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Abstract
For the first time, intraspecific relationships between the macroecological metrics patchiness (P) and both abundance (A) 
and occupancy (O) were investigated in a faunal assemblage. As a companion study to recent work on interspecific P, A and 
O patterns at the same localities, intraspecific patterns were documented within each of the more dominant invertebrates 
forming the seagrass macrobenthos of warm–temperate Knysna estuarine bay (South Africa) and of sub-tropical Moreton 
Bay (Australia). As displayed interspecifically, individual species showed strong A–O patterns (mean scaling coefficient 
− 0.76 and mean R2 > 0.8). All P–O relations were negative and most (67%) were statistically significant, although weaker 
(mean R2 0.5) than A–O ones; most P–A ones were also negative but fewer (43%) achieved significance, and were even 
weaker (mean R2 0.4); 33% of species showed no significant interrelations of either O or A with P. No species showed only 
a significant P–A relationship. Compared with interspecific P–A–O data from the same assemblages, power–law scaling 
exponents were equivalent, but  R2 values were larger. Larviparous species comprised 70% of the total studied, but 94% of 
those displaying significant patchiness interrelationships; 5 of the 9 showing no P–A or P–O relationships, however, were 
also larviparous. At Knysna, though not in Moreton Bay, larviparous species also showed higher levels of occupancy than 
non-larviparous ones, whilst non-larviparous species showed higher levels of patchiness. Dominant Moreton Bay species, 
but not those at Knysna, exhibited homogeneously sloped P–O relationships.
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Introduction

Neither resources nor organisms are dispersed evenly across 
space. In effectively all cases, some regions support concen-
trations of any given item whilst other regions are areas of 
scarcity. Areas of abundance occur across wide ranges of 
spatial scales, and may vary in their size, in distance from 
other such concentrations, and in the supported intensity 
or density of the items concerned. Differential levels of 

abundance per unit area are also well-known to be related 
to those of occupancy (i.e. frequency of occurrence), the 
more widely an organism is distributed the more abundant 
it is also likely to be (see Hansky 1982; Gaston et al. 2000, 
2006). Indeed in a number of cases occupancy can be pre-
cisely estimated from knowledge of mean density and the 
associated variance (He and Gaston 2003; Gaston et al. 
2006). This relationship is an important link between eco-
logical pattern and process (Freckleton et al. 2005), and as 
such is potentially of considerable importance in understand-
ing ecological assembly processes, species distribution pat-
terns, and requirements for conservation of individual spe-
cies and whole assemblages, including in the prediction of 
responses to such threats as global warming, habitat destruc-
tion, etc. (dos Anjos et al. 2011; Manne and Veit 2020).

Areas of high relative abundance may constitute patches 
and several widely used measures of patchiness (i.e. the degree 
of inequality of spatial distribution of abundance) are also 
based on expressions involving the same two metrics that may 
permit the accurate estimation of occupancy, mean density 
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and the associated variance (e.g. Morisita 1959, 1962; Lloyd 
1967). Recently the author sought to align such patchiness 
with the interspecific (i.e. between-species) macroecological 
abundance–occupancy relationship (Barnes 2019, 2021). A 
preliminary study of the interspecific relationship between 
patchiness, abundance and occupancy was conducted using 
the component macrobenthic species of the intertidal beds of 
seagrass, Zostera capensis, within the warm–temperate South 
African Knysna estuarine bay (Barnes 2019). This work was 
then broadened by investigating in comparable fashion the 
equivalent macrobenthic assemblages associated with inter-
tidal beds of six other seagrass species (Cymodocea serratula, 
Halodule uninervis, Halophila ovalis, Zostera muelleri and 
Z. noltei) in sub-tropical Moreton Bay, Queensland, and on 
cool-temperate Scolt Head Island in the North Sea, together 
with subtidal beds of the Z. capensis at Knysna (Barnes 2021). 
Notwithstanding the great differences in overall macrofaunal 
abundance (> 60,000 to < 2000 ind  m−2), overall species rich-
ness (> 200 to < 30), species composition, and habitat features 
of these assemblages, as well as their latitudinal and longi-
tudinal separation, all showed a consistent interspecific rela-
tionship between patchiness, abundance and occupancy. The 
more abundant and widespread the species, the less was its 
patchiness, with a significant negative patchiness–occupancy 
relationship in the form of a power law with a mean scaling 
coefficient of − 0.76. Notwithstanding the close relationship 
of abundance and occupancy, that of patchiness to abun-
dance, however, was less marked and not always statistically 
significant.

Abundance–occupancy relationships within individual 
species (i.e. intraspecific patterns) are seemingly less com-
mon and less uniform than interspecific ones (Gaston 1999; 
Gaston et al. 2001). Indeed Bijleveld et al. (2018) studying 
an equivalent assemblage of Wadden Sea macrobenthic spe-
cies to those investigated by Barnes (2019, 2021) in Knysna 
and Moreton Bay, found many very poor abundance–occu-
pancy relationships within various individual polychaete, 
gastropod and bivalve species. Such variation across species, 
however, has the potential to help understand causality of the 
abundance–occupancy relationship (Buckley and Freckleton 
2010; Gaston et al. 2001; Freckleton et al. 2005; Verberk et al. 
2010). As it may also illuminate relations with patchiness, this 
research revisits the databases underlying the earlier interspe-
cific patchiness–abundance–occupancy analyses to present a 
corresponding investigation of the nature and magnitude of 
intraspecific relationships within the individual component 
species of those same seagrass assemblages.

Methods

Fifty two datasets were available for analysis from two 
localities: (A) 26 detailing the abundance of the 12 most 
numerous and widespread individual component species 
of the seagrass macrobenthos from apparently uniform 
(i.e. non-patchy) local areas of seagrass (each < 1 ha in 
size) along the Rainbow Channel coast of North Strad-
broke Island (Minjerribah) in the Moreton Bay (Quan-
damooka) Marine Park, Queensland, Australia; and (B) 
the same number containing similar information for the 
15 equivalent species in non-fragmented seagrass beds in 
the Knysna estuarine bay, Garden Route National Park, 
Western Cape, South Africa (see Electronic Supplemen-
tary Information 1). All datasets from each locality were 
located within a linear distance of 7 km, and were from 
a single uninterrupted expanse of coastal seagrass across 
which dispersal throughout the whole locality was pos-
sible. The qualification for inclusion of a species was its 
presence in at least ten datasets in abundances of > 35  m−2 
in low-density Moreton Bay or of > 80  m−2 in higher-den-
sity Knysna, and occurrences of > 1 ind. in any single core 
sample in all qualifying datasets. Analysis was therefore 
confined to relatively common species, not only because 
confidence in nature of dispersion assessed from relatively 
few samples is low (Green 1966) but also because abun-
dance–occupancy relationships may be different in rare 
versus widespread species (Borregaard and Rahbek 2006; 
Bijleveld et al. 2018), regression slopes being shallower 
and coefficients of determination (R2) weaker in the rare 
category (Freckleton et al. 2006; Buckley and Freckleton 
2010). Although the intertidal and immediately subtidal 
shores of the two localities were both dominated by con-
tinuous swards of dwarf-eelgrasses (Zostera subgenus Zos-
terella = Nanozostera in the revision of Coyer et al. 2013), 
there were differences between them. At Knysna, shores 
varied widely in form, from extensive, tide-washed flats 
of marine sands at the mouth to steeply sloping banks of 
soft estuarine mud at the head, whilst those in Moreton 
Bay were much more uniform, extensive mangrove-backed 
flats.

Sampling of these two seagrass macrobenthic assem-
blages used the same methodology, involving series of 
core samples (0.0054  m2 area; 100 mm depth), with a 
minimum 30 cores per dataset at Knysna and 45 in More-
ton Bay. Intertidal samples were collected at low tide 
before complete tidal ebb whilst the substratum was still 
covered by at least 15 cm of water, and the subtidal ones 
(some 1.5 m below low water spring level) by snorkel-
ling. Subtidal and intertidal assemblages differed quan-
titatively but not qualitatively (Barnes and Claassens 
2020). Cores were gently sieved (’puddled’) through 
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710 µm mesh on site. This sampling procedure collects 
the smaller (mostly < 5 mm) and more numerous mem-
bers of the macrofauna that constitute the large majority 
of invertebrate biodiversity (Bouchet et al. 2002; Albano 
et al. 2011), though not the meiofauna nor much scarcer 
megafauna nor sessile animals attached to the seagrass 
leaves. Warwick et al. (2006) have shown that different 
patterning rules may apply to meiofauna and macrofauna, 
and likewise Davidson et al. (2004) and Leopardas et al. 
(2014) to sessile species.

Retained material from each core was: (1) placed in a 
large container of local sea water within which all seagrass 
was shaken vigorously to dislodge all but sessile animals; 
(2) then re-sieved and transported immediately to a local 
laboratory, and (3) there placed in a 30 × 25 cm tray over a 
light source in which the living fauna was located by visual 
examination using 3.5× magnifying spectacles until no fur-
ther animal could be observed. Animals were identified to 
species level wherever possible, with all organismal nomen-
clature here being as listed in the World Register of Marine 
Species (www. marin espec ies. org) (accessed November 
2020), except for the currently genus-less ’Assiminea’ cap-
ensis (see Barnes 2017). It should be noted, however, that 
the specific identity of several of the animals is questionable, 
especially amongst the Polychaeta and Peracarida, because 
of lack of relevant systematic studies in the geographical 
regions concerned. Such animals were treated as morphos-
pecies, an operationally appropriate procedure to detect 
spatial patterns in numbers of species and their differential 
abundance (Dethier and Schoch 2006; Gerwing et al. 2020).

All abundance data are presented as densities (numbers 
 m−2) and for individual species calculation of mean densities 
included unoccupied samples (i.e. zero values), occupancies 
being proportions of the total samples in a given dataset in 
which a species was present. In conformity with the interspe-
cific data presented earlier (Barnes 2019, 2021), magnitude 
of patchiness was ascertained by spatial point pattern analy-
sis of count data using Lloyd’s index of patchiness (Lloyd 
1967), Ip = [1 + 1/k], where k is the dispersion parameter of 
the negative binomial distribution, i.e. = [1 + (v−m)/m2], 
where ‘m’ is the mean abundance across samples and ‘v’ is 
the associated spatial variance. This index has been demon-
strated to yield equivalent results to those of the spatially-
explicit Moran’s spatial auto-correlation index for intertidal 
dwarf-eelgrass macrobenthos (Barnes and Hamylton 2019). 
It is also independent of sample size over a wide range of 
areas, provided that the animals position themselves at ran-
dom with respect to each other within a patch and that the 
patches are large relative to sample size (Lloyd 1967; Myers 
1978). Granted that individual core area was 0.0054  m2, it 
seems unlikely that macrofaunal patches were smaller than 
that; indeed Barnes (2016) had previously found at a Knysna 
seagrass locality that cores of 0.0015, 0.0026 and 0.0054 

 m2 spatial grain all produced the same value of the closely-
similar but differently-derived Morisita’s Iδ index. Patchiness 
of dispersion of individual patches was assessed from geo-
referenced samples by nearest-neighbour analysis.

All calculations and analyses were carried out in Micro-
soft Excel for Mac 16.37 with the StatPlus:mac Pro 7.1.1 
add-on, or via PAST 3.24 (Hammer et al. 2019). Statisti-
cal comparisons were effected by ANOVA, ANCOVA, 
Mann–Whitney U tests, and Spearman rank correlation (Sr), 
as appropriate; and curves were fitted using KaleidaGraph 
4.5.4. To enable direct comparison with the earlier interspe-
cific results (Barnes 2019, 2021), the present intraspecific 
occupancy data are also given in log percentage occurrence 
form rather than as logit transformations: transformation 
of occupancy values has no effect on either rank correla-
tion between occupancy and patchiness (or abundance) or 
on the pattern of relative position of individual data points 
across logarithmic space (and values of R2 were not signifi-
cantly different: ANOVA F1,16 = 0.86; P = 0.37). Occupancy 
data were, however, logit transformed to test homogene-
ity of slopes of the occupancy–patchiness relationship by 
ANCOVA. Power–law scaling coefficients (exponents) are 
abbreviated below to β and their coefficients of determina-
tion to R2. Information on the juvenile forms of the various 
species was derived from the available literature.

Results

All relationships between patchiness and occupancy in the 
individual species under study were negative, although 
only 18 of them (nine at each locality) were significant 
at P < 0.05. Most (85%) of those between patchiness and 
abundance were also negative, although only ten of them 
were significantly so (five at each locality) (Tables 1 and 
2). Individual species referred to below are listed in full in 
Tables 1 and 2, but are here referred to only by their genera 
for simplicity since each such genus was represented only 
by a single species in the group of dominants. Species 
varied widely from those displaying a significant negative 
correlation of patchiness with both metrics, e.g. Simpli-
setia, Danielella, ’Assiminea’, Nassarius and Arcuatula 
at Knysna, and Malacoceros, Alpheus and Smaragdia 
in Moreton Bay; through a significant negative correla-
tion only with occupancy (Prionospio, Pseudofabricia, 
Exosphaeroma and Grandidierella at Knysna, and Pseu-
doliotia, Tritia and Dasybranchus in Moreton Bay); to 
no correlation with either (six species at Knysna includ-
ing Caulleriella, Cymadusa and Alaba, and Eriopisella, 
Longiflagrum and Enigmaplax in Moreton Bay) (Figs. 1 
and 2). No species displayed a correlation only between 
patchiness and abundance; and in no geo-referenced series 
of samples did the occupied cores themselves display a 

http://www.marinespecies.org
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patchy dispersion (all nearest neighbour Rn > 1.1). All ten 
species that showed a significant correlation of patchiness 
with both abundance and occupancy are (or, where such 
information is not available, could reasonably be assumed 
to be) larviparous, notwithstanding that direct developers 
comprised 30% of the species investigated. Further, all but 
one species that only showed a significant relationship of 
patchiness with occupancy were also larviparous. Never-
theless, across the whole dataset there was no significant 
difference between larviparous and non-larviparous spe-
cies in their patchiness, abundance or occupancy, or in 
their abundance–occupancy relationship (either β or R2) 
(ANOVA F1,25 < 1.9; P > 0.2). Otherwise the three cat-
egories of response above comprised a cross section of 

infaunal/epifaunal species and those of the represented 
higher taxa.

Few significant correlations occurred between individ-
ual metrics and such life-style features, although at Knysna 
direct-developers showed higher levels of patchiness than 
larviparous forms (one-way ANOVA F1,13 = 3.91; one-sided 
P = 0.035), whilst larviparous species showed higher lev-
els of occupancy than direct developers (one-way ANOVA 
F1,13 = 6.96; one-sided P = 0.01). In Moreton Bay, those spe-
cies that displayed a significant relationship between patchi-
ness and abundance were all larviparous. Difference between 
those species showing a relationship between patchiness and 
occupancy (or both occupancy and abundance) and those 
showing no such relationship was not solely a matter of 

Table 1  Intraspecific 
patchiness–abundance (P–A) 
and patchiness–occupancy 
(P–O) relationships of dominant 
components of seagrass 
macrofaunal assemblages in the 
Knysna estuarine bay (Western 
Cape, South Africa)

Species are listed in descending order of patchiness
P  mean Lloyd’s index of patchiness, A mean abundance  m−2, Sr correlation coefficient,Sign probability of Sr 
value, β scaling coefficient of fitted power law, R2 coefficient of determination of fitted power law, O  mean 
percentage occupancy, n  number of datasets

P A P–A Sr Sign β R2 O P–O Sr Sign β R2 n

Pseudofabricia capensis (sabellidan polychaete)
4.25 186 − 0.52 0.1 28 − 0.72 0.02 − 0.56 0.43 10

Exosphaeroma hylecoetes (isopod crustacean)
4.08 84 − 0.40 0.1 27 − 0.66 0.01 − 0.62 0.37 15

Caulleriella capensis (cirratuliform polychaete)
3.87 385 − 0.25 0.4 50 − 0.44 0.2 11

Nassarius kraussianus (buccinoid gastropod)
3.55 373 − 0.79 0.0001 − 1.13 0.59 51 − 0.88 0.0001 − 0.78 0.86 23

Paradoneis lyra capensis (paraonid polychaete)
3.44 259 − 0.22 0.4 39 − 0.31 0.3 12

Alaba pinnae (cerithioid gastropod)
3.28 4211 − 0.33 0.2 64 − 0.41 0.1 14

Danielella edwardsii (brachyuran crustacean)
2.70 98 − 0.58 0.04 − 1.01 0.22 32 − 0.68 0.01 − 1.04 0.43 13

’Assiminea’ capensis (truncatelloid gastropod)
3.11 543 − 0.88 0.0002 − 3.15 0.46 47 − 0.92 0.0001 − 1.73 0.80 12

Grandidierella sp. (amphipod crustacean)
2.46 167 − 0.39 0.1 38 − 0.60 0.02 − 0.90 0.41 15

Arcuatula capensis (mytiloid bivalve)
2.41 314 − 0.68 0.003 − 1.36 0.24 56 − 0.74 0.001 − 1.10 0.64 17

Cymadusa c.f. filosa (amphipod crustacean)
2.29 85 − 0.39 0.2 29 − 0.62 0.05 10

Prionospio sexoculata (spionidan polychaete)
2.12 543 − 0.37 0.1 60 − 0.47 0.04 − 0.62 0.12 20

Simplisetia erythraeensis (nereid polychaete)
1.92 651 − 0.61 0.01 − 1.05 0.33 66 − 0.79 0.0002 − 0.55 0.40 17

Dosinia hepatica (veneroid bivalve)
1.59 125 0.10 0.7 39 − 0.03 0.90 10

Salmacoma littoralis (tellinoid bivalve)
1.15 243 0.01 0.9 64 − 0.18 0.50 14

Mean − 0.42 − 1.54 0.37 − 0.56 − 0.88 0.50
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developmental mode. Larviparous species such as those of 
Paradoneis, Alaba, Dosinia and Salmacoma in Knysna, and 
Enigmaplax in Moreton Bay, also showed no relationship of 
patchiness with either metric. Salmacoma and Dosinia, at 
least, have similar local autecologies, and tend to occur in 
the same habitat type; they also show a significant correla-
tion of their local abundance (e.g. Sr = 0.30 and P = 0.0001 in 
2019 data and Sr = 0.22, P = 0.0001 in 2020). Although there 
was no significant relationship between patchiness and abun-
dance (Sr = − 0.20; P = 0.3), there was a significant negative 
correlation between abundance and the extent to which local 
patchiness of a species varied, as assessed by its coefficient 
of variation (Sr = − 0.62; P = 0.03).

Relationships between abundance and occupancy were 
strong in both localities: Knysna mean species Sr = 0.919 
(SD 0.053); all P < 0.003; Moreton Bay mean Sr = 0.881 
(SD 0.10); all P < 0.003, with high values of  R2 for the 
power–law curves (a mean of 0.81 at Knysna and of 0.82 
in Moreton Bay). The log abundance—log occupancy rela-
tionships in Moreton Bay were of the standard linear form 

O = αAβ, whilst most of those at Knysna were curvilinear, 
i.e. O = γ + αAβ. The relationships of each metric with log 
patchiness were much weaker (mean values of R2 of 0.37 
and 0.45 for significant patchiness and abundance relation-
ships at Knysna and Moreton Bay, and 0.50 and 0.47 for the 
corresponding significant relationships with occupancy at 
those localities). Slopes of the power law curves for abun-
dance versus patchiness at both localities varied across spe-
cies (ANCOVA F =  > 4.24; P =  < 0.004), as did those of 
logit occupancy versus log patchiness at Knysna (ANCOVA 
F = 4.9; P =  < 0.0001); but those for the logit occupancy—
log patchiness relationship were homogeneously sloped in 
Moreton Bay species (ANCOVA F = 1.48; P = 0.17) (Fig. 3), 
at a mean β of − 0.93 (SE 0.06) excluding the relatively 
steeply-sloped Calopia. There were no significant differ-
ences in values of β or R2 between the Knysna and More-
ton Bay species (ANOVA F < 3.7; P > 0.1). Comparing the 
interspecific power law relationships of Barnes (2021) with 
the present intraspecific ones, there were no significant dif-
ferences between the β values of either the abundance or 

Table 2  Intraspecific 
patchiness–abundance (P–A) 
and patchiness–occupancy 
(P–O) relationships of dominant 
components of seagrass 
macrofaunal assemblages in 
Moreton Bay (Queensland, 
Australia)

Species are listed in descending order of patchiness
P mean Lloyd’s index of patchiness, A mean abundance  m−2, Sr correlation coefficient, Sign probability of Sr 
value, β scaling coefficient of fitted power law, R2 coefficient of determination of fitted power law, O  mean 
percentage occupancy, n  number of datasets

P A P–A Sr Sign β R2 O P–O Sr Sign β R2 n

Pseudoliotia speciosa (truncatelloid gastropod)
7.84 157 0.01 0.9 24 − 0.51 0.01 − 0.49 0.32 25

Eriopisella moretoni (amphipod crustacean)
4.44 81 − 0.02 0.9 24 − 0.35 0.3 10

Longiflagrum caeruleus (tanaid crustacean)
3.73 140 − 0.08 0.7 32 − 0.40 0.1 17

Armandia c.f. lanceolata (ophelioid polychaete)
3.64 68 − 0.66 0.04 − 0.55 0.43 24 − 0.83 0.003 − 0.71 0.67 10

Tritia burchardi (buccinoid gastropod)
3.53 73 − 0.37 0.1 25 − 0.59 0.008 − 0.75 0.35 19

Malacoceros ?reductus (spionidan polychaete)
2.89 94 − 0.61 0.04 − 0.76 0.28 34 − 0.61 0.04 − 0.87 0.43 11

Dasybranchus caducus (capitelloid polychaete)
2.52 71 − 0.42 0.1 26 − 0.72 0.006 − 0.91 0.46 13

Smaragdia souverbiana (neritoid gastropod)
2.42 35 − 0.86 0.0001 − 0.69 0.71 16 − 0.91 0.0001 − 0.75 0.81 15

Calopia imitata (truncatelloid gastropod)
2.26 622 − 0.54 0.01 − 1.05 0.33 70 − 0.69 0.0005 − 0.56 0.40 23

Alpheus papillosus (macruran crustacean)
2.17 58 − 0.64 0.02 − 0.68 0.49 25 − 0.70 0.007 − 0.77 0.60 13

Limnoporeia c.f. yarrague (amphipod crustacean)
1.89 159 − 0.11 0.6 45 − 0.52 0.03 − 0.49 0.23 19

Enigmaplax littoralis (brachyuran crustacean)
1.28 278 0.17 0.4 68 − 0.21 0.30 26

Mean − 0.35 − 0.75 0.45 − 0.59 − 0.70 0.47
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occupancy relationships with patchiness (Mann–Whitney 
Z < 1.6; P > 0.1), but R2 values were larger in the present 
intraspecific curves both for patchiness–abundance and 
patchiness–occupancy (Z > 2.7; P < 0.006).

Discussion

Clearly, it is likely that some form of relationship occurs 
between, on the one hand, the spatial dispersion of individ-
ual organisms (whether of the same or of different species) 
and, on the other, occupancy–abundance patterns (Gaston 

et al. 1998a, b; Falster et al. 2001; Holt et al. 2002), not 
least because occupancy is itself a spatial phenomenon and 
abundance is never distributed evenly across space (except 
intraspecifically over very limited areas in a few cases). 
Indeed, in their review of various spatial statistical mod-
els that describe and might possibly explain the interspe-
cific occupancy–abundance relationship, Holt et al. (2002) 
included ones based on the negative binomial that also forms 
part of expressions such as Lloyd’s Ip measure of patchiness. 
They did not include patchiness models in their analyses, 
however, presumably because patchiness can never be an 
explanation for occupancy–abundance patterns: as above, it 

Fig. 1  Intraspecific patchiness–abundance and patchiness–occupancy 
relationships in the seagrass macrobenthos of the Rainbow Chan-
nel shores of North Stradbroke Island (Minjerribah), Moreton Bay 

(Quandamooka), Queensland, illustrated by four species representing 
the variety of responses shown. Power law curves are indicated only 
when correlations between metrics are significant at P < 0.05
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is a measure of the uneven spatial distribution of abundance, 
whereas, the occupancy–abundance relationship is based on 
co-variation of mean values of those two metrics.

The present study yielded information on the intraspecific 
patchiness–abundance–occupancy relationships within each 
of the more dominant component species that together partly 
comprised the macrofaunal seagrass assemblages of More-
ton Bay and Knysna. Comparison of the values obtained 
with those of the equivalent interspecific relationships at 
those localities documented earlier (Barnes 2021) suggests 
that the intra- and interspecific relationships are very similar. 
In both cases, all patchiness–occupancy relations were nega-
tive and most correlations between the two were statistically 

significant. Patchiness and abundance, on the other hand, 
were both more poorly correlated and the relationship was 
often not significant. The mean interspecific and intraspe-
cific values of R2 for the abundance–occupancy relationship 
were comparable and at the high end of the range quoted by 
Gaston (1996) (0.89 interspecifically and 0.81 intraspecifi-
cally), whilst no significant differences between the levels 
of intra- and interspecific β for the patchiness–abundance 
or patchiness–occupancy relationships were detected. The 
only general difference of note was that the R2 values for 
those relationships were larger intraspecifically. Within the 
intraspecific series of responses, however, the parallel nature 
of slopes for the power-law relationship between patchiness 

Fig. 2  Intraspecific patchiness–abundance and patchiness–occupancy 
relationships in the seagrass macrobenthos of the Knysna estuarine 
bay, South Africa, illustrated by four species representing the variety 

of responses shown. Power law curves are indicated only when cor-
relations between metrics are significant at P < 0.05
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and occupancy across the dominant species in the More-
ton Bay seagrass is worthy of particular comment, not least 
because it contrasts with that observed at Knysna. The habi-
tats investigated in Moreton Bay were much more uniform 
and homogeneous than those at Knysna, and it does suggest 
a potential commonality of response to the same type of 
conditions across a wide range of different species exhibit-
ing varying levels of occupancy and different life styles and 
dispersal strategies.

This study appears to be the first in which a comparison 
of intra- and interspecific metrics deriving from the same 
faunal assemblages has been undertaken, and certainly the 
first to involve relationships with levels of patchiness. As 
such, it is of course difficult to place these results in a wider 
context of patchiness research. Some other studies, however, 

have concerned abundance and occupancy in the marine 
environment, where Blackburn et al. (2006) considered the 
strongest abundance–occupancy relationships to be found. 
Indeed two have investigated similar soft-sediment estuarine 
or estuarine-bay habitats. Across a range of British estuarine 
invertebrates, Foggo et al. (2003) found an overall value of 
the interspecific β of 0.58 (and a range of 0.44–0.87 for vari-
ous higher taxa), and an overall  R2 value of 0.64 (0.55–0.75 
across higher taxa). The equivalent overall interspecific 
abundance–occupancy β and the value of R2 at the present 
localities [a β of 0.67 (SE 0.04) and R2 of 0.81 (SE 0.03)] 
were larger than those of Foggo et al. (2003), but neverthe-
less, were of the same general order of magnitude. They are 
much larger on average and much more uniform, however, 
than those obtained by Bijleveld et al. (2018). These authors 
recorded values of R2 for the occupancy–abundance relation-
ship of some individual macrobenthos in the Netherlands 
Wadden Sea as low as 0.00 and 0.01 (i.e. in Abra tenuis, 
Macomangulus tenuis and Nephtys hombergi), and gener-
ally found only weak relationships with median values of 
β in the range of − 0.03 to 0.33. It should be noted, how-
ever, that Bijleveld et al. (2018) quoted the values of β and 
R2 for ‘relationships’ even when no significant relationship 
was present. Here, such values are solely presented for sig-
nificantly correlated metrics, and so any contrast in patterns 
between the Wadden Sea and the southern hemisphere local-
ities may be more apparent than real: present values of R2 
where no relationship occurred would also have varied down 
to 0.002 (P–A) and 0.03 (P–O). The results of Bijleveld et al. 
(2018) also dramatically emphasise the greater variation 
generally observed in individual intraspecific relationships 
than in interspecific ones, a position with which the present 
results also conform: two thirds of the individual species 
displayed significant patchiness–occupancy relationships; 
c.f. all but one of the interspecific assemblages of Barnes 
(2021) and that one exception was very close to significance 
at P = 0.061. But, as noted above, although individual spe-
cies may differ considerably, their datapoints lay closer to 
the power law regressions than was the case interspecifically.

Freckleton et al. (2005), Foggo et al. (2007), Webb et al. 
(2009) and others have shown a relationship between devel-
opmental mode and abundance–occupancy patterns, larvipa-
rous species with consequent high dispersal rates showing 
the stronger and steeper relationships. No such general pat-
tern was evident in the present results, although relatively 
little is known of the precise mode and dispersal potential 
of most of the species under study. However, there were 
marked effects of larvipary versus non-larvipary on patchi-
ness–occupancy. Effectively all species across both localities 
(with the exception only of the amphipod Limnoporeia in 
Moreton Bay) showing a significant relationship of patchi-
ness with occupancy were larviparous, and the directly-
developing Limnoporeia displayed the lowest significant 

Fig. 3  Power–law slopes of significant intraspecific occupancy–
patchiness relationships amongst dominant members of seagrass mac-
robenthos: heterogeneous across the disparate Knysna estuarine-bay 
meadows and homogeneous in relatively uniform Moreton Bay
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value of R2 of any species in the Bay (0.23). Whether the 
effect is caused by dispersal potential is less obvious because 
the non-larviparous species (mostly peracaridan crusta-
ceans), and certainly those in South Africa, are very widely 
dispersed and characteristic members of the coastal/estua-
rine fauna (Schlacher and Wooldridge 1966; Henniger and 
Froneman 2011), tidal water fluxes in the habitats concerned 
are large, and the distances between samples were small. 
Small cores such as those used in the study may underesti-
mate levels of occupancy (Lyashevska et al. 2016) but that 
should not differentially affect the non-larviparous.

Not all the species that failed to show a significant rela-
tionship between patchiness and either abundance or occu-
pancy were non-larviparous, however; Enigmaplax in More-
ton Bay, and Paradoneis, Alaba, Dosinia and Salmacoma 
at Knysna are all larviparous. No other feature appears to 
unite these species and hence their status is currently inex-
plicable, although the small group does include two of the 
most numerous species, Alaba at Knysna and Enigmaplax in 
Moreton Bay, the latter species in particular with a consist-
ently high and therefore relatively limited range in level of 
occupancy. Barnes (2020) has noted that the most abundant 
species in Moreton Bay seagrass showed the greatest levels 
of uniformity in values of local patchiness, and this is con-
firmed by the present study in which there was a significant 
negative correlation between abundance and the extent to 
which patchiness of a species varied. Granted that there is so 
little information yet available, however, both in terms of the 
distribution of patchiness across the component species of 
an assemblage and of how those patchinesses relate to other 
macroecological variables, a general lack of understanding is 
hardly surprising. But although many uncertainties remain, 
the present intraspecific results together with the earlier 
interspecific ones do suggest that at least in the seagrass 
habitat, and probably elsewhere, patchiness is characteris-
tically negatively related to levels of occupancy and, to a 
lesser degree, of abundance both within and across species. 
Granted the known ranges and median values of R2 for (a) 
the abundance–occupancy relationship and (b) now for that 
between patchiness and at least occupancy, confidence must 
be high that patchiness can be successfully integrated into 
what has been considered the most robust, pervasive, ubiq-
uitous, and well documented pattern in macroecology (Ver-
berk et al. 2010; Roney et al. 2015). This can only increase 
its usefulness.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00442- 021- 04985-w.

Acknowledgements I would like to reiterate my gratitude to (a) the 
Queensland Parks and Wildlife Service, the Quandamooka Yooloo-
burrabee Aboriginal Corporation and the Quandamooka Aboriginal 
Land and Sea Management Agency for permission to sample under 
permit in the Moreton Bay Marine Park and Quandamooka People’s 

native title area, and (b) South Africa National Parks Scientific Services 
and Knysna Office to do likewise in the Garden Route National Park. 
I am also most grateful to the Moreton Bay Research Station and the 
Knysna Basin Project Field Laboratory for hospitality and the use of 
facilities; and to Louw Claassens for the collection of subtidal mate-
rial at Knysna.

Author contribution statement RSKB conceived, designed and exe-
cuted this study and wrote the manuscript. No other person is entitled 
to authorship.

Funding No funding was received for conducting this study.

Declarations 

Conflict of interest The author declares that he has no conflicts of in-
terest.

Ethical approval All applicable international and/or national guidelines 
for the care and use of animals were followed.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Albano PG, Sabelli B, Bouchet P (2011) The challenge of small and 
rare species in marine biodiversity surveys: microgastropod diver-
sity in a complex tropical coastal environment. Biodivers Conserv 
20:3223–3237. https:// doi. org/ 10. 1007/ s10531- 011- 0117-x

Barnes RSK (2016) Spatial homogeneity of benthic macrofaunal biodi-
versity across small spatial scales. Mar Environ Res 122:148–157. 
https:// doi. org/ 10. 1016/j. maren vres. 2016. 10. 006

Barnes RSK (2017) Little-known and phylogenetically obscure South 
African estuarine microgastropods (Mollusca: Truncatelloidea) 
as living animals. J Nat Hist 57:87–113. https:// doi. org/ 10. 1080/ 
00222 933. 2017. 14088 67

Barnes RSK (2019) Abundance/occupancy/patchiness relations in estu-
arine seagrass macrobenthos. Estuar Coast Shelf Sci 228:106360. 
https:// doi. org/ 10. 1016/j. ecss. 2019. 106360

Barnes RSK (2020) Do species display characteristic intraspecific lev-
els of patchiness in a given habitat type? The case of intertidal 
seagrass macrobenthos. Mar Biol 167:177. https:// doi. org/ 10. 
1007/ s00227- 020- 03793-9

Barnes RSK (2021) Interspecific relationship of patchiness to occu-
pancy and abundance, as exemplified by seagrass macrobenthos. 
Ecol Indic 121:107083. https:// doi. org/ 10. 1016/ jecol ind. 2020. 
107083

Barnes RSK, Claassens L (2020) Do beds of subtidal estuarine sea-
grass constitute a refuge for macrobenthic biodiversity threatened 

https://doi.org/10.1007/s00442-021-04985-w
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s10531-011-0117-x
https://doi.org/10.1016/j.marenvres.2016.10.006
https://doi.org/10.1080/00222933.2017.1408867
https://doi.org/10.1080/00222933.2017.1408867
https://doi.org/10.1016/j.ecss.2019.106360
https://doi.org/10.1007/s00227-020-03793-9
https://doi.org/10.1007/s00227-020-03793-9
https://doi.org/10.1016/jecolind.2020.107083
https://doi.org/10.1016/jecolind.2020.107083


1116 Oecologia (2021) 196:1107–1117

1 3

intertidally? Biodivers Conserv 29:3227–3244. https:// doi. org/ 10. 
1007/ s10531- 020- 02019-0

Barnes RSK, Hamylton SM (2019) Isometric scaling of faunal patchi-
ness: seagrass macrobenthic abundance across small spatial 
scales. Mar Environ Res 146:89–100. https:// doi. org/ 10. 1016/j. 
maren vres. 2019. 03. 011

Bijleveld AI, Compton TJ, Klunder L, Holthuijsen S, ten Horn J, Kool-
haas A, Dekinga A, van der Meer J, van der Veer HW (2018) 
Presence-absence of marine macrozoobenthos does not generally 
predict abundance and biomass. Sci Rep 8:3039. https:// doi. org/ 
10. 1038/ s41598- 018- 21285-1

Blackburn TM, Cassey P, Gaston KJ (2006) Variations on a theme: 
sources of heterogeneity in the form of the interspecific relation-
ship between abundance and distribution. J Anim Ecol 75:1426–
1439. https:// doi. org/ 10. 1111/j. 1365- 2656. 2006. 01167.x

Borregaard MK, Rahbek C (2006) Prevalence of intraspecific relation-
ships between range size and abundance in Danish birds. Divers 
Distrib 12:417–422. https:// doi. org/ 10. 1111/j. 1366- 9516. 2006. 
00258.x

Bouchet P, Lozouet P, Maestrati P, Heros V (2002) Assessing the 
magnitude of species richness in tropical marine environments: 
exceptionally high numbers of molluscs at a New Caledonia site. 
Biol J Linn Soc 75:421–436. https:// doi. org/ 10. 1046/j. 1095- 8312. 
2002. 00052.x

Buckley HL, Freckleton RP (2010) Understanding the role of species 
dynamics in abundance-occupancy relationships. J Ecol 98:645–
658. https:// doi. org/ 10. 1111/j. 1365- 2745. 2010. 01650.x

Coyer JA, Hoarau G, Kuo J, Tronholm A, Veldsink J, Olsen JL (2013) 
Phylogeny and temporal divergence of the seagrass family Zoster-
aceae using one nuclear and three chloroplast loci. Syst Biodivers 
11:271–284. https:// doi. org/ 10. 1080/ 14772 000. 2013. 821187

Davidson IC, Crook AC, Barnes DKA (2004) Quantifying spatial pat-
terns of intertidal biodiversity: is movement important? Mar Ecol 
25:15–34. https:// doi. org/ 10. 1111/j. 1439- 0485. 2004. 00015.x

Dethier MN, Schoch GC (2006) Taxonomic sufficiency in distinguish-
ing natural spatial patterns on an estuarine shoreline. Mar Ecol 
Progr Ser 306:41–49. https:// doi. org/ 10. 3354/ meps3 06041

dos Anjos L, Collins CD, Holt RD, Volpato GH, Mendonça LB, Lopes 
EV, Boçon R, Bisheimer MV, Serafini PP, Varvalho J (2011) Bird 
species abundance-occupancy patterns and sensitivity to forest 
fragmentation: implications for conservation in the Brazilian 
Atlantic forest. Biol Conserv 144:2213–2222. https:// doi. org/ 10. 
1016/j. biocon. 2011. 05. 013

Falster DS, Murray BR, Lepschi BJ (2001) Linking abundance, occu-
pancy and spatial structure: an empirical test of a neutral model 
in an open-forest woody plant community in eastern Australia. J 
Biogeogr 28:317–323. https:// doi. org/ 10. 1046/j. 1365- 2699. 2001. 
00553.x

Foggo A, Frost MT, Attrill MJ (2003) Abundance-occupancy pat-
terns in British estuarine macroinvertebrates. Mar Ecol Progr Ser 
265:297–302. https:// doi. org/ 10. 3354/ meps2 65297

Foggo A, Bilton DT, Rundle SD (2007) Do developmental mode and 
dispersal shape abundance-occupancy relationships in marine 
invertebrates? J Anim Ecol 76:695–702. https:// doi. org/ 10. 1111/j. 
1365- 2656. 2007. 01245.x

Freckleton RP, Gill J, Noble D, Watkinson A (2005) Large-scale 
population dynamics, abundance-occupancy relationships and 
the scaling from local to regional population size. J Anim Ecol 
74:353–364. https:// doi. org/ 10. 1111/j. 1365- 2656. 2005. 00931.x

Freckleton RP, Noble D, Webb TJ (2006) Distributions of habitat 
suitability and the abundance-occupancy relationship. Am Nat 
167:260–275. https:// doi. org/ 10. 1086/ 498655

Gaston KJ (1996) The multiple forms of the interspecific abundance-
distribution relationship. Oikos 76:211–220. https:// doi. org/ 10. 
2307/ 35461 92

Gaston KJ (1999) Implications of interspecific and intraspecific abun-
dance-occupancy relationships. Oikos 86:195–207. https:// doi. 
org/ 10. 2307/ 35464 38

Gaston KJ, Blackburn TM, Lawton JH (1998a) Aggregation and 
interspecific abundance-occupancy relationships. J Anim Ecol 
67:995–999. https:// doi. org/ 10. 1046/j. 1365- 2656. 1998. 67609 95.x

Gaston KJ, Blackburn TM, Gregory RD, Greenwood JJD (1998b) The 
anatomy of the interspecific abundance—range size relationship 
for the British avifauna: I. Spatial patterns. Ecol Lett 1:38–46. 
https:// doi. org/ 10. 1046/j. 1461- 0248. 1998. 00004.x

Gaston KJ, Blackburn TM, Greenwood JJD, Gregory RD, Quinn RM, 
Lawton JH (2000) Abundance-occupancy relationships. J Appl 
Ecol 37:39–59. https:// doi. org/ 10. 1046/j. 1365- 2664. 2000. 00485.x

Gaston KJ, Blackburn TM, Gregory RD (2001) Intraspecific abun-
dance-occupancy relationships: case studies of six bird species 
in Britain. Divers Distrib 5:197–212. https:// doi. org/ 10. 1046/j. 
1472- 4642. 1999. 00054.x

Gaston KJ, Borges PAV, He F, Gaspar C (2006) Abundance, spatial 
variance and occupancy: arthropod species distribution in the 
Azores. J Anim Ecol 75:646–656. https:// doi. org/ 10. 1111/j. 1365- 
2656. 2006. 01085.x

Gerwing TG, Cox K, Allen Gerwing AM, Campbell L, Macdonald T, 
Dudas SE, Juanes F (2020) Varying intertidal invertebrate taxo-
nomic resolution does not influence ecological findings. Estuar 
Coast Shelf Sci 232:106516. https:// doi. org/ 10. 1016/j. ecss. 2019. 
106516

Green RH (1966) Measurement of non-randomness in spatial distribu-
tions. Res Popul Ecol 8:1–7. https:// doi. org/ 10. 1007/ BF025 24740

Hammer Ø, Harper DAT, Ryan PD (2019) PAST: paleontological sta-
tistics software package for education and data analysis, Version 
3.24. Multivariate statistical package available from the Natural 
History Museum, University of Oslo, Norway

Hanski I (1982) Dynamics of regional distribution: the core and satel-
lite hypothesis. Oikos 38:210–221. https:// doi. org/ 10. 2307/ 35440 
21

He F, Gaston KJ (2003) Occupancy, spatial variance and the abundance 
of species. Am Nat 162:366–375. https:// doi. org/ 10. 1086/ 377190

Henninger TO, Froneman PW (2011) Macrofaunal community struc-
ture in the littoral zone of a freshwater-deprived, permanently 
open Eastern Cape estuary. Afr Zool 46:263–279. https:// doi. org/ 
10. 1080/ 15627 020. 2011. 11407 500

Holt AR, Gaston KJ, He F (2002) Occupancy-abundance relationships 
and spatial distribution: a review. Basic Appl Ecol 3:1–13. https:// 
doi. org/ 10. 1078/ 1439- 1791- 00083

Leopardas V, Uy W, Nakaoka M (2014) Benthic macrofaunal assem-
blages in multispecific seagrass meadows of the southern Philip-
pines: variation among vegetation dominated by different seagrass 
species. J Exp Mar Biol Ecol 457:71–80. https:// doi. org/ 10. 1016/j. 
jembe. 2014. 04. 006

Lloyd M (1967) Mean crowding. J Anim Ecol 36:1–30. https:// doi. 
org/ 10. 2307/ 3012

Lyashevska O, Brus DJ, van der Meer J (2016) Mapping species abun-
dance by a spatial zero-inflated Poisson model: a case study in the 
Wadden Sea, The Netherlands. Ecol Evol 6:532–543. https:// doi. 
org/ 10. 1002/ ece3. 1880

Manne LL, Veit RR (2020) Temporal changes in abundance-occupancy 
relationships over 40 years. Ecol Evol 10:602–611. https:// doi. org/ 
10. 1002/ ece3. 5505

Morisita M (1959) Measuring dispersion and the analysis of distribu-
tion patterns. Mem Fac Sci Kyushu Univ Ser E (Biol) 2:215–235

Morisita M (1962) I-index, a measure of the dispersion of individu-
als. Res Popul Ecol (Kyoto) 4:1–7. https:// doi. org/ 10. 1007/ BF025 
33903

Myers JH (1978) Selecting a measure of dispersion. Environ Entomol 
7:619–621. https:// doi. org/ 10. 1093/ ee/7. 5. 619

https://doi.org/10.1007/s10531-020-02019-0
https://doi.org/10.1007/s10531-020-02019-0
https://doi.org/10.1016/j.marenvres.2019.03.011
https://doi.org/10.1016/j.marenvres.2019.03.011
https://doi.org/10.1038/s41598-018-21285-1
https://doi.org/10.1038/s41598-018-21285-1
https://doi.org/10.1111/j.1365-2656.2006.01167.x
https://doi.org/10.1111/j.1366-9516.2006.00258.x
https://doi.org/10.1111/j.1366-9516.2006.00258.x
https://doi.org/10.1046/j.1095-8312.2002.00052.x
https://doi.org/10.1046/j.1095-8312.2002.00052.x
https://doi.org/10.1111/j.1365-2745.2010.01650.x
https://doi.org/10.1080/14772000.2013.821187
https://doi.org/10.1111/j.1439-0485.2004.00015.x
https://doi.org/10.3354/meps306041
https://doi.org/10.1016/j.biocon.2011.05.013
https://doi.org/10.1016/j.biocon.2011.05.013
https://doi.org/10.1046/j.1365-2699.2001.00553.x
https://doi.org/10.1046/j.1365-2699.2001.00553.x
https://doi.org/10.3354/meps265297
https://doi.org/10.1111/j.1365-2656.2007.01245.x
https://doi.org/10.1111/j.1365-2656.2007.01245.x
https://doi.org/10.1111/j.1365-2656.2005.00931.x
https://doi.org/10.1086/498655
https://doi.org/10.2307/3546192
https://doi.org/10.2307/3546192
https://doi.org/10.2307/3546438
https://doi.org/10.2307/3546438
https://doi.org/10.1046/j.1365-2656.1998.6760995.x
https://doi.org/10.1046/j.1461-0248.1998.00004.x
https://doi.org/10.1046/j.1365-2664.2000.00485.x
https://doi.org/10.1046/j.1472-4642.1999.00054.x
https://doi.org/10.1046/j.1472-4642.1999.00054.x
https://doi.org/10.1111/j.1365-2656.2006.01085.x
https://doi.org/10.1111/j.1365-2656.2006.01085.x
https://doi.org/10.1016/j.ecss.2019.106516
https://doi.org/10.1016/j.ecss.2019.106516
https://doi.org/10.1007/BF02524740
https://doi.org/10.2307/3544021
https://doi.org/10.2307/3544021
https://doi.org/10.1086/377190
https://doi.org/10.1080/15627020.2011.11407500
https://doi.org/10.1080/15627020.2011.11407500
https://doi.org/10.1078/1439-1791-00083
https://doi.org/10.1078/1439-1791-00083
https://doi.org/10.1016/j.jembe.2014.04.006
https://doi.org/10.1016/j.jembe.2014.04.006
https://doi.org/10.2307/3012
https://doi.org/10.2307/3012
https://doi.org/10.1002/ece3.1880
https://doi.org/10.1002/ece3.1880
https://doi.org/10.1002/ece3.5505
https://doi.org/10.1002/ece3.5505
https://doi.org/10.1007/BF02533903
https://doi.org/10.1007/BF02533903
https://doi.org/10.1093/ee/7.5.619


1117Oecologia (2021) 196:1107–1117 

1 3

Roney NE, Kuparinen A, Hutchings JA (2015) Comparative analysis 
of abundance-occupancy relationships for species at risk at both 
broad taxonomic and spatial scales. Can J Zool 93:515–519

Schlacher TA, Wooldridge TH (1996) Axial zonation patterns of 
subtidal macrozoobenthos in the Gamtoos estuary, South Africa. 
Estuaries 19:680–696. https:// doi. org/ 10. 2307/ 13525 28

Verberk WCEP, van der Velde G, Esselink H (2010) Explaining abun-
dance-occupancy relationships in specialists and generalists: a 

case study on aquatic macroinvertebrates n standing waters. J 
Anim Ecol 79:589–601

Warwick RM, Dashfield SL, Somerfield PJ (2006) The integral struc-
ture of a benthic infaunal assemblage. J Exp Mar Biol Ecol 
330:12–18. https:// doi. org/ 10. 1016/j. jembe. 2005. 12. 013

Webb TJ, Tyler EHM, Somerfield PJ (2009) Life history mediates 
large-scale population ecology in marine benthic taxa. Mar Ecol 
Progr Ser 396:293–306. https:// doi. org/ 10. 3354/ meps0 8253

https://doi.org/10.2307/1352528
https://doi.org/10.1016/j.jembe.2005.12.013
https://doi.org/10.3354/meps08253

	Within-species relationship of patchiness to both abundance and occupancy, as exemplified by seagrass macrobenthos
	Abstract
	Introduction
	Methods
	Results
	Discussion
	Acknowledgements 
	References




