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Abstract The spatial scale of life-history and demo-

graphic variation was investigated in the opportunistic

polychaete Ophryotrocha labronica La Greca and Bacci.

Individuals were collected along the Italian coasts from

three thermally different biogeographical regions of the

Mediterranean Sea. For each region, populations from four

harbours were considered, and for each harbour, two sites

were examined. Life-history and demographic traits were

investigated after one generation under a common garden

experiment, and their variation at the three spatial scales

was assessed. All the traits showed high variability with

regard to site. A number of life-history and all demo-

graphic traits also varied according to the biogeographical

region. Conversely, no differences were found between

harbours, suggesting that geographical isolation did not

contribute to phenotypic variation. Results confirmed the

central role of local conditions for the evolution of life

history in species colonizing heterogeneous environments,

but they also pointed to the importance of large-scale

factors in shaping the phenotypic responses of O. labron-

ica, demonstrating the need for a multi-scale approach for

obtaining a good measure of natural variation in wide-

spread opportunistic species.

Introduction

It is widely recognized that natural systems are hierarchi-

cally structured and range across a nested set of spatial and/

or temporal scales or levels of organization (Wiens 1989;

Levin 1992; Wagenet 1998; Huston 1999; Wu 1999;

Whittaker et al. 2001; Philips 2002). For a given species, in

fact, a number of evolutionary responses will be affected

by a narrow range of environmental factors, whilst others

will be diffusely linked to a broader range of influences,

making the scale of investigation essential for detecting the

range of patterns and processes important for the organism

under observation (O’Neill et al. 1986; O’Neill 1988;

Wiens 1989; Levin 1992; Gardner et al. 2001; Fraschetti

et al. 2005).

Typically, on finer scales, several ecological factors can

affect the life history, local abundance and population

dynamics of species, but stochastic phenomena and envi-

ronmental heterogeneity may make the system of interest

unpredictable. By changing the scale of description to

broader or longer time scales, the effects of local hetero-

geneity are averaged out, behaviour becomes more regular,

and generalization is more likely to emerge, revealing the

dynamics of the system (Wiens 1989; Levin 1992; Gardner

et al. 2001; Fraschetti et al. 2005; Barbeau et al. 2009). The

complexity of natural systems, however, can present some

limits to model strategies on larger scales, like in ecosys-

tems characterized by high spatial and temporal heteroge-

neity, where regional or global effects may be mediated by
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local conditions (O’Neill 1988; Huston 1999; Camill 2000;

Philips 2002; Pearson and Dawson 2003).

Harbours and marinas are typically stochastic environ-

ments subject to continuous changes in chemical–physical

parameters (Arenas et al. 2006; Çinar et al. 2008; Paavola

et al. 2008) and the fouling communities thriving on hard

substrates are strongly affected by changes occurring on

small temporal and spatial scales, varying significantly

along very close distances and times (Prevedelli et al.

2005; Arenas et al. 2006; Çinar et al. 2008; Paavola et al.

2008; Simonini et al. 2010).

In the last few decades, fouling communities of ports

have captured scientists’ interest due to their importance as

stepping stones for non-native species dispersion due to

shipping traffic (Carlton and Geller 1993; Wonham and

Carlton 2005; Arenas et al. 2006; Çinar et al. 2005, 2008),

and it has been pointed out that climate changes may affect

the likelihood of alien species being introduced and natu-

ralized into a new location (for review, see Walther et al.

2009). Since the opportunistic species colonizing harbour

habitats have all the required attributes to become invasive

if shipped to new places, knowing the scale on which

populations or species traits show the most variation may

be useful for improving our understanding of the factors

able to influence the settlement of invasive species in new

environments due to human-mediated movements and

making predictions on the dimensional impact of global

thermal changes on these processes.

In this study, we examined the scale of phenotypic

variation in populations of the benthic opportunistic poly-

chaete Ophryotrocha labronica La Greca and Bacci (1962)

(Polychaeta, Dorvilleidae) (Paxton and Åkesson 2007), a

small (max length = 4 mm) interstitial worm widely dis-

tributed along the Mediterranean coasts. Ophryotrocha

labronica is commonly found in the interstices created by

the fouling community that colonizes the artificial hard

substrates of eutrophic environments, mainly harbours

(Simonini 2002; Paxton and Åkesson 2007; Çinar et al.

2008; Simonini et al. 2009, 2010). The common occurrence

of this species in climatically different biogeographical

regions of the Mediterranean basin (Simonini et al. 2009),

as well as in heterogeneous and unstable habitats such as

harbours (Simonini et al. 2010), makes O. labronica an

ideal candidate for understanding the extent to which local

and regional factors are responsible for differences

between populations of opportunistic species adapted to

highly heterogeneous environments. Knowledge of the

scale(s) of phenotypic variation for O. labronica could

improve our understanding of the likely extent of sensi-

tivity of opportunistic species to environmental changes, as

well as it may help to choose the correct scale of investi-

gation to appropriately evaluate the ecological processes

important for these species.

Materials and methods

Experimental design

Samplings were carried out along the Italian coasts in

accordance with a hierarchical experimental design. Ani-

mals were collected in harbours belonging to three bio-

geographical regions characterized by distinct thermal

regimes: the North Adriatic Sea (NAS, hereafter), the

Ligurian Sea (LS, hereafter) and the south/south-east

Sicilian Sea (SS, hereafter). The NAS displays a sub-con-

tinental temperate climate, is the coldest region and shows

a marked annual thermal excursion because of particularly

low winter temperatures; the LS shows a warm temperate

climate and holds intermediate thermal conditions between

the other two regions; the SS displays a sub-tropical tem-

perate climate and is characterized by milder winters and

hot summers (Brasseur et al. 1996; Bianchi and Morri

1993; Bianchi 2007; Peel et al. 2007).

For each of these three biogeographical regions, four

harbours distant at least 50 km away from each other were

considered, and within each harbour, two sites were sam-

pled: Grado (Sites: Gr1 and Gr3), Chioggia (Sites: Ch1 and

Ch2), Ravenna (Sites: Rav1 and Rav2), Rimini (Sites: Ri1

and Ri2) for the NAS; Genova (Sites: Ge1 and Ge2:), La

Spezia (Sites: LSp1 and LSp 4), Viareggio (Sites: Vg1 and

Vg2) and Livorno (Sites: Liv1 and Liv2) for the LS;

Catania (Sites: Ct3 and Ct4), Siracusa (Sites: Sr1 and Sr3),

Portopalo di Capo Passero (Sites: Pp1 and Pp2) and Gela

(Sites: Gel1 and Gel2) for the SS (Fig. 1).

The climate normals (CLINO) of the average annual,

maximum and minimum atmospheric temperatures of the

period 1961–1990, collected from the meteorological sta-

tions along the coastline of each region (available on the

Meteorological Service of the ‘Aereonautica Militare Ita-

liana’ website, http://www.meteoam.it/modules.php?name

=BollettinoDecadale), support the thermal differences

between the areas and the localities considered (Table 1a,

b). Considering the intertidal habit of Ophryotrocha lab-

ronica, the usually reduced water exchange occurring in its

habitats and the temperature values measured at each field

survey, these atmospheric temperatures are a good

approximation of the superficial water thermal conditions

in close proximity to the fouling communities colonized by

O. labronica.

The fouling communities in which O. labronica lives

can vary not only among harbours but also within the

same port, because of the environmental heterogeneity

and specificity of local situations (Cognetti 1992; Karalis

et al. 2003; Simonini et al. 2010). Specimens were found

in fouling encrustations dominated by Mytilus gallopro-

vincialis, bryozoans or ascidians, or in mixed substrates

(Simonini et al. 2010). A more detailed description of
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the dominant fouling categories found at the site inves-

tigated for each harbour can be found in Simonini et al.

(2010).

The phenotypic variation occurring at each hierarchical

level was quantified at the spatial scale of kilometres

(sampling sites), hundreds of kilometres (harbours) and

thousands of kilometres (biogeographical regions),

enabling the effects of large-scale environmental variation

(differences between regions) to be distinguished from the

effects of geographical isolation (differences between

harbours) and local conditions (differences between sites)

(Underwood 1997; Barbeau et al. 2009).

Sampling, animal culturing and experiment preparation

Individuals at each site were collected by scraping the

fouling communities just below the minimum tidal level

(0–60 cm depth). The material collected was placed into

small aquaria and transferred to the laboratory, where it

was kept at room temperature. After few days, anoxic

conditions that occurred at the bottom of the tanks forced

the animals to climb up the walls, through which the

organisms were separated and identified to species level.

More details on the collection methods are described in

Prevedelli et al. (2005).

At least 30 individuals were collected for each site,

transferred into glass containers and placed in a controlled

temperature room at constant conditions of temperature

(24�C), salinity (30–32 psu) and photoperiod regime

(12 h:12 h, light/dark) and fed with minced spinach

ad libitum (Prevedelli and Simonini 2001). After a few

days of acclimation, individuals were divided into repro-

ductive couples, in order to obtain a high number of indi-

viduals of the same generation (F1) and developmental

stage, which were born and developed under the same

laboratory conditions. The offspring of each couple was

separated from their parents soon after hatching. As soon as

the F1 individuals of the different laboratory strains

reached sexual maturity, a number of couples were formed

by crossing males and females belonging to different

broods in order to avoid in-breeding and placed separately

in a Boveri vessel under the same culturing conditions as
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Fig. 1 Map of sampling harbours and biogeographical regions.

NAS = North Adriatic Sea; LS = Ligurian Sea; SS = south/south-

east Sicilian Sea. Gr = Grado (45�400N. 13�230E); Ch = Chioggia

(45�130N. 12�160E); Rav = Ravenna (44�280N. 12�150E); Ri =

Rimini (44�030N. 12�330E); Ge = Genova (44�240N. 8�540E);

LSp = La Spezia (44�040N. 9�490E); Vg = Viareggio (43�510N.

10�140E); Li = Livorno (43�330N. 10�180E); Ct = Catania (37�290N.

15�05E); Sr = Siracusa (37�030N. 15�170E); Pp = Portopalo di Capo

Passero (36�400N. 15�070E); Gel = Gela (37�040N. 14�130E)

Table 1 Mean annual temperature (Ta), mean minimum and maxi-

mum annual temperatures (Tmin and Tmax, respectively), and annual

thermal excursion (DT = Tmax - Tmin) of the biogeographical

regions (a) and localities (b) considered in the study

a)

Region Ta Tmin Tmax DT

NAS 17.4 6.4 27.7 21.4

LS 19.1 11.7 27.6 15.9

SS 21.9 15.3 30.0 14.7

b)

Locality Ta Tmin Tmax DT

Gr 17.8 7.4 28.0 20.6

Ch 16.9 5.8 27.5 21.7

Rav 17.0 5.4 27.5 22.1

Ri 17.7 6.9 27.9 21.0

Ge 18.7 10.9 27.2 16.3

LSp 19.2 11.1 28.5 17.4

Vg 19.3 12.0 27.8 15.8

Liv 19.3 12.8 27.0 14.2

Ct 23.1 15.8 32.0 16.2

Sr 22.5 15.5 31.0 15.5

Pp 21.8 15.2 30.0 14.8

Gel 20.3 14.6 26.8 12.2

All measurements are expressed in �C and derived from the climate

normals (CLINO) of the average annual, maximum and minimum

atmospheric temperatures of the period 1961–1990, collected from

the meteorological stations along the coastline of each biogeograph-

ical sector. NAS = North Adriatic Sea; LS = Ligurian Sea;

SS = south/south-east Sicilian Sea. For abbreviations of the locali-

ties, see Fig. 1
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the parental generation. For each strain, the couples were

then randomly divided into two experimental groups.

The first group, composed of 40 couples, was examined

periodically to assess female individuals’ survival, growth

and fecundity. Body size and fecundity were measured by

counting the number of setigers and the number of eggs

spawned by females at each reproductive event, respec-

tively (Åkesson 1976; Levinton 1983; Prevedelli et al.

2006). Observations were performed focusing only on

female individuals; in O. labronica, female contribution to

life-history depiction and demographic trends is more rel-

evant than that of male individuals (Stearns 1992). In the

case of death of the male partner during the experiment, it

was replaced with another male of the same strain to allow

for comparability of treatment, specifically allowed

females to express their reproductive capacities. For this

purpose, for each strain, a number of F1 substitute indi-

viduals were kept in a separate container, under the same

laboratory conditions of the experimental couples.

The second experimental group, composed of 12 cou-

ples, was used to estimate the following traits: develop-

mental time (days elapsing between the spawning and

hatching of the eggs), percentage of hatching, sex ratio

(percentage of male individuals in the brood) and the size

of 30 eggs (measuring the mean value of the longer and

shorter axes of the egg under an optical microscope).

Preliminary cross experiments showed that, although

geographically separated, all the strains were completely

interfertile: 90% of the couples used in the preliminary

crosses reproduced successfully at the first reproductive

event, whilst the 5 and 2% abandoned the first egg mass

and reproduced, respectively, at the second and third

reproductive event; the remaining 3% of the couples died

before reproduction. In the 89% of the crosses, individuals

of the F1 generation reproduced successfully producing a

fecund F2 generation; the remaining 11% did not repro-

duce due to the hatching of only male or female individ-

uals. The percentage of hatching was high for both F1 and

F2 generations (90.2 ± 6.3 and 88.4 ± 3.8, respectively)

and comparable to that measured for the experimental

strains.

Data analysis

Life-history traits

Information on individual life-history traits was obtained

from the experimental phase. Life span and age at maturity

were defined as the number of days elapsing between egg

spawning and the death of the female and the first repro-

ductive event, respectively. Body size was expressed as the

maximum number of setigers counted during a female’s

lifespan, and growth rates were measured as the number of

setigers added daily by the individual (setigers d-1). Body

size at first reproduction was considered as the daily

increase in setigers (setigers d-1) until the spawning of the

first egg mass. The reproductive performance was esti-

mated by measuring the egg output of female individuals

for each setiger, in order to remove any effect due to dif-

ferences in body size (Berglund 1991; Prevedelli et al.

2006; Thornhill et al. 2009). In particular, the following

traits were considered: total fecundity (total number of

eggs setiger-1), reproductive rates (number of eggs seti-

gers-1 d-1), total number of spawning events, fecundity

per reproductive event (number of eggs setigers-1 per egg

mass) and fecundity at first reproduction (number of eggs

setiger-1).

The intra-specific differences in life-history traits were

assessed by means of nested ANOVA for three factors:

biogeographical region (R; nesting; fixed, 3 levels: NAS,

LS, SS); harbour (H(R); nested in region; random, 4 levels

per region) and site (S(H(R)); nested in region and harbour;

random, 2 levels per harbour). Significance was set at

P \ 0.05. When significant differences between experi-

mental groups were detected at region level, a pair-wise

comparison was run using Gosset’s original t statistic

(Anderson et al. 2008). Prior to all analyses, the data were

assessed for normality and homogeneity of variance using,

respectively, the Kolmogorov–Smirnov and Cochran tests,

previous logarithmic, square root or arcsine transformation

of data, when necessary.

Preliminary results revealed that no variation was

associated with geographical isolation (differences between

harbours) (H(R): maximum F(9,901) = 1.91, P [ 0.05).

Thus, final analyses were performed after pooling harbour

on site (S(R)) when 0.05 [ P [ 0.25 or without including

harbour as a factor when P C 0.25 (Underwood 1997).

Life-history analyses were carried out using the software

packages SPSS 17.0 and PERMANOVA?.

Multivariate analyses of life-history traits

To explore multivariate patterns of life-history variability,

a principal component analysis (PCA) was applied to the

normalized means of the following traits: lifespan, age at

maturity, maximum body size, total fecundity, fecundity

per reproductive event, reproductive rates, size and

fecundity at first reproduction. Traits were averaged by

site.

A two-way nested ANOSIM (ANalysis Of SIMilarities)

was performed on the normalized matrix of the Euclidean

distances of the life-history traits previously analysed by

PCA, to test for differences between strains at the level of

site and biogeographical region, using site as replicates

nested in region. Multivariate analyses were performed

with PRIMER 6 (Clarke and Gorley 2006).
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Demographic traits

Life table response experiment (Caswell 2000) was per-

formed to obtain information on demographic parameters,

using Microsoft Excel and Resampling Stats for Excel. The

age-specific survivorship and fecundity schedules of each

strain were used to build up a complete age-classified

population model and the relative projection matrix (Leslie

matrix), using a projection interval of 1 week (Prevedelli

and Simonini 2001). Since O. labronica exhibits a semi-

continuous reproductive mode (Prevedelli and Simonini

2001), the survival probabilities (Pi) appearing on the sub-

diagonal were calculated as:

Pi ¼
lðiþ1Þ þ lðiÞ
lðiÞ þ lði�1Þ

and the age-specific fecundity (Fi) in the first row as:

Fi ¼ ðlð0Þlð1ÞÞ1=2ðmi þ Pimiþ1Þ
2

where l(i) is survivorship from zygote to age i and mi is the

average number of ‘female’ offspring per ‘female’ in age

class i (Caswell 2000).

The population growth rate (k) and net reproductive rate

(R0) were used as indices to express population fitness

(Stearns 1992; Caswell 2000; Huey and Berrigan 2001;

Prevedelli and Simonini 2001). k was calculated as the

dominant eigenvalue of each matrix. The stable age dis-

tribution is given by the corresponding right eigenvector

(w) and the reproductive value distribution by the corre-

sponding left eigenvector (v).

The net reproductive rate (R0), the average number of

female offspring produced by a female, was calculated

as:

R0 ¼
X

i

Fi

Yi�1

j¼1

Pj

The 95% confidence intervals of k were estimated using

the percentile method, based on 2000 bootstrap-generated

estimates (Levin et al. 1996; Caswell 2000). Permutation

tests were used to highlight the presence of significant

differences in k and R0 among the strains of the three

biogeographical regions, considering the life tables of each

strain as replicates (Levin et al. 1996; Caswell 2000;

Prevedelli et al. 2006).

The effect of region (considered as ‘treatment’) on k
was decomposed into contributions from each of the age-

specific survivorship and fecundity terms, using the

technique outlined by Caswell (2000). If, for example,

kNAS and kLS denote the values of the population growth

rate for the NAS and LS regions, then their difference

(Dk) is:

Dk ¼ kðNASÞ � kðLSÞ ¼
X

i

X

j

Daij
ok
oaij

Each term in the summation is the contribution of the

difference in the matrix entry aij of the strains from the

NAS with respect to those from the LS on Dk. In this way,

it was possible to identify the trait, between fecundity and

survivorship, most responsible for the difference between

the k values of the three biogeographical regions.

Results

Life-history variation

All the life-history traits measured in the 24 strains of

Ophryotrocha labronica varied at site level, whilst few of

them showed to be affected by the biogeographical area of

origin, as shown in Table 2. The mean values and relative

SDs for all life-history traits are summarized in Appendices

1a, b (Online Resource 1).

Egg size, developmental time and percentage of hatch-

ing varied only at site level (ANOVA, maximum

F(21,744) = 12.45, P = 0.0001), whilst no significant dif-

ferences between biogeographical regions were detected

(ANOVA, maximum F(2,744) = 1.40, P = 0.27) (Table 2a,

b, c). Mean egg size ranged between 108.4 ± 3.1 lm

(Rav2, NAS) and 127.7 ± 15.4 lm (Ge2, LS) (Table 2a).

Embryos required on average 4–6 days to develop and

hatch, and embryonic survival was high for all the strains

considered, ranging between a percentage of 78.3 ± 18.7

(Gr3, NAS) and 97.5 ± 4.0 (Gr1, NAS) (Appendix 1a).

In general, the sex ratio of the offspring was female

biased, as usually expected in this species (Prevedelli et al.

2006). For this trait, significant differences were observed

between both strains (ANOVA, F(21,353) = 3.97, P =

0.0001) and biogeographical regions (ANOVA, F(2,353) =

4.58, P = 0.02) (Table 2d). With regard to inter-region

variation, the lowest sex ratio was found in the NAS strains

(33 ± 7.4%), whilst the highest was observed in the SS

strains (42.7 ± 5.7%) (Pair-wise t test, t = 2.94,

P = 0.01). LS strains displayed a sex ratio which was

intermediate (35.9 ± 8.3%) and comparable to that of the

other two regions (pair-wise t test, maximum t = 2.02,

P = 0.06).

A high degree of variability among strains was also

found for lifespan and age at maturity, which differed

significantly only at site level (ANOVA, maximum

F(21,901) = 24.74, P = 0.0001) (Table 2e, f). The strain

from Ch2 (NAS) exhibited the highest longevity

(219 ± 59 days), whilst the lowest lifespan was measured

in the Ge2 strain (LS; 99.6 ± 33.6) (Appendix 1a). With

regard to age at maturity, the first reproductive event

Mar Biol (2011) 158:1523–1535 1527
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Table 2 Results of nested ANOVA and pair-wise comparison tests (run only when significant differences at region level were detected) for the

life-history traits of the 24 strains of O. labronica

Traits Source df SS MS F P-value Pair-wise

a) EGGS R 2 1,890.40 945.22 1.40 0.27

S(R) 21 14,475 689.27 12.45 0.0001

Res 744 41,197 55.37

b) DEVT R 2 1.41 0.70 0.18 0.84

S(R) 20 83.41 4.17 6.60 0.0001

Res 297 187.63 0.63

c) %HATCH R 2 205.61 102.81 0.39 0.69

S(R) 21 5,668 269.90 2.30 0.002

Res 308 36,066 117.10

d) SEXR R 2 6,718.20 3,359.10 4.58 0.02 NAS LS SS

S(R) 21 16,043 763.96 3.97 0.0001

Res 353 67,862 192.24

e) LSP R 2 42,395 21,198 0.51 0.60

S(R) 21 8.74E?05 41,627 15.98 0.0001

Res 901 2.35E?06 2,604.50

f) AGMAT R 2 602.30 301.15 0.87 0.43

S(R) 21 7,250.40 345.26 24.74 0.0001

Res 901 12,575 13.96

g) GRATE R 2 1.32E-02 6.59E-03 5.98E-02 0.94

S(R) 21 2.32 0.11 9.79 0.0001

Res 901 10.15 1.13E-02

h) BS R 2 2,152.10 1,076 5.81 0.01 NAS SS LS

S(R) 21 3,894.50 185.45 25.58 0.0001

Res 901 6.53E?03 7.25

i) BS1R R 2 165.76 82.88 6.99 0.01 NAS SS LS

S(R) 21 249.13 11.86 7.33 0.0001

Res 901 1,458.10 1.62

j) SPW R 2 20.27 10.14 4.44E-02 0.96

S(R) 21 4,798.30 228.49 1.18E?01 0.0001

Res 901 17,477 19.40

k) TOTFEC R 2 99,892 4,9946 2.31 0.12

S(R) 21 4.54E?05 21,631 15.88 0.0001

Res 901 1.23E?06 1,362.30

l) RERATE R 2 3.99 1.99 9.16 0.001 NAS SS LS

S(R) 21 4.57 0.22 7.05 0.0001

Res 901 27.85 3.09E-02

m) FECREP R 2 918.21 459.11 12.55 0.0005 NAS SS LS

S(R) 21 768.97 36.62 8.78 0.0001

Res 901 3,757.40 4.17

n) FEC1R R 2 2,365.80 1,182.90 14.49 0.0001 NAS LS SS

S(R) 21 1,716.70 81.75 6.07 0.0001

Res 901 12,140 13.47

a) EGGS = egg size; b) DEVT = developmental time; c) %HATCH = percentage of hatching; d) SEXR = sex ratio; e) LSP = lifespan; f)

AGMAT = age at maturity; g) GRATE = growth rates; h) BS = female maximum body size; i) BS1R = body size at first reproduction; j)

SPW = number of spawning events; k) TOTFEC = total fecundity; l) RERATE = reproductive rates; m) FECREP = fecundity per repro-

ductive event; n) FEC1R = fecundity at first reproduction. For each trait, the source (R = biogeographical region; S(R) = site), degree of

freedom (df), sum of square (SS), mean squares (MS), F-ratio and P-value (significant P-value in bold) are shown
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occurred after a minimum of 21.9 ± 3.2 days (Ri2, NAS)

and a maximum of 35.6 ± 3.6 days (Ch2, NAS) (Appen-

dix 1a).

Traits related to somatic growth were shown to differ

significantly between sites (ANOVA, maximum

F(21,901) = 25.58, P = 0.0001) (Table 2g, h, i). However,

maximum body size and size at first reproduction also

differed between biogeographical regions (ANOVA, max-

imum F(2,901) = 6.99, P = 0.01) (Table 2h, i). Strains

from the LS displayed the highest mean body size

(24.5 ± 2.5 setigers), whilst those from the NAS reached

the lowest maximum lengths (20.6 ± 1.1 setigers)

(Appendix 1b). The same trend was found for size at first

reproduction, which was higher in LS females (16.7 ± 0.7

setigers) (Appendix 1b). In the SS strains, maximum body

size showed and intermediate value comparable to that

measured for the other two regions (pair-wise t test, max-

imum t = 1.98, P [ 0.05) (Table 2h), whilst size at first

reproduction was similar to that observed for the NAS

strains (pair-wise t test, t = 1.20, P = 0.25) (Table 2i).

Females spawned from a minimum of 6.9 ± 2.4 times

(Vg1, LS) to a maximum of 14.6 ± 4.7 times (LSp1, LS)

during their lifetime, and the total egg output was highly

variable, ranging from 53 ± 18 eggs setigers-1 (Gel2, SS)

to 155 ± 48 eggs setigers-1 (LSp1, LS) (Table 2k;

Appendix 1b). Despite this intersite variability, reproduc-

tive performance measured as reproductive rates, fecundity

at each spawning-event and fecundity at first reproduction,

exhibited differences between biogeographical regions

(ANOVA, maximum F(2,901) = 14.49, P = 0.0001), and

for all these traits, strains from the LS showed the highest

values (Table 2l, m, n). On the other hand, the lowest

reproductive rates and number of eggs per reproductive

event were measured for the NAS and SS strains, which

conversely showed comparable values (pair-wise t test,

maximum t = 0.86, P = 0.41) (Table 1l, m). The above

similarities between regions followed a different pattern

when fecundity at first reproduction was examined, as the

number of eggs spawned on average by females from the

NAS strains was similar to that measured for the LS strains

(pair-wise t test, t = 1.00, P = 0.33), and reached the

lowest values in the SS strains (Table 2n).

Multivariate life-history patterns

The gradients produced by PCA, based on the pooled data

set with seven life-history variables, are shown in Fig. 2.

The first two PCA axes from the pooled data set explained

70.8% of the total variation. The first axis was influenced

by maximum body size, reproductive rates, fecundity per

reproductive event and size and fecundity at first repro-

duction, whilst the second axis was associated with age

at maturity and lifespan (Table 3). The PCA analysis

identified a dominant gradient of life-history traits along

PC1 that contrasted the longer body length, higher fecun-

dity and reproductive rates of the LS strains, with the

smaller size, lower fecundity and daily rate of reproduc-

tion, observed in the NAS and SS strains, which mixed

together in the ordination plot and opposite respect to the

LS strains. Separation between these two groups along the

first axis was not completely distinct, due to high vari-

ability at site level (Fig. 2). The second gradient contrasted

high and low lifespan and age at maturity, but strains did

not plot separately along PC2 according to the biogeo-

graphical region of origin (Fig. 2).

ANOSIM confirmed the high variability of life histories

among sites (ANOSIM, r = 0.26, P \ 0.01). At region

level, a pattern of life-history differentiation was detected

between the strains originally collected in the LS and those

from the NAS and SS (ANOSIM, maximum r = 0.37,

P \ 0.01), which conversely exhibited similar life histories

(ANOSIM, r = 0.12, P [ 0.05).

Demography

The implications for the large-scale variation found for the

reproductive performances of Ophryotrocha labronica
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Fig. 2 Scores for the data set containing all strains on the first two

principal component axes based on eight life-history traits (mean

lifespan, age at maturity, maximum body size, total fecundity,

fecundity per reproductive event, reproductive rates, size and

fecundity at first reproduction). The symbols identify the biogeo-

graphical regions (NAS = North Adriatic Sea; LS = Ligurian Sea;

SS = south/south-east Sicilian Sea). The two axes were interpreted

based on the factor loadings of the life-history variables (see Table 2).

For abbreviations of sites see Fig. 1
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were marked for the net reproductive rates, for which a

differentiation pattern was observed at region level (per-

mutation test: P \ 0.05; Fig. 3a). As expected, LS strains

exhibited the highest net reproductive rate values respect to

those measured for the NAS and the SS strains, which

conversely showed a comparable reproductive potential

(Fig. 3a). The population growth rate values were higher in

the LS strains, and pair-wise comparisons indicated that the

demographic growth of the LS and NAS strains was

comparable and different from that of the SS strains

(Fig. 3b). The mean values and relative inferior and

superior confidence interval for all demographic traits are

summarized in Appendix 1c (Online Resource 1).

The contributions made by the differences in age-spe-

cific survival and fecundity to the Dk between pairs of

biogeographical regions are reported in Fig. 4. The strains

from the NAS and the LS showed a demographic advan-

tage over the SS strains due to their higher fecundity

mainly between the 3rd and the 5th week of life (Fig. 4a,

b). On the other hand, the order of magnitude of the con-

tribution of the differences in age-specific survivorship and

fecundity between the LS and the NAS strains was negli-

gible, confirming the comparable k values observed for the

strains from these two biogeographical regions (Fig. 4c).

Discussion

The spatial scale of an investigation can influence the

ability to detect patterns of phenotypic variation, distribu-

tion and abundance of organisms (Wiens 1989; Levin

1992; Gardner et al. 2001; Fraschetti et al. 2005; Barbeau

et al. 2009); thus, the inclusion of the appropriate sampling

scale for the target system enabled to avoid the risk of

drawing misleading conclusions, erroneously giving either

regional or local forces a dominant role in determining a

given pattern (Davis et al. 1998a, b; Mac Nally and Quinn

1998; Wu 1999; Pearson and Dawson 2003). Observations

made at a single scale, in fact, can capture only the pro-

cesses that take place at the considered level, whilst pro-

cesses occurring at higher or lower levels of hierarchical

organization are averaged out and/or not detected.

Moreover, the attention to scale is of technical impor-

tance, as it helps the optimization of experimental designing

and sampling programmes (Green 1979; Underwood 1997;

Barbeau et al. 2009).

Our study indicated that most of variation in life history

and demography of the interstitial species Ophryotrocha

labronica occurred at the spatial scale of site and biogeo-

graphical region: a combination of local factors, varying on

short distances (less than one km), and regional factors,

operating at a broader scale (over distances of 1,000 km),

can affect several life-history traits, as well as population

fitness. Conversely, geographical isolation among strains

from different harbour localities did not contribute to

phenotypic variation in O. labronica, as no effect was

Table 3 Factor loadings of the principal components analysis (PCA)

of the life-history traits (mean lifespan, age at maturity, maximum

body size, total fecundity, fecundity per reproductive event, repro-

ductive rates, size and fecundity at first reproduction) of the strains of

O. labronica (N = 24)

Variable PC1 PC2

Total fecundity -0.402 -0.381

Reproductive rates -0.422 -0.002

Body size -0.495 -0.097

Fecundity per reproductive event -0.471 0.072

Lifespan -0.149 -0.533

Age at maturity 0.146 -0.625

Body size at first reproduction -0.272 0.306

Fecundity at first reproduction -0.275 0.267

Eigenvalues for the first two axes (PC1 and PC2) were 1.18 and

0.658, respectively (cumulative variance = 45.5 and 70.8%)
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detected at the intermediate scale (over distances of

50–100 km).

Since the traits considered in the study were measured

after one generation under a single set of standardize

conditions and the observed differences between strains

were maintained under this common garden experiment,

we can be confident that our observations are not the result

of acclimatization to local conditions (Kinne 1962; Zamer

and Mangum 1979; Levinton 1983; Spicer and Gaston

1999). It is not certain whether these differences are due to

adjustments involving genetic changes in the mechanism of

response, given that the experiment was carried out using

the F1 generation, and not the F2, which would have

cleared any doubt on the role played by maternal effects

(Kinne 1962; Spicer and Gaston 1999). In spite of the

above, some considerations can be drawn on the possible

factors that may affect the observed patterns on the dif-

ferent scales, even comparing the progeny of the natural

populations (Spicer and Gaston 1999).

Life-history variation at fine scale

Results demonstrated that all life-history traits were

affected at the finer scale and showed a high degree of

variability among strains. The extreme selectivity and

heterogeneity of harbour environments, where different

abiotic and biotic conditions can occur even along very

short distances and times due to local differences in habitat

complexity, salinity and temperature conditions, water

exchange rate, pollution and degree of wave exposure

(Prevedelli et al. 2005; Arenas et al. 2006; Çinar et al.

2008; Paavola et al. 2008), could act in concert with the

patchiness of the fouling communities and the presence of

physical barriers to dispersion, favouring the fragmentation

of species into isolated populations that adapt to the local

conditions (Cognetti 1992, 1994; Cognetti and Maltagliati

2000).

In this scenario, the negligible role played by geo-

graphical isolation in determining differences between

strains from different harbours is not surprising, given the

strong effect of local factors. This is particularly true for

species characterized by small body size, like O. labronica,

for which it would be expected that variations in habitat

conditions occurring in the colonized site should be more

important than variations on broader scales (Simonini et al.

2010). In fact, allometric relationships, as well as mobility

capacity and behavioural and life cycle characteristics, may

all influence the way an organism relates to its environment

(Wiens 1989).

However, considering the annual population dynamic of

O. labronica characterized by marked fluctuations in den-

sity, and the stochastic nature of harbour environments,

differences between strains could be the result of other

evolutionary processes that do not involve adaptation

through natural selection but cause random variation in the

populations as a consequence of genetic drift. Densities of

O. labronica populations, in fact, being correlated with the

temperature conditions experienced in the colonized habi-

tat, showed seasonal variations throughout the year: den-

sities reach higher values during and after the warmest

period of the year, whilst they drastically decrease during

the coldest month (Prevedelli et al. 2005). Moreover,

unpredictable variations in the abiotic and biotic conditions

of the colonized habitat can take place so that only few

individuals survive to breed and the population passes

through genetic bottlenecks. Both founder effects and

genetic bottlenecks result in random changes in the genetic

composition of the populations (Kimura 1983; Stearns and

Hoekstra 2003), which could be responsible for the dif-

ferential phenotypic responses observed in the O. labronica

strains considered.

A number of life-history traits considered in the analysis

were shown to be affected only by local factors, whilst the
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biogeographical region of origin did not account for any

variation in them. Among these strain-specific traits,

developmental time, age at maturity and lifespan varied

only at site level probably because these time-related traits

are quite short depending on season or, in general, on the

ongoing temperature conditions (Trotta et al. 2006).

The same pattern was observed for total fecundity,

growth rates and the number of spawning events. It is

possible that the common laboratory thermal conditions

experienced by the individuals during the experimental

phase may have averaged out the differences between

regions. Laboratory conditions, in fact, may alter some life-

history traits, making difficult disentangling the absence of

differences at higher spatial scale from the averaging effect

of the common garden experiment, as observed in other

model organisms such as Drosophila melanogaster (Sgrò

and Partridge 2001).

Life-history and demographic variation

at large spatial scale

Phenotypic variation was also indicative of a large-scale

environmental effect, as a number of life-history traits

differed between biogeographical regions.

The strains originally collected in the LS showed the

highest maximum body size and were the most productive,

in terms of both daily egg output and fecundity per

reproductive event. The same pattern was observed for

traits related to first reproduction: at this stage, the indi-

viduals of the LS strains were bigger than those from the

other two biogeographical regions and spawned a signifi-

cantly higher number of eggs. On the other hand, the

strains from the NAS exhibited the lowest values for

almost all the traits analysed, as they reached a more

reduced body length, showed lower reproductive rates and

spawned a lower amount of eggs at each reproductive

event. With regard to the strains from the SS, they showed

life-history characteristics that were intermediate between

those observed in the other two regions when traits related

to body size were considered, whilst their reproductive

performances were comparable to the NAS strains ones.

It could be argued that the reproductive advantage of the

LS strains could be considered a direct consequence of the

largest maximum body size reached by adult females, as in

O. labronica, a positive correlation between fecundity and

female body size is known to be present (Berglund 1991;

Prevedelli et al. 2006; Thornhill et al. 2009). This fecun-

dity–size relationship could be initially supported by the

preliminary analyses of reproductive data, as total fecun-

dity measured as the sum of the overall number of eggs

spawned during a female lifetime was shown to vary on the

regional scale; however, after removing the body size

effect on all reproductive traits by referring to them as

output of a single segment, total fecundity variation lost its

significance at regional level. Yet, a regional effect on

reproduction was maintained for all the remaining repro-

ductive traits.

Multivariate analyses gave a further confirmation on the

importance of the biogeographical region of origin in

defining the pattern of life-history differentiation. In fact,

considering life history as a whole, the LS strains plot

separately from the NAS and SS strains, which on the other

hand display similar life histories.

Life-history variation was shown to have important

implications for the demographic potential of the strains

considered. As expected from the higher reproductive

performance, the LS strains exhibited the highest net

reproductive rates, which were conversely lower and

comparable in the NAS and SS strains. However, when

fitness was measured in terms of population growth rates,

both the LS and NAS strains displayed a demographic

advantage over the SS strains that was ensured by their

higher reproduction during the first age classes.

Also, the differences detected for the sex ratio could

have played a role in affecting the demographic charac-

teristics of the populations. In O. labronica, in fact, a single

male is able to fertilize many matured females in a short

amount of time (pers comm). Thus, a decrease in female

percentage, as observed in the SS strains, may lower the

reproductive potentiality of a population, with important

consequences for the population growth rates. Unfortu-

nately, the model used in our study for determining the

population growth rate (Caswell 2000) does not take into

account the reduction in mating probabilities attributable to

a decrease in the number of female individuals, and thus it

is scantly affected by changes in sex ratio.

In O. labronica, a certain degree of plasticity is known

to be common for the percentage of males in the brood

between and within populations, as well as along genera-

tions (Åkesson 1972a; Lanfranco and Rolando 1981;

Rolando 1984; Premoli et al. 1996; Åkesson and Paxton

2005; Thornhill et al. 2009). Bacci (1978) referred to the

geographical populations with marked intra-specific dif-

ferences in sex ratio as ‘sexual races’, pointing to the likely

incipit of an intra-specific sexual isolation, favoured by

local selection. However, in our study, the large-scale

factors were shown to contribute to sex-ratio variation

among strains, with the sex ratio being higher in the SS

strains when compared with those form the NAS and LS.

Previous findings did not support the influence of envi-

ronmental variables on sex determination (Åkesson 1972a;

Premoli et al. 1996; Åkesson and Paxton 2005), which in

this species is polygenic. Moreover, only crossing experi-

ments between geographically separated populations have

proven to be effective in shifting the sex ratio to favour

males (Åkesson 1972b; Åkesson and Paxton 2005). Since
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all studies on the sex ratio of O. labronica have been

performed on individuals reared under laboratory condi-

tions for many years or even decades, it would be inter-

esting investigating whether the same conclusions are valid

when natural populations or their proximate descendants

are considered.

If the among-site variability may be accounted by the

fine-scale environmental heterogeneity characteristic of

harbour habitats that promotes adaptation to local condi-

tions, or by genetic drift, shifting to broader scale of

investigating the identification of the factors responsible

for the regional patterns of life-history differentiation is not

straightforward. Many studies have documented variation

in life-history traits across latitudinally or thermally dif-

ferent regions in a wide range of ectotherms, giving ther-

mal features a key role in driving phenotypic differences

(see for example Levinton 1983; Spicer and Gaston 1999;

Hofmann 2005; Trotta et al. 2006; Angiletta 2009). Local

genetic adaptation and phenotypic plasticity, in fact, are

two mechanisms that can have marked effects on the

morphology, performance and behaviour of animals, pro-

ducing geographical variation among populations (Gould

and Johnston 1972; Endler 1977; Sears and Angilletta

2003; Buckley et al. 2010).

In our study, the thermal regime of the three biogeo-

graphical regions could play a role in determining the

observed phenotypic patterns. Temperature, in particular, is

one of the most important environmental variable affecting

evolutionary strategies in ectotherms: the physiological

responses induced by temperature variations are capable of

modifying the life-history traits, allowing the maximization

of individual fitness in a particular set of thermal conditions

(Kinne 1970; Caswell 1982; Levin and Creed 1986; Stearns

1992; Olive 1995; Olive et al. 2000). This thesis is sup-

ported by the dominating influence that water temperature

has on survival, reproduction and growth of O. labronica

(Åkesson 1976; Prevedelli and Simonini 2001), as well as

on its demography and population dynamics (Prevedelli and

Simonini 2001; Prevedelli et al. 2005). The use of a com-

mon garden experiment, however, may have filtered the

expression of the phenotypic differences according to the

thermal regime of the biogeographical regions considered.

Although our experiment was not able to resolve the

factors responsible for the large-scale differentiation pat-

terns observed in O. labronica, it provides insights into the

processes that account for intra-specific phenotypic varia-

tion in this opportunistic invertebrate, the fine as well as the

regional-spatial scale. Our study highlighted the impor-

tance of a multi-scale approach for obtaining a good

measure of natural variation and detecting the range of

patterns and processes important for the species under

examination. The observation that life-history traits also

varied among biogeographical regions, with implications

on population fitness, indicates that even in highly heter-

ogeneous environments, ecological processes may be

affected by changes occurring at large spatial scale, such as

those expected under a global climate change scenario.
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