitat when the number of fish (and prey)
per compartment was increased. To be able to increase

the number of fish in the sand treatment while main-
taining the realism of the experimental treatments and
still keeping the number of predators in proper propor-
tion to the surface area available, trials were repeated
in 1.38 m2 compartments with 2 fish per compartment.
Accordingly, the number of prey was also doubled
(Table 2) to keep a constant ratio (1:10) between pre-
dator and prey numbers. The same experimental pro-
cedures as for the other treatments were applied to the
double-sized compartment. Thus, we believe that the
trials in the double-sized compartments were compa-
rable with the original trials.

The experimental compartments were illuminated
with 2 fluorescent lights (40 W, 1.22 m Phillips Agro-
Lite™) placed 1 m above each compartment. The light
intensity was comparable to mid-day light in the north-
ern Gulf of Mexico (cf. James & Heck 1994). After
introducing the fish, the compartments were individu-
ally covered with a clear plastic film laid on the water
surface to prevent shrimp from sticking to the compart-
ment walls above the water surface while trying to
escape predators. Similar barriers have been used in
other experimental studies (Bartholomew et al. 2000).
It is possible that the plastic film may have disturbed
the natural escape behavior of the shrimp and thus led
to higher predation rates than are present in nature.
However, open tanks may also lead to complications,
as shrimp are able to jump out of the tanks or stick to
the tank walls and thus become unavailable to preda-
tors. We believe our choice to cover the compartments
was the best way to deal with potential artifacts.
Sufficient oxygen concentrations in the water were
ensured by allowing a continuous slow water flow
(ca. 50 ml min–1) during the experiments.

At the end of each trial most of the overlying water
was drained through a sieve, and the grass mats were
removed and washed over the sieve. All shrimp found
in the grass were collected. The fish, as well as the
remaining shrimp, were then collected from the com-
partments with a dip net. All surviving shrimp were
counted.

Expt 2. To further test the hypothesis, another exper-
iment was designed on the basis of the results from
Expt 1. The main difference in this experimental setup
was that we kept a constant ratio between total surface
area of SAV only (and not area of SAV plus tank area)
and numbers of predators and prey (Table 2). Expt 2
was conducted in September through November 2006
in 2 square tanks (bottom area 1.48 m2 when a corner
filter area [23 × 25 cm] is subtracted from the total area,
Table 1). A biofiltration system (Instant Ocean) oper-
ated continuously during the experiment. Habitat com-
plexity and predator–prey ratios were identical to
those in Expt 1 (Table 2). The experimental duration
was 4 h, and all experimental runs were conducted
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between 09:00 and 18:00 h. Both tanks were used
in each run of the experiment, and the 4 different
treatments were repeated 10 times in a random order
for both time and space during a total of 20 runs
(Table 1).

Water temperature and salinity followed natural pat-
terns of variation and thus salinity values were some-
what higher than they were in Expt 1. In all other as-
pects the conditions and statistical analysis of the
experiment were the same as in Expt 1 (Table 1).

RESULTS AND DISCUSSION

Mean survival of grass shrimp (56.3 ± 18.3%, mean
± SD) in Expt 1 varied significantly among treatments
(1-way ANOVA on arcsine transformed data, F3,32 =
4.0926, p < 0.014) and was lowest in the sand treatment
(Fig. 1a), where survival was significantly lower (Stu-
dent-Newman-Keuls [SNK] test, p < 0.05) than in the
intermediate and high density treatments, respec-
tively, but not in the low density treatment. Other pairs
of treatments did not differ significantly from each
other. A post hoc power analysis estimated the power
of the ANOVA to be 0.81 (ν1 = 3, ν2 = 32, φ = 1.77) (Zar
1996), which can be considered acceptable when ana-
lyzing ecological data.

In Expt 2 mean survival of grass shrimp was (38.4 ±
17.7%, mean ± SD) and no significant differences were
found among treatments (1-way ANOVA on arcsine
transformed data, F3,36 = 1.867, p = 0.153) (Fig. 1). The
overall higher predation rate in Expt 2 was most likely
due to a longer experimental duration (4 h in Expt 2
versus 2 h in Expt 1).

Another potentially important difference between
experiments was that while in Expt 1 a linear increase
of experimental animals in relation to available surface
area (a constant ratio, e.g. ca. 1:1.4 between predator
number and surface area) was maintained, this was not
the case in Expt 2, where the numbers of experimental
animals increased linearly only with SAV surface area
and not total area in the tanks. The ratios of predator
numbers to total available surface area (m2) in Expt 2
for each condition were the following: sand, 1:1.3;
400 leaves m–2, 1:1.3; 2000 leaves m–2, 1:3.4; and
4000 leaves m–2, 1:3.7. Although the predator numbers
in Expt 2 increased in relation to surface area, which
possibly could have increased consumption rates,
there does not seem to be any clear pattern of this type
of change across the treatments.

We evaluated the potential effects of different exper-
imental duration and different numbers of predators in
our experiments by comparing the data as prey con-
sumption per individual predator and unit time. Calcu-
lations showed that the average individual consump-

tion rates varied between 5.1 ± 2.0 ( mean ± SD) prey
predator–1 h–1 in the sand treatment in Expt 1 and 2.8 ±
0.8 prey predator–1 h–1 in the high density treatment in
Expt 2. Overall, the consumption rates were slightly
higher in Expt 1, but only one significant difference in
prey consumption existed between the experiments,
and that was for the low density treatment (t-test, t =
2.844, df = 17, p = 0.011). Due to this difference the
data could not, however, be pooled across the experi-
ments, so separate analyses were run for Expts 1 and 2.
No significant differences in consumption rates were
found for either of the experiments (Expt 1: 1-way
ANOVA, F3,32 = 2.353, p = 0.091; Expt 2: 1-way
ANOVA, F3,36 = 1.867, p = 0.153). Thus, increasing
complexity does not seem to considerably affect indi-
vidual predator efficiency along a complexity gradient.
Moreover, different experimental duration times did
not consistently affect consumption rates, and no clear
trend of decreasing consumption rates in high com-
plexity treatments was found.
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Fig. 1. Palaemonetes pugio. Percent survival of grass shrimp
at different densities of artificial submerged aquatic vegeta-
tion in (a) Expt 1 and (b) Expt 2. Error bars indicate ±1 SE.
Different capital letters above the bars denote homogeneous

subsets according to Student-Newman-Keuls tests
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We found no significant differences in grass shrimp
survival among different densities of seagrass in ei-
ther experiment. This conflicts with the conventional
wisdom regarding the role of vegetation as shelter,
but only, we believe, because the design of previous
experiments unintentionally decreased the predator:
prey ratio per unit of plant surface area as they ex-
perimentally increased seagrass density and surface
area. In most experiments the predator:prey ratio
has been held constant while the surface area has
varied (e.g. Stoner 1979, Corona et al. 2000). This
means that the numbers of predators and prey in
dense vegetation treatments may have been lower
than for comparable natural densities and thus pre-
dator–prey encounters have also been lower than
that found in nature. Our data suggest that SAV pro-
vides more shelter than unvegetated substrate, but
there is little difference among vegetation densities
as long as the predator:prey ratio per unit surface
area is kept constant. Our findings agree well with
results from recent field experiments on juvenile cod
Gadus spp. in artificial eelgrass Zostera marina L. In
these experiments, Laurel et al. (2003) found that pre-
dation pressure was highest in unvegetated habitats.
However, they found no difference in predation risk
of single tethered prey items among artificial sea-
grass patches of varying size (0.32 to 22 m2), i.e. in
varying amounts of seagrass. This was explained by
the increase in predator densities in the seagrass with
increasing complexity, defined as a combination of
seagrass density and patch size, which therefore kept
the predation rates at a constant level in seagrass.

Based on our results, we also question the relevance
of previous laboratory studies, including our own (e.g.
Heck & Thoman 1981, Mattila 1992), that effectively
reduced the predator:prey ratio per unit plant surface
area while investigating the effects of increasing SAV
density on prey survival. These studies have probably
led to incorrect generalizations regarding the manner
in which SAV serves to shelter organisms. Instead, we
suggest that when the predator:prey ratio per unit of
plant surface area stays the same there is little differ-
ence in the amount of shelter available per individual
prey with changing vegetation density. Therefore,
from the perspective of an individual prey organism
there is no significant benefit to inhabiting high den-
sity SAV (cf. Brown & Lodge 1993), unless the preda-
tor:prey ratio is lower in the SAV than elsewhere. From
the perspective of secondary production and fisheries
concerns, however, it remains true that dense seagrass
will produce greater yields than does sparse seagrass
(e.g. Heck et al. 1989, Edgar & Shaw 1995).

In conclusion, the findings of this study strongly sug-
gest that broad generalizations made from most previ-
ous predator–prey studies in varying densities of sea-

grass leaves may be inappropriate. Recent results from
a field study show that, at least for territorial fish, high
habitat complexity may increase predation risk (Rilov
et al. 2007). However, it is clearly premature to gener-
alize our results, and future experiments are needed to
further clarify how different combinations of species of
prey and predators as well as different kinds of vegeta-
tion influence outcomes. Also, the effects of varying
predator:prey ratios in combination with the constant
ratio model we present should be tested. However, our
results show that it no longer seems safe to assume that
increasing vegetation density will consistently lead to
proportionally higher prey survival.
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