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Summary

1. Patch area and proximity of patch edge can influence ecological processes across patchy land-

scapes andmay interact with each other. Different patch sizes have different amounts of core habi-

tat, potentially affecting animal abundances at the edge and middle of patches. In this study, we

tested if edge effects varied with patch size.

2. Fish were sampled in 10 various-sized seagrass patches (114–5934 m2) using a small (0Æ5 m2)

push net in three positions within each patch: the seagrass edge, 2 m into a patch and in the middle

of a patch.

3. The two most common species showed an interaction between patch size and the edge–interior

difference in abundance. In the smallest patches, pipefish (Stigmatopora nigra) were at similar den-

sities at the edge and interior, but with increasing patch size, the density at the edge habitat

increased. For gobies (Nesogobius maccullochi), the pattern was exactly the opposite.

4. This is the first example from a marine system of how patch size can influence the magnitude

and pattern of edge effects.

5. Both patch area and edge effects need to be considered in the development of conservation and

management strategies for seagrass habitats.
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Introduction

Habitat edges and patch size are key elements in landscape

ecology, directly affecting animal abundances and distribu-

tions (Bender, Contreras & Fahrig 1998; Fletcher et al. 2007).

Edges can influence physical parameters and species inter-

actions, increasing and decreasing animal densities (Paton

1994; Fagan, Cantrell & Cosner 1999; Ries et al. 2004a). The

role edges play in determining faunal distributions varies

with temporal scales, patch quality, mechanisms of patch

formation and contrast between patches and the surrounding

matrix (Ries et al. 2004a; Ries & Sisk 2004b; Ewers &

Didham 2006). Patch area is included in many landscape

studies, but it is linked to habitat edges, and the two are often

confounded and difficult to isolate (Bender et al. 1998; Parker

et al. 2005; Fletcher et al. 2007). The few studies that have

investigated the interaction between edge effects and patch

size have generally found an interaction between them (Did-

ham et al. 1998; Barbosa & Marquet 2002; Ewers, Thorpe &

Didham 2007), suggesting that the strength and direction of

edge effectsmay be related to patch size (Fig. 1). The relation-

ship between patch size and edge is important to ecologists

because small patches generally have a greater edge to area

ratio and less core habitat than larger patches, and the dis-

tance to edges is less in small patches, suggesting that edge

effects could drive area effects (Malcolm 1994; Fletcher 2005;

Fletcher et al. 2007). The relationship is fundamentally

important in the conservation, restoration and management

of habitats suffering from fragmentation through anthro-

pogenic activities (Ries et al. 2004a; Ewers et al. 2007).

Seagrass is a common nearshore ecosystem with a propen-

sity to form patches of various sizes interspersed with unvege-

tated sand (Robbins & Bell 1994) and that is susceptible to

anthropogenic disturbance (Orth et al. 2006). The influence

of seagrass edges and patch area on fish densities anddistribu-

tions in seagrass is unclear, with the majority of species show-

ing no apparent effect (Bell et al. 2001; Connolly & Hindell

2006). Recent work, however, suggests that edges play a role

in structuring the composition of seagrass fish assemblages

(Jelbart, Ross & Connolly 2006; Smith et al. 2008), and indi-

cates that patch size may explain some of the inconsistencies

among studies (Jelbart et al. 2006). Jelbart et al. (2006) found

that fish species richness did not differ between the interior

and edge of small patches, but was lower at the edge of large*Correspondence author. E-mail: t.smith11@prgad.unimelb.edu.au
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patches; suggesting that small patches may have no suitable

core habitat for fish, and that edge effects may drive area

effects in seagrass patches. However, patch size and edge

effects did not interact to influence fish density; only one spe-

cies showed an edge effect, while eight showed an area effect.

This indicates that edge and area effects may function inde-

pendently of each other to influence the abundance and distri-

bution of individual fish species. Inconsistencies among the

results of studies that have assessed edge effects in seagrass

may be related to the size of the patches sampled. For exam-

ple, Smith et al. (2008) found that total fish density and the

density of three individual species showed an edge effect, but

they sampled smaller patches than Jelbart et al. (2006).

The strength of edge and patch effects on faunal composi-

tion and abundances can be affected by the surrounding

landscape (Tanner 2006; Ewers & Didham 2006). Landscape

variables, such as distance to nearest neighbour, to shore and

to other patch types, can affect species-abundance patterns

(Heithaus et al. 2006; Jelbart, Ross & Connolly 2007), which

may in turn affect abundance at the patch edge. In addition,

changes to the attributes of seagrass patches may influence

fish abundance within and between patches (Boström, Jack-

son & Simenstad 2006). Indeed, variation in the structure

and depth of seagrass can affect the distribution of fish within

a patch (Jackson, Attrill & Jones 2006; Smith et al. 2008).

Differences in within patch seagrass structure therefore also

need to be considered when assessing edge and area effects.

The definition of seagrass patch edge–interior varies

among studies, often varying with study organism and patch

size. The seagrass interior can be represented as: a fixed dis-

tance into a patch (e.g. 5 and 10 m, Uhrin &Holmquist 2003;

>10 m, Bologna 2006; 6–8 m, Jelbart et al. 2006), which is

consistent regardless of patch size, or at the halfway point

across each individual patch (e.g. Bowden, Rowden & Attrill

2001; Smith et al. 2008). Variation in definitions of the sea-

grass interior may explain some of the inconsistencies among

studies investigating seagrass edge effects.

We hypothesized that, in small patches, edge effects are

small because edge and core habitats are similar, and that as

patch size increases, edge effects will increase as the edge and

core becomemore dissimilar.We tested this by determining if

differences in fish densities between the edge and interior of

seagrass patches are influenced by patch size. We also deter-

mined if fixed or proportional distances into patches differ in

representing the interior of patches, and tested whether sea-

grass structure explained fish variables not responding to

patch size.

Materials andmethods

STUDY SITE

Sampling was carried out in May and October 2006 at Blairgowrie

on the south-eastern coast of Port Phillip Bay, a large (2000 km2)

embayment in Victoria, Australia. Blairgowrie supports patches of

the seagrass Heterozostera nigricaulis of various shapes and sizes,

interspersed by 10s of metres of sand, to a depth of 1Æ5 m. In recent

years, the area of seagrass has declined (Ball et al. 2006), and seagrass

habitat has become increasingly patchy.

SAMPLING METHODS

Ten patches were sampled within an hour of low tide (Table 1) during

two seasons: autumn (May) and spring (October). Samples were

taken at three positions within each patch: the seagrass edge, within

1 m of the seagrass ⁄ sand interface (edge); fixed seagrass interior, 2 m

from the seagrass edge (2 m); and half way across the seagrass patch

at the proportional seagrass interior (middle), between 2 and 60 m

from the seagrass edge. During each season (autumn, spring), sam-

ples were collected on eight occasions (four days, four nights). On

each occasion, samples were taken from only one or two of the three

positions (selected at random to limit disturbance of nearby

Fig. 1. Schematic representation of changes

in strength and direction of edge effects as

patch size increases if edge effects and patch

area interact.
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positions). At the smallest patch, the middle and 2-m positions were

located at the same distance into the patch.

Fish were caught using a 1 · 0Æ5 m push net, with 1 mm mesh,

which was pushed parallel to the patch edge for a distance of 5 m. All

fish were identified and counted. Seagrass structure (above-ground

biomass, shoot length, density, epiphyte biomass) was quantified by

taking four seagrass samples at each position within each patch dur-

ing each season (4 samples · 3 positions · 10 patches · 2 sea-

sons = 240 samples). Seagrass samples were taken by cutting all

seagrass within a 0Æ25-m2 quadrat. The number of seagrass shoots in

each sample was counted to estimate seagrass shoot density, and the

length of 10 randomly selected shoots measured. Seagrass and epi-

phytic algae biomass were measured by weighing these plant compo-

nents separately after drying to constant weight at 60 �C. Epiphytic
algae consisted of small filamentous brown algae and thin sheet-like

red and green algae that contributed little to the structure of the

meadows.

Water depth was measured at the point of each fish sample. Sea-

grass patch area, distance to shore and distance to nearest neighbour

for each patch were measured on rectified aerial photographs using

gis software (ESRI ArcView Gis 3.3). Distance to shore was

measured as the distance from the high tide mark to the centre of the

patch, and nearest neighbour as the smallest distance between sea-

grass patches.

DATA ANALYSIS

Any interaction between sampling positions and patches would sug-

gest that variation between patches may be affecting edge effects. To

assess if positions and patches interacted, species richness and the

density of the two most abundant species were each analysed using a

three-factor, repeated-measures anova. Separate analyses of the same

test were carried out to compare the positions: (i) edge and 2 m, and

(ii) edge and middle. Season, time of day and patch were treated as

between-patch subjects, where season (autumn, spring) and time of

day (day, night) were treated as fixed factors and patch as a random

factor. Position was treated as the within-subjects factor. Data were

assessed for assumptions of homogeneity and normality by viewing

box plots and plots of residuals; where these assumptions were not

met, data were log transformed and reassessed.

Where there was a significant interaction between position and

patch, the difference in the response variable between positions (i.e.

edge – 2 m or edge – middle) was tested against predictor variables

(i.e. patch area and other seagrass measures); depth and seagrass den-

sity were analysed by first calculating differences between positions

(i.e. edge – 2 m or edge –middle). Stepwisemultiple linear regressions

were used to assess the relative contribution of patch characteristics

in determining variation in abundances of fish across positions and

patches.Where there were significant differences among patches (and

no interaction), regression analyses were carried out between predic-

tor variables and fish densities for each patch. Patch area, distance to

shore, distance to nearest neighbour, depth, seagrass biomass, den-

sity, shoot length and epiphyte biomass were used as predictor vari-

ables in regression analysis. Predictor variables were tested for

collinearity. Distance to shore, seagrass biomass, shoot length and

epiphyte biomass were correlated with other predictor variables (r

values >0Æ3) and were removed from analyses. For the same reason,

nearest neighbour data were removed from all analyses except for

spring densities, and depth was removed from analyses of interac-

tions between position and patch. Therefore, only patch area, sea-

grass density, the nearest neighbour in spring, and depth, when there

was no interaction between patch and position, were used as predic-

tor variables in regression analyses.

Results

Fifteen species of fish from nine families were sampled. Dur-

ing autumn and spring, 802 fish from 9 species and 961 fish

from 14 species respectively were sampled. The pipefish Stig-

matopora nigra (Kaup) was the most abundant species (904

individuals), followed by the goby Nesogobius maccullochi

(Hoese & Larson) (425). These two species contributed 70%

of all fish sampled, and represent species with affinities for

seagrass canopy (S. nigra) and unvegetated sand (N. mac-

cullochi).

SPECIES RICHNESS

Species-richness edge effects did not vary with patch size, but

increased with seagrass density. Species richness varied

inconsistently amongst patches between seasons at the edge

and middle positions (Table 2), but predictor variables

explained little of this variation. At the edge and 2-m posi-

tions, there was a highly significant difference in species rich-

ness amongst patches (F9,40 = 11Æ5, P < 0Æ001). Seagrass
density was positively correlated with species richness

(P = 0Æ033), explaining 38%of the variability across patches

(Fig. 2). Species richness did not vary between the edge and

middle positions (Table 2) or between edge and 2-m posi-

tions. A greater number of species was sampled at the edge

and middle positions at night (Table 2), and at the edge and

2-m positions at night in spring (F1,40 = 8Æ5,P = 0Æ017).

PIPEFISH

Densities of S. nigra at patch edges relative to the middle of

patches increased as patch size increased. Differences in S. ni-

gra densities between the edge and middle positions varied

among patches (position · patch interaction, Table 2); 56%

of this variation was explained by patch size (P = 0Æ041),
with greater densities at the edge of large patches (Fig. 3).

Stigmatopora nigra densities were greater at edge (Table 2)

than middle positions during the day in autumn, and at

2 m than edge positions at night in autumn (F1,40 =

Table 1. Landscape characteristics of each patch sampled

Patch

Area

(m2)

Nearest

neighbour (m)

Distance to

shore (m)

1 5934 4 30

2 3098 43 19

3 1126 4 91

4 522 17 94

5 485 17 108

6 461 20 21

7 413 29 99

8 269 10 46

9 239 30 56

10 114 8 66
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8Æ7, P = 0Æ016), but there was little difference for other

combinations of season and time of day. Densities of

S. nigra at the middle and 2-m positions also varied

amongst patches, but this variation depended on season

(F9,40 = 10Æ5, P < 0Æ001). No predictors significantly con-

tributed to patch differences during autumn. In spring, how-

ever, depth explained 47% of S. nigra variation among

patches (P = 0Æ029).

GOBIES

Densities ofN. maccullochi at the patch edges decreased rela-

tive to the middle of patches as patch size increased. Differ-

ences in densities of N. maccullochi between edge and middle

positions varied among patches (Table 2); 42% of this varia-

tion was explained by patch area (P = 0Æ026), with greater

densities in the middle of large patches (Fig 3). Densities of

N. maccullochi at edge and middle positions were greater in

spring than autumn (Table 2). At the edge and 2-m positions,

densities of N. maccullochi varied among patches (F9,40 =

2Æ1, P = 0Æ049) but differences were not explained by patch

area, water depth or seagrass density.Nesogobius maccullochi

densities were greater in spring than autumn (F1,40 = 5Æ8,
P = 0Æ040), and during the night than day (F1,40 = 10Æ5,
P = 0Æ017).

Discussion

Edge effects and patch size are key elements of landscape

ecology, but they potentially interact and their influences can

be difficult to separate (Fletcher 2005; Parker et al. 2005;

Fletcher et al. 2007). We have shown that the strength and

direction of edge effects on two common fish species in sea-

grass patches could be explained by patch size, which has a

positive (for S. nigra) and negative (forN. maccullochi) effect

on densities at the edge. Our findings contrast with those of

previous work on seagrass fish, which found that species

richness interacted with patch size, but that the densities of

S. nigra (Jelbart et al. 2006) and invertebrates (Tanner 2006)

did not. Patch size and edge width were smaller in this study

Table 2. Repeated-measures analysis between the edge and middle for fish density, species richness, Stigmatopora nigra and Nesogobius

maccullochi

Source d.f.

Species richness Stigmatopora nigra

Nesogobius maccullo-

chi

f P f P f P

Between subjects

Season (S) 1 28Æ1 <0Æ001 7Æ0 0Æ026 10Æ2 0Æ011
Time of day (TOD) 1 13Æ4 0Æ005 0Æ2 0Æ664 4Æ7 0Æ059
Patch (P) 9 11Æ5 <0Æ001 18Æ3 <0Æ001 6Æ2 <0Æ001
S · TOD 1 3Æ7 0Æ085 2Æ5 0Æ145 0Æ9 0Æ355
S · P 9 2Æ5 0Æ021 3Æ4 0Æ004 1Æ2 0Æ340
TOD · P 9 1Æ6 0Æ161 0Æ9 0Æ521 2Æ8 0Æ012
S · TOD · P 9 1Æ1 0Æ386 0Æ6 0Æ748 0Æ6 0Æ772
Error 40

Within subjects

Position 1 0Æ1 0Æ761 10Æ6 <0Æ001 0Æ9 0Æ380
Position · S 1 4Æ2 0Æ071 2Æ0 0Æ138 0Æ9 0Æ364
Position · TOD 1 0Æ4 0Æ522 1Æ6 0Æ212 0Æ1 0Æ716
Position · P 9 0Æ9 0Æ563 3Æ0 <0Æ001 2Æ2 0Æ042
Position · S · TOD 1 <0Æ1 0Æ847 4Æ8 0Æ009 0Æ4 0Æ529
Position · S · P 9 0Æ6 0Æ779 1Æ3 0Æ176 0Æ9 0Æ510
Position · TOD · P 9 0Æ8 0Æ648 0Æ8 0Æ789 0Æ5 0Æ852
Position · S · TOD · P 9 0Æ5 0Æ835 0Æ9 0Æ544 1Æ1 0Æ404
Error 40

Significant results in bold.

Fig. 2. Relationship between mean species richness and seagrass den-

sity across patches at the seagrass edge and 2 m (pooled).
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than in Jelbart et al. (2007), and possible consequences are

discussed below. Our findings are, however, consistent with

terrestrial studies that have found that edge effects and patch

size interact to influence abundance (Didham et al. 1998;

Barbosa &Marquet 2002; Ewers et al. 2007). Changes in the

strength of edge effects as patch size increases suggest that

edge effects are driving area effects (Parker et al. 2005; Ewers

et al. 2007; Fletcher et al. 2007). The lack of an edge effect for

both S. nigra and N. maccullochi in small patches supports

the hypothesis that, in small patches, there is little core habi-

tat to sustain differences in densities between the edge and

interior (Ewers et al. 2007). In contrast, in larger patches

where there is more core habitat, and a greater distance

between the edge and middle positions to promulgate chan-

ged conditions, a larger edge effect can result (Barbosa &

Marquet 2002; Ewers et al. 2007). The detection of few incon-

sistent differences in species abundance between positions at

the edge and 2 m into seagrass patches lends further support

to the theory that small patches provide little or no core

habitat for fish.

Edge effects are known to vary in marine and terrestrial

systems (Ries et al. 2004a; Ewers et al. 2007), including sea-

grass habitats (Boström et al. 2006; Connolly & Hindell

2006). Differences in patch conditions and attributes can

explain some of the variability amongst studies (Donovan

et al. 1997; Ewers et al. 2007), and the interaction between

edge and patch area is an important component of this vari-

ability (Jelbart et al. 2006). Differences in densities of S. nigra

between the middle and edges of seagrass patches were

greater in large than small patches (i.e. there were relatively

more fish at the edge in large patches than in small patches).

This contrasts with Jelbart et al. (2006), who found no differ-

ence in S. nigra densities between the edge and middle of sea-

grass patches regardless of patch size. Small patches in their

study were similar in size to our large patches; it would there-

fore be expected that greater densities of S. nigra would be

sampled at patch edges in their study. Inconsistencies

between patterns of S. nigra distributions in Jelbart et al.

(2006) and our studymay relate to difference in patch charac-

teristics (i.e. seagrass species, length, water depth), landscape

variables (i.e. patch location, nearest neighbour) or sampling

position within patches. Jelbart et al. (2006) considered the

edge to be 4 m wide, and thus may have included some inte-

rior habitat in edge samples. Large-scale landscape charac-

teristics such as position within a landscape, the role of

corridors and patch aggregation have only recently been con-

sidered in seagrass ecosystems (Boström et al. 2006),

and may provide insights into inconsistencies among edge

studies.

Studies investigating edge effects in seagrass have used

both fixed (Uhrin & Holmquist 2003; Bologna 2006; Jelbart

et al. 2006) and proportional (Bowden et al. 2001; Smith et al.

2008) distances into seagrass to represent the interior of

patches. Abiotic and biotic differences may occur far into

habitat interiors (Barbosa & Marquet 2002), and the influ-

ence of these factors may be overlooked if fixed positions are

not placed far enough into patch interiors. We found little

difference in fish density between our fixed distance interior

(i.e. 2 m into a patch) and the patch edge. The lack of differ-

ence between the edge and fixed interior possibly points to a

deficiency in the approach of choosing a fixed distance to rep-

resent the interior of a patch; although at only 2 m into the

patch, the fixed position adopted in this study may still be

representative of edge habitat. However, choosing the alter-

native approach and representing the middle of patches using

proportional distances into patches provides no controls for

the influence of patch area on edge effects (i.e. no difference

in small patches with little core habitat). Our results suggest a

constant increase in edge effects as patch size increases,

although we may not have sampled enough patches, or at

enough positions within patches, to detect any exponential

patterns in edge effects. To separate the effects of area and

edge, Fletcher et al. (2007) suggested sampling at multiple

distances into patches of distinct categorical sizes (e.g. small,

medium and large). Such sampling regimes, however, may

prove difficult in sampling mobile species in small seagrass

patches, which are often too small to sample at more than

(a)

(b)

Fig. 3. Relationship between the difference in density at the edge and

interior (edge–interior), and seagrass patch area (log10) for (a) the

pipefishStigmatopora nigra and (b) the gobyNesogobius maccullochi.
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one or two distances into a patch. Novel, fine-scale sampling

techniques and regimes (e.g. Minello & Rozas 2002) may be

required to further elucidate edge and area effects in seagrass.

Distribution of resources across habitat patches affects the

magnitude of edge effects (Ries et al. 2004a). Food availabil-

ity has been suggested as an important factor in explaining

the distribution and abundance of S. nigra within seagrass

patches (Smith et al. 2008; Macreadie et al. 2009). Stigmato-

pora nigra are a permanent seagrass species that ambush

small benthic and planktonic copepod crustaceans (Steffe,

Westoby & Bell 1989; Kendrick & Hyndes 2005) that vary in

abundance within seagrass beds (Warry et al. 2009). The

reduced water movement at the interior of seagrass patches

(Peterson et al. 2004) potentially limits the flow of planktonic

copepods from outside to the interior of the patch and, there-

fore, may reduce the abundance of prey for S. nigra; reduced

prey densities may explain, or contribute to, differences in S.

nigra abundance between the edge and interior of large

patches. In contrast, small patches may not support enough

habitat and structure to restrict flow and subsequent food

supply into patch interiors. The less-significant differences in

smaller patches may thus reduce the magnitude of edge

effects on animals (Barbosa &Marquet 2002).

The relationship between edge and area becomes increas-

ingly complicated in small patches, and a given distance

(whether fixed or proportional) into a small patch may not

behave in the same manner as in a larger patch (Ewers et al.

2007). Locations within small patches are closer to more

edges than in large patches, and are therefore exposed to the

effects of multiple edges (Malcolm 1994; Fletcher 2005). The

role of multiple edges in small patches may be additive, in

which case edge effects may increase exponentially (Ewers

et al. 2007). Small patches can also encourage species aggre-

gation (Cronin 2009), further complicating the relationship

between edge and area. Patch shape can also affect animal

distributions and abundance (Jelbart et al. 2006), and is exag-

gerated in small patches. Although not considered in our

study, patch shape effects may have contributed to differ-

ences in edge effects between patches.

Edge effects can be driven by differential predation rates

between edge and interior habitats (Lecomte et al. 2008), and

the abundances of predators and their prey can change over

time (Meyer, Sisk & Covington 2001; Ries et al. 2004a). In

seagrass habitats, a small number of species have shown dif-

ferent responses to edges over time (e.g. Hovel et al. 2002;

Smith et al. 2008). We found that season and time of day had

little effect on the within-patch variation of seagrass fishes.

Relative differences in species richness and goby density

between positions in seagrass patches did not change over

time, while the density of S. nigra varied inconsistently

between positions over time, but maintained consistent pat-

terns across patches. Stigmatopora nigra predator and prey

abundances have been shown to vary over time (Jenkins &

Hamer 2001; Hindell 2006), and may contribute to the tem-

poral variance of edge effects on S. nigra.

Patch size can determine the presence and strength of edge

effects. Interactions between edge effects and patch area can

influence the interpretation of landscape studies, highlighting

the need for carefully planned experiments (Fletcher et al.

2007). Habitat fragmentation reduces patch size and

increases the amount of edge habitat, making the relationship

between edge and area important for conservation, restora-

tion andmanagement, particularly for species favouring inte-

rior habitats that are likely to be most affected. Further

investigations to establish underlying mechanisms affecting

the relationship between edge and area will be important for

continuing conservation and management of fragmented

ecosystems.

Acknowledgements

We thank P. Macreadie, H. Murphy and F. Warry for field assis-

tance, D. Ball for GIS information and M. Keough for statistical

advice. The project was funded by an Australian Research Council

Discovery grant (RC, JH, GJ) and was based at the VictorianMarine

Science Consortium. All work was in accordance with institutional,

national and international guidelines involving the use of fish in

research.

References

Ball, D., Parry, G.D., Heislers, S., Blake, S. & Werner, G. (2006). Analysis of

Victorian Seagrass Health at aMultiregional Level, Rep. No. 83. Department

of Primary Industries Victoria, Queenscliff.

Barbosa, O. & Marquet, P.A. (2002) Effects of forest fragmentation on the

beetle assemblage at the relict forest of Fray Jorge, Chile. Oecologia, 132,

296–306.

Bell, S.S., Brooks, R.A., Robbins, B.D., Fonseca, M.S. & Hall, M.O. (2001)

Faunal response to fragmentation in seagrass habitats: implications for

seagrass conservation.Biological Conservation, 100, 115–123.

Bender, D.J., Contreras, T.A. & Fahrig, L. (1998) Habitat loss and population

decline: a meta-analysis of the patch size effect.Ecology, 79, 517–533.

Bologna, P.A.X. (2006) Assessing within habitat variability in plant demogra-

phy, faunal density, and secondary production in an eelgrass (Zosteramarina

L.) bed. Journal of ExperimentalMarine Biology and Ecology, 329, 122–134.

Boström, C., Jackson, E.L. & Simenstad, C.A. (2006) Seagrass landscapes and

their effects on associated fauna: a review. Estuarine Coastal and Shelf Sci-

ence, 68, 383–403.

Bowden, D.A., Rowden, A.A. &Attrill, M.J. (2001) Effect of patch size and in-

patch location on the infaunal macroinvertebrate assemblages of Zostera

marina seagrass beds. Journal of Experimental Marine Biology and Ecology,

259, 133–154.

Connolly, R.M. & Hindell, J.S. (2006) Review of nekton patterns and ecologi-

cal processes in seagrass landscapes. Estuarine Coastal and Shelf Science, 68,

433–444.

Cronin, J.T. (2009) Habitat edges, within-patch dispersion of hosts, and para-

sitoid oviposition behavior.Ecology, 90, 196–207.

Didham, R.K., Hammond, P.M., Lawton, J.H., Eggleton, P. & Stork, N.E.

(1998) Beetle species responses to tropical forest fragmentation. Ecological

Monographs, 68, 295–323.

Donovan, T.M., Jones, P.W., Annand, E.M. & Thompsom, F.R. (1997) Varia-

tion in local-scale edge effects: mechanisms and landscape context. Ecology,

78, 2064–2075.

Ewers, R.M. & Didham, R.K. (2006) Confounding factors in the detection of

species responses to habitat fragmentation.Biological Reviews, 81, 117–142.

Ewers, R.M., Thorpe, S. & Didham, R.K. (2007) Synergistic interactions

between edge and area effects in a heavily fragmented landscape. Ecology,

88, 96–106.

Fagan,W.E., Cantrell, R.S.&Cosner, C. (1999)How habitat edges change spe-

cies interactions.AmericanNaturalist, 153, 165–182.

Fletcher, R.J. (2005) Multiple edge effects and their implications in fragmented

landscapes. Journal of Animal Ecology, 74, 342–352.

Fletcher, R.J., Ries, L., Battin, J. & Chalfoun, A.D. (2007) The role of habitat

area and edge in fragmented landscapes: definitively distinct or inevitably

intertwined?Canadian Journal of Zoology, 85, 1017–1030.

280 T.M. Smith et al.

� 2009 TheAuthors. Journal compilation� 2009British Ecological Society, Journal of Animal Ecology, 79, 275–281



Heithaus, M.R., Hamilton, I.M., Wirsing, A.J. & Dill, L.M. (2006) Validation

of a randomization procedure to assess animal habitat preferences: micro-

habitat use of tiger sharks in a seagrass ecosystem. Journal of Animal Ecol-

ogy, 75, 666–676.

Hindell, J.S. (2006) Assessing the trophic link between seagrass habitats and

piscivorous fishes.Marine and Freshwater Research, 57, 121–131.

Hovel, K.A., Fonseca, M.S., Myer, D.L., Kenworthy, W.J. & Whitfield, P.E.

(2002) Effects of seagrass landscape structure, structural complexity and

hydrodynamic regime on macrofaunal densities in North Carolina seagrass

beds.Marine Ecology Progress Series, 243, 11–24.

Jackson, E.L., Attrill, M.J. & Jones, M.B. (2006) Habitat characteristics and

spatial arrangement affecting the diversity of fish and decapod assemblages

of seagrass (Zostera marina) beds around the coast of Jersey (English Chan-

nel).Estuarine Coastal and Shelf Science, 68, 421–432.

Jelbart, J.E., Ross, P.M. & Connolly, R.M. (2006) Edge effects and patch size

in seagrass landscapes: an experimental test using fish.Marine Ecology Pro-

gress Series, 319, 93–102.

Jelbart, J.E., Ross, P.M. & Connolly, R.M. (2007) Fish assemblages in seagrass

beds are influenced by the proximity of mangrove forests. Marine Biology,

150, 993–1002.

Jenkins, G.P. &Hamer, P.A. (2001) Spatial variation in the use of seagrass and

unvegetated habitats by post-settlementKingGeorgewhiting (Percoidei: Sil-

laginidae) in relation to meiofaunal distribution and macrophyte structure.

Marine Ecology Progress Series, 224, 219–229.

Kendrick, A.J. & Hyndes, G.A. (2005) Variations in the dietary compositions

of morphologically diverse syngnathid fishes. Environmental Biology of

Fishes, 72, 415–427.

Lecomte, N., Careau, V., Gauthier, G. & Giroux, J. (2008) Predator behaviour

and predation risk in the heterogeneous Arctic environment. Journal of Ani-

mal Ecology, 77, 439–447.

Macreadie, P.I., Hindell, J.S., Jenkins, G.P., Connolly, R.M. & Keough, M.J.

(2009) Fish responses to experimental fragmentation of seagrass habitat.

Conservation Biology, 23, 644–652.

Malcolm, J.R. (1994) Edge effects in central Amazonian forest fragments.Ecol-

ogy, 75, 2438–2445.

Meyer, C.L., Sisk, T.D. & Covington, W.W. (2001) Microclimatic changes

induced by ecological restoration of Ponderosa pine forests in Northern

Arizona.Restoration Ecology, 9, 443–452.

Minello, T.J. & Rozas, L.P. (2002) Nekton in gulf coast wetlands: fine-scale

distributions, landscape patterns, and restoration implications. Ecological

Applications, 12, 441–455.

Orth, R.J., Carruthers, T.J.B., Dennison, W.C., Duarte, C.M., Fourqurean,

J.W., Heck, K.L., Hughes, A.R., Kendrick, G.A., Kenworthy, W.J., Olyar-

nik, S., Short, F.T., Waycott, M. & Williams, S.L. (2006) A global crisis for

seagrass ecosystems.BioScience, 56, 987–996.

Parker, T.H., Stansberry, B.M., Becker, C.D. & Gipson, P.S. (2005) Edge and

area effects on the occurrence ofmigrant forest songbirds.Conservation Biol-

ogy, 19, 1157–1167.

Paton, P.W.C. (1994) The effect of edge on avian nest success – how strong is

the evidence?Conservation Biology, 8, 17–26.

Peterson, C.H., Luettich, R.A., Micheli, F. & Skilleter, G.A. (2004) Attenua-

tion of water flow inside seagrass canopies of differing structure. Marine

Ecology Progress Series, 268, 81–92.

Ries, L. & Sisk, T.D. (2004b) A predictive model of edge effects. Ecology, 85,

2917–2962.

Ries, L., Fletcher, R.J., Battin, J. & Sisk, T.D. (2004a) Ecological responses to

habitat edges: mechanisms, models and variability explained.Annual Review

of Ecology Evolution and Systematics, 35, 491–522.

Robbins, B.D. & Bell, S.S. (1994) Seagrass landscapes – a terrestrial approach

to the marine subtidal environment. Trends in Ecology & Evolution, 9, 301–

304.

Smith, T.M., Hindell, J.S., Jenkins, G.P. & Connolly, R.M. (2008) Edge effects

on fish associated with seagrass and sand patches. Marine Ecology Progress

Series, 359, 203–213.

Steffe, A.S., Westoby, M. & Bell, J.D. (1989) Habitat selection and diet in two

species of pipefish from seagrass: sex differences. Marine Ecology Progress

Series, 55, 23–30.

Tanner, J.E. (2006) Landscape ecology of interactions between seagrass and

mobile epifauna: the matrix matters.Estuarine Coastal and Shelf Science, 68,

404–412.

Uhrin, A.V. &Holmquist, J.G. (2003) Effects of propeller scarring onmacrofa-

unal use of the seagrass Thalassia testudinum. Marine Ecology Progress Ser-

ies, 250, 61–70.

Warry, F.Y., Hindell, J.S., Macreadie, P.I., Jenkins, G.P. & Connolly, R.M.

(2009) Integrating edge effects into studies of habitat fragmentation: a test

usingmeiofauna in seagrass.Oecologia, 159, 883–892.

Received 15 April 2009; accepted 7 July 2009

Handling Editor: Bror Jonsson

Seagrass patch size affects fish responses to edges 281

� 2009 TheAuthors. Journal compilation� 2009 British Ecological Society, Journal of Animal Ecology, 79, 275–281


