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Abstract Spatial patterns in aggregations form as a result

of the interplay between costs and benefits experienced by

individuals. Such self-organisation of aggregations can be

explained using a zonal model in which a short-range zone

of repulsion and longer-range zone of attraction sur-

rounding individuals leads to emergent pattern properties.

The signal of these processes can be detected using spatial

pattern analyses. Furthermore, in sessile organisms, post-

settlement mortality reveals the relative costs and benefits

of positions within the aggregation. Acorn barnacles are

known to require contact with conspecifics for reproduction

and are therefore believed to aggregate for this purpose;

isolated individuals may also be more susceptible to abiotic

stress and predation. At short distances, however, compe-

tition for space and resources is likely to occur. In this

study spatial patterns of barnacles (Semibalanus balanoides

L.) were analysed using pair-correlation functions. Indi-

viduals were dispersed at distances below 0.30 cm, but

peak relative density occurred at a distance of 0.36 cm

from conspecifics. This is much closer than required for

reproductive access, implying a strong aggregative drive,

up to the point of physical contact with neighbours. Nev-

ertheless, analysis of dead barnacles illustrated that such

proximity carries a cost as barnacles with many neighbours

were more likely to have died. The inferences obtained

from these patterns are that barnacles aggregate as closely

as they can, and that local neighbourhood competition is a

powerful determinant of mortality. These processes give

rise to the observed pattern properties.
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Introduction

Aggregations of organisms are ubiquitous in nature, span-

ning from prokaryotes to multicellular eukaryotes (Parrish

et al. 2002). They differ greatly in form between species.

Some have thousands of individuals, others only several;

some are transient (de Bono et al. 2002) while others are

obligate (Nathan and Muller-Landau 2000); some are

dynamic (Parrish and Edelstein-Keshet 1999) while others

are static (Nathan and Muller-Landau 2000). Aggregations

are maintained because the average fitness payoff to an

individual in an aggregation is greater than the average

payoff to a solitary individual, resulting in positive selection

for grouping behaviour (Parrish and Edelstein-Keshet 1999).

Non-random spatial patterns within aggregations form

due to the same behaviours as those forming the aggrega-

tions themselves: they are the result of individual cost-

benefit trade-offs, with each individual acting to increase

its own fitness. Given the complexity of biological systems,

it is difficult to predict the spatial patterns which will occur

within aggregations, and even once observed, the cost-

benefit interplay which causes the resultant patterns is not

easily discerned. Spatial pattern analysis therefore attempts

to identify whether non-random patterns are occurring, and

to test hypotheses regarding the proximate reasons as to

why the pattern has emerged (Illian et al. 2008).
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Spatial patterns of aggregating organisms can be clus-

tered, random, over-dispersed or regular (Couzin et al.

2002). These self-organised patterns can appear as though

individuals are aware of and responding to the entire group.

However, individual units interacting in space need only

obey a set of simple, local neighbourhood rules in order for

complex patterns across multiple scales to form (Giardina

2008). Couzin and Krause (2003) proposed that interaction

rules could be described zonally, with zones radiating

outwards from the individual (Fig. 1). Immediately sur-

rounding each individual is the zone of repulsion, within

which individuals move apart due to the costs of close

proximity. Beyond this is a zone of attraction within which

individuals move towards one another due to benefits of

aggregation.

In sessile organisms, individuals cannot respond to

changing costs and benefits by adjusting their position

relative to neighbours. Settlement decisions made by the

dispersal stage of the organism’s lifecycle determine not

only the immediate fitness payoff to the organism but also

the subsequent costs and benefits it will be exposed to. In

some cases (e.g., seeds) the settlement process is passive,

and non-random spatial patterns arise as the result of dis-

persal ability and abiotic factors such as wind direction. In

other cases (e.g., barnacle larvae) settlement is both active

and passive. Larval distribution and settlement location is

dependent on dispersal ability and abiotic factors at large-

scales, for example oceanic currents (Southward 1987), but

at smaller scales is influenced by larval behaviour (Satu-

manatpan and Keough 2001). Patterns are then modulated

by post-settlement mortality.

Here we focus on the barnacle Semibalanus balanoides, a

boreo-arctic species which inhabits the lower intertidal zone

of rocky shores (Jenkins et al. 2000). Several factors deter-

mine the spatial distribution of adults: larval distribution,

larval settling behaviour, and post-settlement mortality.

Semibalanus balanoides starts life as a pelagic nauplius

larva, which hatches in spring and spends some weeks

travelling in the water column (Bertness et al. 1991). After

passing through six instars it transforms into a cyprid larva,

which must find a suitable place to settle before metamor-

phosing into a sessile, filter-feeding adult (Southward 1987).

Larval abundance is determined by a myriad of biotic and

abiotic factors, including resources, oceanic currents and

temperature, and is therefore decoupled from local adult

population density (Bertness et al. 1991). As a result, den-

sities of adults within sites may change drastically between

years (Hills and Thomason 2003).

Fig. 1 Illustration of spatial

processes determining

settlement behaviour and

survival of barnacles with

distance to nearest conspecific

from a given individual (black

dot). Interior circle (dark

shading) corresponds to the

Zone of Repulsion (sensu

Couzin and Krause 2003) and is

determined by short-scale

negative effects of proximity.

Exterior circle (pale shading)

corresponds to the Zone of

Attraction and is determined by

longer-scale positive effects of

aggregation. The point at which

zones switch from repulsion to

attraction reflects the balance

between the scale and strength

of interactions
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Cyprids actively search for suitable settlement locations

on rocky shores by crawling over the substratum. Where

they settle is highly dependent on the location of both adult

and larval conspecifics which they detect through chemical

cues (Pawlik 1992). Site choice by settlers is unlikely to be

the dominant process determining final patterns, however,

as 99.7 % of settlers die before reaching reproductive age

(Pineda et al. 2006). Adults are almost always clustered,

which is thought to be primarily because they are obligate

cross-fertilisers and need to be within reproductive range of

other individuals, a range determined by the maximum

penis length of 2.5 cm (Barnes and Crisp 1956; Kent et al.

2003). Other potential benefits of proximity include

structural facilitation, protection from predation, decreased

hiding time, thermal buffering, and protection from wave

exposure (Fig. 1; Connell 1961; Wethey 1984; Bertness

1989; Mauck and Harkless 2001; Kent et al. 2003).

Proximity to other barnacles carries costs which include

competition for space causing decreased body size, which

is a primary predictor of fertilisation success (Wu 1980);

basal-membrane displacement, where individuals are

undercut by neighbours, leading to desiccation via mem-

brane exposure; or crushing by conspecifics (Connell 1961;

Wethey 1983; Hui and Moyse 1987). Increased competi-

tion for mates also reduces individual fitness at high pop-

ulation densities (Charnov 1980). These costs are thought

to result in the territoriality, or zone of repulsion, observed

in S. balanoides populations (Connell 1961; Crisp 1961).

In this study we perform a test of the zonal model proposed

by Couzin and Krause (2003) (Fig. 1) through analyses of the

spatial patterns of live anddeadS. balanoidesbarnacleswithin

aggregations. Ecological processes reveal themselves through

their spatial signatures (Watt 1947), and the recent develop-

ment of spatial point pattern analyses has opened up the

potential to yield insights into the interactions among indi-

viduals (Illian et al. 2008), though within ecological research

to date these tools have been largely applied to plants (e.g.,

Law et al. 2009). Barnacles, as sessile organisms, provide an

ideal test case for the existence of similar processes among

invertebrates. Through this work we find evidence of both

zones of repulsion and attraction, and provide direct estimates

of the scales at which these occur. This shows that barnacles

most frequently locate as close as they can to conspecifics

without overlapping, but that this close contact carries the risk

of subsequent mortality.

Materials and methods

Study site

Trearddur Bay is a sheltered beach in west Anglesey, North

Wales (UK National Grid Reference: SH 25559 79014;

Fig. 2). In the Anglesey area, peak tidal range is around 5

m, and monthly mean sea temperatures vary from 7 �C
(February) to 16 �C. Two sites on rocky shores were

selected based on ease of access and relative topological

homogeneity. Site 1 was 32 9 44 m, and Site 2 was

24 9 26 m. Both sites were 60 m inland and were fully

submerged at high tide. Random 20 9 20 cm quadrats

were used to obtain samples of barnacle spatial patterns

within each site. A top-down photograph of each was taken

at a perpendicular angle using a Canon EOS 1100D. For

this study images were chosen for which the surface was

flat and homogenous, and no barnacle species other than S.

balanoides were present. This yielded a total of six quad-

rats in Site 1 and three from Site 2.

Data preparation and analysis

Locations of individual barnacles were obtained using the

PointPicker tool (Thévanez 2008) within the image pro-

cessing software ImageJ (Rasband 1997). Dead barnacles

were identified by lack of opercular plates. Diameters were

measured across the widest point of each barnacle, other

than for quadrat 1b, where high density of barnacles pre-

vented accurate measurements. Spatial point patterns were

then analysed using the spatstat package (Baddeley

and Turner 2005) in R 3.2.0 (R Development Core Team

2015). Analysis employed the pair correlation function g(r)

(Illian et al. 2008; Law et al. 2009), a robust descriptor

obtained from the first derivative of Ripley’s K function

(Ripley 1977), which gives the expected number of points

within a distance r summed across all points in the pattern

and divided by its average density k. This is estimated

within a given window as:

K̂ðrÞ ¼
Rn
i¼1R

n
j¼1IijðrÞ
nk

where r is the distance from each point i, IijðrÞ is 1 for each

j within r of i and otherwise 0, and n is the total number of

points. This provides a cumulative function which can be

converted to the pair correlation function gðrÞ ¼ K 0ðrÞ
2pr . In

ecological terms it describes the neighbourhood density at

increasing distance r. If densities are independent at a

given distance, gðrÞ � 1. When gðrÞ[ 1, pairs of indi-

viduals are more abundant than the spatial average, while

gðrÞ\1 indicates that they are less abundant. Following

Baddeley and Turner (2005), g(r) was estimated up to a

quarter of the minimum plot dimension, i.e., 5 cm.

Detecting departure of patterns from complete spatial

randomness (CSR) requires the construction of envelopes

based on null model simulations. In this study envelopes

illustrate the fifth-ranked highest and lowest of 999 Monte

Carlo simulations of a homogeneous Poisson distribution

of the same intensity as the empirical pattern. This is
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equivalent to a two-tailed test with a � 0:01. Though not a

formal test of significance, the approach is strongly sup-

ported by most authors (Illian et al. 2008; Law et al. 2009).

The cross-pair correlation function gijðrÞ is a natural

extension of g(r) above in which i and j refer to different

types of points; in this case to dead and live barnacles

respectively. This therefore allows for testing of whether

the pattern of live barnacles around dead barnacles dif-

fers from that expected by chance. Careful choice of null

models is essential to ensure adequate tests of spatial

patterning hypotheses (Wiegand and Moloney 2004). In

this study the positions of dead barnacles were kept fixed

while the positions of live barnacles were shifted using a

random toroidal transformation. This allowed us to test

whether live and dead barnacles are independently dis-

tributed whilst maintaining their inherent spatial pat-

terns. In all cases envelopes were calculated as above

based on 999 iterations of the null model. Four sites

were excluded from analysis of post-settlement mortality

patterns due to inadequate sample sizes (\20) of dead

individuals.

In order to assess the degree of competition experienced

by barnacles within each quadrat we used the method of

Deevey (1947) to calculate the average number of contact

points individual barnacles have with neighbours. This is

calculated as C ¼ 2pr2ðn
A
Þ2 where C is the crowding

coefficient, r is the average radius of individuals, n is the

number of individuals and A is the total area of study. We

then compare this to Deevey’s own results.

Results

Numbers of barnacles within 20 9 20 cm quadrats varied

by an order of magnitude from 331 to 3466, with an

average density of 3.07 ± 0.66 barnacles cm-2

(mean ± SE). Mean barnacle basal diameters ranged from

0.29 to 0.42 cm and apart from one quadrat showed very

low local variance, suggesting that recruitment was near-

simultaneous. Detailed summaries of barnacle size, density

and spatial pattern characteristics are provided in Table 1.

Pair correlation functions invariably found evidence of

clustering at scales starting from 0.1 cm and up to 5.0 cm

[see Fig. 3 for an example; for all other plots see Fig. S1 in

Electronic Supplementary Material (ESM)]. The peak of

the g(r) function indicates the distance from any given

barnacle at which the presence of another barnacle is most

likely. This was never more than 0.45 cm, with a mean of

0.36 ± 0.02 cm. This is consistent with the hypothesis that

barnacles prefer to remain within 2.5 cm of one another for

reproductive access, whilst also indicating a much smaller-

scale aggregative force. Mean barnacle diameter was

0.35 ± 0.02 cm. This implies that barnacles tend to

establish at twice the mean adult radius, either from

existing barnacles or from other settlers. The crowding

coefficient C indicates that there is great variation in the

degree of direct contact between barnacles (0.13–3.42

among quadrats).

Close proximity is likely to lead to competition for

space and resources, and thereby to subsequent mortality.

Fig. 2 Map of study location in

Trearddur Bay, Holy Island, off

Anglesey, North Wales (left

panel). Location of Anglesey

within the British Isles (top

right) and Holy Island off

Anglesey (bottom right).

Figure prepared by J. M. Moore
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Cross-pair correlation plots revealed that living individuals

are more clustered around dead individuals than expected by

chance at points between 0.1 and 1.5 cm (see Fig. 4 for an

example; for all other plots see Fig. S2 in ESM). A qualita-

tively identical pattern was observed in all five quadrats for

which sufficient data were available; notably the remaining

plots had low crowding coefficients (C\1), indicative of

limited physical contact between barnacles. The mean dis-

tance to the peak probability of finding a live barnacle from

any given dead individual was 0.34 ± 0.04 cm. This shows a

remarkable correspondence with the pattern in the population

as a whole, and demonstrates that dead barnacles had an even

greater number of competitors at this distance than would be

expected given the existing pattern structure.

Table 1 Summary details of

barnacle survey sites and

quadrats, and their spatial

organisation

Site Quadrat N Live Dead Mean d (cm) Cluster extent (cm) Crowding C

1 a 1509 1467 42 0.33 0.17–3.62 2.13

1 b 3466 3372 97 — 0.17–5.00 —

1 c 331 — — 0.34 0.07–3.72 0.13

1 d 1506 1478 28 0.31 0.18–2.67 1.83

1 e 870 — — 0.35 0.21–4.77 0.83

1 f 807 — — 0.29 0.14–5.00 0.54

2 a 616 — — 0.42 0.23–5.00 0.65

2 b 1009 964 45 0.42 0.21–1.96 1.45

2 c 1986 1916 70 0.34 0.23–5.00 3.42

Total (N) and numbers of live and dead barnacles, mean diameter (d), extent of clustering defined as the

range of distances over which the empirical g(r) function exceeded random expectations (a = 0.01) to a

maximum of 5.00 cm, and crowding coefficients C following Deevey (1947). Analyses of live and dead

spatial patterns used only those for which[20 dead individuals were present; numbers are therefore not

shown for patterns with\20 dead individuals (1c, 1e, 1f, 2a). Standard errors for mean diameter were all

below 0.01 cm with the exception of site 1c (0.07 cm) and are not shown for clarity. Diameters could not be

reliably measured in site 1b due to the high density of individuals, and hence C could not be calculated

(a) (b)

Fig. 3 a Pattern of barnacles in a single 20 9 20 cm quadrat (Site 1,

Quadrat a). b Spatial point pattern analysis of barnacles in (a).

Empirical pair correlation function (g(r), solid line) assessed against

the fifth highest and lowest of 999 simulations of a null model of

complete spatial randomness (a ¼ 0:01; simulation envelope in gray

with model mean marked as dashed line). See Fig. S1 in ESM for all

plot maps and analyses
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Discussion

Our analysis of spatial patterning in S. balanoides extends

previous work suggesting that individuals cluster at scales

below 2.5 cm in order to maintain reproductive access

(Kent et al. 2003) by demonstrating a preferred distance of

only 0.36 cm. This is much closer than required given the

constraints of penis length and implies an additional set of

small-scale attractive forces generating aggregations in this

species (e.g., Fig. 1). Nevertheless, we also show that there

is a cost to aggregation—dead barnacles have a higher than

expected number of conspecifics at this distance given the

existing pattern structure.

The most frequent distance between barnacles of 0.36

cm corresponds to the mean barnacle diameter of 0.35 cm.

This suggests that barnacles tend to establish two average

adult radii apart. The sharp fall in numbers of neighbours

below this distance suggests that this marks the boundary

of the zone of repulsion, and likely the end result of

competition-mediated mortality. Most other studies have

also detected short-range repulsion among barnacles (e.g.,

Connell 1961; Crisp 1961; Munroe and Noda 2009), but

not the subsequent spike in relative density. The intriguing

implication is that the benefits of proximity are greatest just

at the point where two barnacles come into direct contact,

and that larvae self-organise to create this pattern. Possible

benefits include structural facilitation as clustered indi-

viduals invest 2–5 times less in shell thickness than solitary

ones (Bertness et al. 1998). Clustered individuals spend

less time hiding from predators and thus more time feed-

ing, and have reduced individual risk of predation (Mauck

and Harkless 2001). Clustering also increases thermal

buffering, meaning individuals are less likely to die from

desiccation (Bertness 1989). These benefits likely outweigh

the costs of clustering when barnacles are separated by at

least 0.35 cm.

Newly-settled cyprid larvae have a fast shell growth rate

compared with established adults (Barnes and Powell

1953) such that, once metamorphosed, their shells expand

quickly to fill the available space. It is unlikely that larvae

choose to settle at fixed distances apart because barnacles

with more space continue to expand in size (Crisp 1960;

Leslie 2003). It is more plausible to suppose that density-

dependent thinning occurs, and adult size is constrained by

the presence of surrounding individuals. This heightens the

interest in discovering why larvae choose to settle so close

to conspecifics, given that by doing so they limit their own

potential size, which in turn will decrease average fecun-

dity (Leslie 2003). Clustering in S. balanoides also gen-

erates costs through intraspecific competition for space

(Connell 1961; Wu 1980) leading to a higher mortality rate

observed in high versus low density populations

(42.0 to 8.5 %) caused by crushing and basal-membrane

displacement (Hills and Thomason 2003).

Previous research has focussed on the tendency of S.

balanoides to site themselves within 2.5 cm of one another,

as this is their maximum penis length (Kent et al. 2003)

and the species is obligately cross-fertilising (Barnes and

Crisp 1956). While the scale of clustering exceeds 2.5 cm

in a number of sites (Table 1), this simply indicates that

total aggregations exceed this scale, and in a cluster of

5 cm across, the barnacles in the centre should in principle

be able to reach (and be reached by) all other barnacles. By

contrast, in the facultatively self-fertilising barnacle

Chthamalus montagui, which has a similar penis length,

larvae are significantly less likely to settle within 2.5 cm of

another individual (Kent et al. 2003). This suggests that the

zone of attraction for barnacles is dependent on reproduc-

tive strategy, with obligate cross-fertilisers such as S. bal-

anoides subject to stronger selection for denser clusters due

to reproductive constraints. Note that though sperm-casting

has been described in some barnacle species (Barazandeh

et al. 2013), S. balanoides invests heavily in a long penis

(Hock 2008), and evidence from other acorn barnacles

suggests that physical mating is necessary for fertilisation

to occur (Kelly et al. 2012; Barazandeh et al. 2013). Even

if some sperm-casting occurs, this would only increase our

confidence that factors other than reproduction are driving

the closely-packed aggregations in this species.

Fig. 4 Cross-pair correlation function for living relative to dead

barnacles in a single 20 9 20 cm quadrat (Site 1, Quadrat a)

Empirical pair correlation function (gijðrÞ, solid) assessed against the

fifth highest and lowest of 999 simulations of a null model of random

toroidal transformation of live barnacles relative to dead (a ¼ 0:01;
simulation envelope in gray with model mean marked as dashed line).

See Fig. S2 in ESM for all plot maps and analyses
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When densities become very high, larvae switch from

seeking conspecifics to seeking free space (Kent et al.

2003). We predict that this switching point will occur when

settling larvae must actively seek space which is not within

another individual’s zone of repulsion. Leslie (2003) con-

sidered a density of 0.81–3.40 barnacles cm-2 to be

intermediate, with mortality rates increasing below and

fecundity falling above this range. All but two of the

quadrats in our study had densities within this range, and

even the highest (7.51 barnacles cm-2) was roughly half

the density defined as ‘high’ by Leslie (2003). Since

intermediate density results in the highest average fitness,

we presume that the patterning we observed maximises

individual fitness payoff. If this is the case, we would

expect larvae to start seeking free space when population

density is so high that they can no longer settle 0.36 cm

apart.

Strong evidence of the costs of close aggregation comes

from analyses of post-settlement mortality among estab-

lished adults. The cross-pair correlation function showed

that living individuals clustered around dead individuals

from 0.1–1.0 cm, with mean distance to peak density at

0.34 ± 0.04 cm. This crowding exceeds expectations

based on null models which incorporate the existing pattern

of live individuals and confirms a powerful role for

intraspecific mortality in post-settlement mortality, as has

been noted in population-scale studies (Jenkins et al.

2008), and hence in the subsequent development of spatial

patterns within barnacle populations.

Deevey (1947) calculated a coefficient of crowding

C using S. balanoides population data collected by Hatton

(1938) to assess the relationship between population den-

sity and mortality risk. Mortality rate markedly decreased

in populations where individuals had on average B1 con-

tact point with neighbours. In the current study, crowding

coefficients of study sites with post-settlement mortality

data ranged from 1.45–3.42 contacts, and no sites had a

C below 1, consistent with intraspecific competition as the

most likely cause of their mortality (Table 1). Note that all

sites for which insufficient numbers of dead individuals

were available for analysis had C values below 1, consis-

tent with Deevey (1947) and providing further implicit

confirmation of the importance of competition in mortality.

It is unknown how long shells of dead individuals remain

on substrata, and it is possible that shells surrounded by

other individuals are better protected from damage caused

by waves or other abiotic factors (Hui and Moyse 1987;

Bertness 1989). If isolated shells are more likely to die as a

result of abiotic stress and predation (Connell 1961; Bert-

ness 1989; Kent et al. 2003), it is possible that these

mortality events are under-represented in our study, and

long-term monitoring of mapped individuals will be

required to assess this.

Our study could not detect establishment mortality;

this is a crucial process as newly metamorphosed

larvae have a 38.0 % chance of dying in the first day

(Gosselin and Qian 1996). After this mortality risk

reduces greatly; the next 43 days carry a cumulative

mortality risk of just 2.1 %. Data collection for our

study was carried out in early winter, around four to

five months after larval settlement occurred. Our study

therefore analysed established adult post-settlement

mortality patterns, an addition to existing research

given that most studies focus on the patterning and

mortality of settling larvae and newly settled adults

(e.g., Leslie 2003; Munroe and Noda 2009). Settlement

patterns may not give an accurate indication of the

implications for final pattern formation since only

0.3 % of settlers successfully recruit as adults (Pineda

et al. 2006).

We deliberately selected sites with flat, homogeneous

topography to minimise confounding effects. It is never-

theless likely that microtopography or undetected envi-

ronmental heterogeneity also influenced the settlement and

survival of barnacles, potentially interacting with envi-

ronmental gradients (e.g., Johnson et al. 1998; Munroe

et al. 2010). There is however no reason to believe that this

will have introduced any systematic bias into our findings.

Interspecific competition has also been found to affect S.

balanoides spatial patterns (Hui and Moyse 1987). Further

work might build in these additional factors to better

understand the emergent properties of barnacle

aggregations.

Conclusions

Through detailed spatial point pattern analyses we have

extended previous work by revealing that barnacles are

strongly clustered with peak densities at 0.36 cm apart,

almost exactly the distance at which two barnacles touch,

and much closer than is required solely for reproductive

access. This implies that the benefits of close proximity

outweigh the costs of interspecific competition right up to

the point at which physical contact occurs. The costs are

clear from evidence that dead barnacles have a higher than

expected density of live neighbours. The existence of a

short-scale zone of repulsion and larger zone of attraction

are consistent with the model of self-organisation in

aggregations presented by (Couzin and Krause 2003) and

widely observed in motile vertebrate species (Fig. 1).

These findings demonstrate the value of barnacles as model

organisms for the investigation of self-organisation among

sessile organisms.
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