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INTRODUCTION

Understanding how life-history traits confer demo-
graphic success of a species and regulate its popula-
tion size in the face of environmental variability is a
fundamental goal in population ecology. Often, life-
history traits, demographic parameters and reproduc-
tive strategies (e.g. age or size at first reproduction,
fecundity, growth, survivorship, larval type, adult life
span) are classified based on a species’ ability to cope

with varying levels of stress and disturbance, in order
to explain their persistence in a given environment
(Southwood 1988, Winemiller & Rose 1992). Environ-
mental variation from optimal conditions (e.g. due to a
disturbance) may result in a variety of responses at
both the individual (e.g. changes in fecundity, growth)
and population levels (e.g. changes in population size,
settlement, recruitment, survivorship) (Stearns 1992).
Thus, knowledge of the life-history characteristics of a
species is crucial for predicting the ability of a popula-
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tion to sustain itself and avoid extinction under fluctu-
ating environmental conditions, as well as understand-
ing and predicting the development and maintenance
of biological assemblages.

Deep-sea hydrothermal vents are benthic marine
habitats with distinctive physical and chemical charac-
teristics which can experience both chronic and cata-
strophic levels of disturbance. In these habitats, micro-
bes utilize the chemicals present in fluids emanating
from deep below the seafloor to derive energy (Karl et
al. 1980, Jannasch & Mottl 1985), which supports
unique animal communities that cannot survive else-
where. In order to access these abundant food resour-
ces, organisms have adapted to withstand extremely
harsh conditions, including toxic hydrogen sulphides
and heavy metals, high temperatures and low oxygen
(Johnson et al. 1988, Sarrazin et al. 1999, Butterfield et
al. 2004). Large-scale disturbances (i.e. tectonic insta-
bility, volcanic eruptions) can result in extinction of in-
vertebrate assemblages over several 100 m2 to 10 km2

by repaving the substratum with fresh lava flows (Hay-
mon et al. 1993, Tunnicliffe et al. 1997, Embley et al.
1999). While these eruptive events are rare (every 10 to
15 yr for fast-spreading centers, less frequently for
slow-spreading centers), invertebrate assemblages
also experience more frequent disturbances of smaller
magnitude (i.e. unpredictable fluctuations in vent fluid,
chimney collapse) that occur over sub-annual and sub-
decadal time scales (Tunnicliffe & Juniper 1990, Tunni-
cliffe et al. 1990, Sarrazin & Juniper 1999).

It has been proposed that species in variable and
unpredictable habitats often exhibit short life spans,
rapid growth and frequent reproduction, which maxi-
mizes population growth and facilitates colonization of
new habitats (Southwood 1988, Winemiller & Rose
1992, McCann & Shuter 1997). To maintain their popu-
lations, hydrothermal vent species must cope not only
with unpredictable disturbance regimes, but also with
a highly fragmented habitat that is patchily distributed
over 10s to 100s of km along the mid-ocean ridges.
Thus, the life-history traits and population dynamics of
vent species may parallel those found in species
adapted to other highly disturbed or variable environ-
ments (e.g. temporary ponds, tidal pools, intertidal
zone), or may differ considerably because of the
unique combination of habitat patchiness, disturbance
regime and small-scale variations in temperature, toxic
chemicals and chemoautotrophic production. Manipu-
lative experiments are uncommon in hydrothermal
vent ecology, due to the technical constraints of work-
ing in these remote areas, and life-history traits are not
well understood for the invertebrate species that
inhabit this ephemeral habitat.

Demographic analysis using matrix models has a
long history in terrestrial (Leslie 1945, Lefkovitch 1965,

Sondgerath & Richter 1990, Horvitz & Schemske 1995)
and shallow marine systems (Crouse et al. 1987, Levin
& Huggett 1990, Brault & Caswell 1993, Lo et al. 1995).
Its general use for describing the population dynamics
of species with widely different life-history strategies
testifies to the flexibility and power of the technique.
Matrix population models have become valuable tools
in ecology, allowing for the identification of potentially
important life-history parameters through sensitivity
analyses (Crowder et al. 1994). Their application
appears particularly useful in examining the popula-
tion dynamics of hydrothermal vent species, because
few parameters are necessary in order to assemble
these models, and because they allow for tests of the
sensitivity of population growth to variations in fecun-
dity, growth or survival rates. In addition, they can also
be used to conduct numerical experiments for these
highly inaccessible populations.

The hydrothermal vent limpet Lepetodrilus fucensis
has a ubiquitous distribution along the Juan de Fuca
Ridge in the northeast Pacific, where it is the numeri-
cally dominant macrofaunal species, exceeding 105 in-
dividuals m–2 in low-temperature diffuse venting con-
ditions (Chase et al. 1985, Tsurumi & Tunnicliffe 2001,
Bates 2008). L. fucensis possesses distinctive biological
characteristics compared to other species of the genus
found at hydrothermal vents and cold seeps: higher
fecundity and earlier reproductive maturity (Kelly &
Metaxas 2007), the largest body size (McLean 1988), a
unique stacking behaviour in vigorous fluid flows
(de Burgh & Singla 1984, Tsurumi & Tunnicliffe 2003)
and chemosynthetic episymbionts on its gills (Bates
2007a,b), which, alone or in combination, may con-
tribute to its relative success in the vent environment.
However, knowledge of L. fucensis population dyna-
mics is patchy, as continuous long-term (years) and
short-term (weeks to months) observations are cur-
rently unfeasible in the vent environment. Under-
standing its life-history characteristics and population
dynamics is crucial to determining the reasons for its
success in the ephemeral and variable hydrothermal
vent ecosystem. It is within this context that we used
matrix models as a tool to identify key life-history
stages of L. fucensis and explore its population dynam-
ics at Juan de Fuca Ridge hydrothermal vents. As most
life-history traits of L. fucensis have been measured as
a function of body size (i.e. size-at-maturity and fecun-
dity, Kelly & Metaxas 2007; growth rates and attain-
ment of a size refuge that reduces post-settlement mor-
tality, Kelly & Metaxas 2008a), we used this empirical
information to create a stage class matrix model for
L. fucensis. We adopted a prospective approach, using
elasticity analyses to identify which life stages had the
greatest potential impact on the population growth
rate. We also examined population projections under a
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range of biological and geological scenarios, such as
variations in growth rates, reproductive failure, den-
sity-dependence and partial or complete population
extinction due to disturbance.

Few models have been developed to describe popu-
lation dynamics in the hydrothermal vent environ-
ment, in part due to the lack of biological information
available for most vent species. Even though the devel-
opment of models of biological systems at vents is still
in an initial stage, such models can significantly
advance our understanding of these systems by identi-
fying important parameters and generating alternative
predictions, through which we can focus empirical
sampling efforts (see Shea et al. 2008 for review).
While our modeling efforts represent a first approxi-
mation to describing the population dynamics of a
hydrothermal vent species, we anticipate that they will
establish the use of this modeling approach, and pro-
vide a basis for the future use of more complex models,
in ecological research at hydrothermal vents.

MATERIALS AND METHODS

Study sites. The Juan de Fuca Ridge (JDFR) in the
northeast Pacific is located 400 to 500 km off the north-
west coast of North America, at the junction of the
Pacific and Juan de Fuca tectonic plates (44.5 to 48° N)
(Lavelle & Cannon 2001). Lepetodrilus fucensis was
sampled using the remotely operated vehicle (ROV)
‘ROPOS’ from 3 low-temperature diffuse venting sites
on the JDFR: (1) Cloud (45° 56’ 00’’ N, 129° 58’ 53’’ W;
depth 1525 m) and (2) ROPOS (45° 55’ 59’’ N,
130° 0’ 51’’ W; depth 1550 m), both of which are located
within Axial Volcano; and (3) Clam Bed (47° 57’ 47’’ N,
129° 5’ 19’’ W; depth 2190 m) on the Endeavour Seg-
ment. Cloud and ROPOS are separated by ~2 km,
while Axial and Endeavour are separated by ~200 km.
For the present study, information on the known life-
history characteristics of L. fucensis was assembled
from 2 types of subpopulations: established (limpets
collected near the vent orifice in 2003) and colonized
(limpets that colonized the surfaces of basalt blocks —
deployed in 2001 and recovered in 2003 — which
formed part of a larger study on settlement and colo-
nization of hydrothermal vent invertebrates; Kelly et
al. 2007). Details of sample collection, processing and
measurement are described in Kelly & Metaxas
(2008a).

Matrix model. The model is of the form:

nt + 1 =  Ant (1)

where nt is a vector of the abundance of individuals in
each stage in the population at time t and A is a popu-
lation projection matrix (Leslie 1945, 1948, Lefkovitch

1965). The elements of A incorporate the mortality and
growth rates and fecundity of each stage class as the
probability of surviving but remaining in the same
stage (Pi), the probability of surviving and growing to
the next stage (Gi) and the reproductive output (fertili-
ties) given as the number of female offspring at time t +
1 produced by adult females at time t (Fi), respectively
(Fig. 1) (Caswell 2001). Thus, if the initial stage distrib-
ution vector and the projection matrix are known, one
can forecast the (female) stage distribution nt + 1 for a
future time t + 1.

Five stage classes were defined based on size-
specific biological characteristics of Lepetodrilus
fucensis (quantified in Kelly & Metaxas 2007, 2008a):
(1) settler (≤1.00 mmshell length); (2) recruit (1.01 to
3.80 mm); (3) early adult (3.81 to 5.50 mm); (4) mature
adult (5.51 to 8.00 mm); and (5) old adult (8.01 to 12.00
mm). Settlers are new individuals that experience a
period of high mortality, while recruits are individuals
that have survived this period but are not yet repro-
ducing. The inclusion of an early adult stage accounts
for the observed variation among individuals in size-
at-maturity and the low reproductive output over these
shell lengths (Kelly & Metaxas 2007). Mature adults
represent large-sized individuals with high reproduc-
tive output, and old adults represent large-sized indi-
viduals that are rare in the population but have very
high fecundity (McLean 1988, Kelly & Metaxas 2007).
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Fig. 1. Lepetodrilus fucensis. Generalized life-cycle diagram
and corresponding projection matrix for stage-classified L. fu-
censis. S: settler; R: recruit; EA: early adult; MA: mature adult;
OA: old adult. Pi: probability of surviving and remaining in
stage class i; Gi: probability of surviving and growing from
stage class i to i + 1; Fi: reproductive output per female in 

stage class i (where i = 1, 2, …5)
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We assumed that the reproductive contribution of the
adults to the next generation represents all potential
larval sources (i.e. both local and remote). Given the
present understanding of larval dispersal at hydrother-
mal vents, the magnitude of larval supply from remote
sources is unknown but presumed to be low compared
to local sources; thus we disregarded allochtonous sup-
ply for our model. The transitions among the 5 stages
are easily demonstrated in a life-cycle graph, from
which the population projection matrix is derived
(Fig. 1). The projection matrix elements, Pi, Gi and Fi,
were calculated from the stage-specific survival prob-
abilities (σi), growth probabilities (γi), stage durations
(di) and the mean reproductive output of females (mi)
(Crouse et al. 1987, Brault & Caswell 1993). This model
assumes all individuals in a given stage are subject to
identical mortality, growth and fecundity schedules.

We estimated σi of Lepetodrilus fucensis using the
length-frequency distributions from the established
populations collected in 2003 at ROPOS, Cloud and
Clam Bed vent sites (Kelly & Metaxas 2008a). We esti-
mated instantaneous mortality (zi) over each stage
using the combined length-frequency distributions
from the 3 vent sites. The populations were adjusted
for the number of females, using a 1:1 sex ratio (Bates
2008). The length-frequency distributions were sepa-
rated into the 5 stage classes based on size and a neg-
ative relationship between ln-transformed (female)
frequency, and shell length (mm) was confirmed using
linear regression (after Frazer 1987). The slope of the
regression line for each stage was used as an estimate
of mortality over that stage (Fig. S1 in Supplement 1
at www.int-res.com/articles/suppl/m403p113_app.pdf).
The stage-specific survival probabilities (σi) (Table S1
in Supplement 2 at www.int-res.com/articles/suppl/
m403p113_app.pdf) were then calculated as (Vaughan
& Saila 1976, Lo et al. 1995):

σi =  e–z (2)

In estimating mortality from length-frequency distri-
butions, we assumed that the sampled established
populations have reached a stable stage distribution,
that mortality remains constant across all shell lengths
within each life stage, and that the survival of individ-
ual Lepetodrilus fucensis follows a negative exponen-
tial function. This method appears to provide a reason-
able first approximation for the relationship between
life stage and survivorship given that (1) we observed
significant negative relationships over most life stages;
(2) the error around the relationships was low in most
stages; (3) at least one of our established distributions
was measured at a stable state (see Supplement 4 and
‘Discussion’); and (4) given the narrow range of shell
lengths delimiting each of our life stages, the sus-
ceptibility to agents of mortality (e.g. predation, com-

petition, temperature, sulphide concentrations, etc.)
should be similar for all individuals within a stage
class.

To calculate di for each stage, the age of limpets at
the stage boundaries was estimated using the linear
regression between length-at-day (LAD) and known
age of the population (Kelly & Metaxas 2008a). We
assumed a linear relationship as a first approximation
to estimating growth in Lepetodrilus fucensis, since we
are lacking the high-resolution temporal measure-
ments, as well as concurrent measures of growth and
vent fluid properties, currently required to generate
more sophisticated growth models (for further discus-
sion see Kelly & Metaxas 2008a). The difference in age
(d) between the smallest size at stage i + 1 and that at i
(for i = 1, 2,…5) yielded an estimate of each di, which
was converted into monthly intervals. To examine the
effect of variations in limpet growth on population
growth rates, 3 different growth scenarios were used;
these correspond to differing theoretical levels of
exposure to hydrothermal vent fluid along a gradient
from low to high flux (e.g. from peripheral to near-vent
microhabitats; Bates et al. 2005): (1) slow (9.6 μm d–1);
(2) intermediate (19.2 μm d–1); and (3) fast (28.8 μm d–1)
(Table S1 in Supplement 2).

The probability of an individual growing into the
next stage (γi) was calculated as:

(3)

using an iterative process (Crowder et al. 1994,
Caswell 2001), initially setting λ = 1, assembling the
projection matrix and recalculating population growth
rate (λ). This second estimate of λ was substituted back
into the equation to recalculate γi, and the iteration
stopped when the difference between 2 consecutive
values of λ was <0.0001 (Levin & Huggett 1990, Lo et
al. 1995). Gi and Pi were calculated from σi and γi as
(Crowder et al. 1994, Caswell 2001)

Gi =  σiγi (4)

Pi =  σi(1 – γi) (5)

Fi was calculated using the birth-flow equation to
represent the continuous reproductive mode of Lep-
etodrilus fucensis (Kelly & Metaxas 2007):

(6)

where mi is the average number of eggs that would
become females per adult female of stage i (Levin et al.
1996) and σi

1⁄2 is the probability of a new offspring sur-
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viving to age 1⁄2 when it will be counted in n1(t +1)

(Caswell 2001). To estimate the mean number of
mature eggs that would become females per adult
female in each of the 3 reproductive stages (early,
mature and old adult), we fitted a power function to the
actual fecundity (total number of mature oocytes
within the ovary) versus shell length (mm) relationship
presented in Kelly & Metaxas (2007) — actual fecun-
dity = 0.03 × shell length4.82 (r2 = 0.77, p < 0.001) —
using the shell length at the midpoint of each stage
class to represent the mean fecundity for each stage
(Table S1). As the production rate of oocytes in
L. fucensis is currently unknown, we assumed every
adult female produces eggs at each time step. Kelly &
Metaxas (2007) determined continuous oogenesis for
L. fucensis and observed that mature females always
contained mature oocytes within the ovary regardless
of the time of year they were sampled.

A population projection matrix (Fig. 1), assembled
from Pi, Gi and Fi, was calculated for each of 3 growth
scenarios: slow, intermediate and fast. These 3 individ-
ual growth rate scenarios represent the ‘basic’ calcula-
tion. A projection interval from t to t + 1 of 1 mo was
used, this being the minimum single time step for indi-
viduals in stage i to advance to stage i + 1 for all growth
scenarios (Vandermeer 1975). Population projections
were obtained from numerical simulations of the
model, using an initial vector containing 5000 settlers
(representing the initial colonization of newly created
space) for all population projections. All model analy-
ses were conducted using MATLAB (MathWorks).

Model analysis. The asymptotic population growth
rate (λ), calculated as the dominant eigenvalue of A
(Caswell 2001), measures demographic success (popu-
lation growth versus extinction), and the associated
right eigenvector, w, describes the stable stage distrib-
ution of the population, whereas the left eigenvector, v,
describes the reproductive value of each stage in the
population. Elasticity analysis was used to investigate
the effects of proportional perturbations in elements of
the projection matrix to changes in λ (de Kroon et al.
1986). Elasticities of λ to perturbations in the higher-
level (i.e. Fi, Pi, Gi) and lower-level (i.e. σi, γi) parame-
ters were calculated for the projection matrices from
each growth scenario.

Populations that are far from reaching their stable
stage distribution may be influenced by transient
dynamics that differ from asymptotic dynamics, and so
affect the accuracy of model predictions in the short
term (Horvitz & Schemske 1995). To examine mea-
sures of transient (short-term) dynamics and the rate of
population convergence to the stable stage distribu-
tion, we calculated the damping ratio (ρ), which is
determined by the ratio of the dominant eigenvalue to
the first subdominant eigenvalue. The larger the

damping ratio, the faster the population is converging
towards the stable stage distribution.

To validate the projections from our model, we com-
pared the stable stage distribution obtained from the
basic model (the right eigenvector, w) to colonizing
populations of Lepetodrilus fucensis sampled in 2003.
Length-frequency distributions of these colonizing
populations are presented in Kelly & Metaxas (2008a).
An additional sample of an established population was
collected from ROPOS vent in 2007 (in the same man-
ner as for previous L. fucensis collections; Kelly &
Metaxas 2008a) to ensure independence from the
established populations collected in 2003 which were
used to parameterize the model. The colonizing popu-
lations from ROPOS, Cloud and Clam Bed in 2003, and
the established populations from ROPOS in 2007, were
divided into 5 stage classes and expressed as a propor-
tion of the total population within each stage (i.e. rela-
tive stage frequency). All stage distributions from colo-
nizing (hereafter referred to as SDcol) populations and
the established ROPOS 2007 (SD2007) population were
compared to the stable stage distribution obtained
from the basic model (w, referred to as SDmod for com-
parison to other stage distributions) under slow, inter-
mediate and fast individual growth scenarios using a
G-test and an index of proportional similarity (PS) to
determine the magnitude of the difference between
the 2 distributions (Horvitz & Schemske 1995).

Theoretical population projections. Larval mor-
tality: While a larval stage was not included in the
model because of the paucity of information on the
demographic parameters of this life stage in hydro-
thermal vent species, Eq. (6) incorporates an approxi-
mate measure of larval mortality: the probability of a
new individual surviving to stage 1⁄2 (e.g. σ1

1⁄2) when
it would be counted in n1(t +1) (Caswell 2001). How-
ever, larval mortality of Lepetodrilus fucensis may
actually be much higher than is accounted for by
the model. For example, mortality estimates of plank-
tonic larval stages of shallow-water benthic inverte-
brates as high as 80% have been recorded (Morgan
1995). We examined the effect of larval mortality on
λ and w under all 3 individual growth scenarios
(slow, intermediate and fast) by reducing new off-
spring survival probability (σ1

1⁄2) by 50 and 99.5%
(chosen arbitrarily) of the original value calculated
using Eq. (6).

Density dependence: Kelly & Metaxas (2008a) sug-
gested density-dependent effects may be influencing
the abundance of settlers at JDFR vent sites. In the pre-
sent study, we further explored this potential effect on
the population dynamics of Lepetodrilus fucensis by
incorporating a density-dependent survival function
into the matrix elements affecting the settler stage sur-
vival probability (σ1) as:
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(7)

where Nr is the remaining population size (total popu-
lation size – numbers of settlers) at time t (after Penny-
cuick et al. 1968). The values of A and B were varied to
give 3 different shapes to the survival function, where
larger values of B yield a steeper curve in the region of
Nr = 500: (1) strong density dependence (A = 50, B =
10); (2) moderate density dependence (A = 150, B =
3.3333); and (3) weak density dependence (A = 400,
B = 1.25). To compare the different curves, the values
of A and B in all cases were chosen to satisfy AB = 500,
which yields a survival value S = 0.5 at Nr = 500 (Usher
1971). Total population size and λ (mo–1) for each den-
sity-dependence scenario at each of the intermediate-
and fast-growth scenarios were compared to the basic
model results for each growth scenario (we did not
include the slow growth scenario, as λ < 1 for the basic
model).

Disturbance: Throughout the JDFR hydrothermal
vent system, changes in vent faunal community struc-
ture occur in response to variations in both the spatial
and temporal extent of disturbance events. Frequent
disturbances that occur over weeks to months, such as
unpredictable fluctuations in vent fluids caused by tur-
bulent mixing, tides and/or bottom currents or substra-
tum instabilities, may only affect some proportion of
the community across cm to m patches (Tunnicliffe &
Juniper 1990, Tunnicliffe et al. 1990, Tivey et al. 2002,
Sarrazin & Juniper 1999). In contrast, rare disturbances
that occur over 100 m2 to 10 km2, such as earthquake
swarms that alter the chemical and thermal properties
of venting fluid, or eruptive events that repave the
substratum with fresh lava flows, have occurred at dif-
ferent locations along the JDFR roughly every 5 yr
(Tunnicliffe et al. 1997, Embley et al. 1999, www.pmel.
noaa.gov/vents/geology/submarine_eruptions.html).
These events may result in the complete or near-
complete extinction of invertebrate assemblages at
affected sites (Marcus et al. 2009). We explored the
influence of 2 distinct disturbance scenarios on total
population size of Lepetodrilus fucensis after 5 yr of
projection: (1) a high frequency, low magnitude distur-
bance (chronic), and (2) a low frequency, high
magnitude disturbance (catastrophic). For the chronic
disturbance scenario, we examined the threshold level
of population reduction that would cause population
extinction by incrementally removing a percentage of
the population in each stage (same percentage across
all stages) in each time step until the population trajec-
tory declined. For the catastrophic disturbance sce-
nario, we removed 99% of the total population size
after the first year of projection and examined the time
for the population size to equal or exceed the pre-

disturbance level. We compared these 2 disturbance
scenarios to the basic model scenarios without distur-
bance, as well as under 3 levels of density dependence
(strong, moderate and weak), for 2 individual growth
scenarios (intermediate and fast).

Reproductive failure: Recently, Tunnicliffe et al.
(2008) showed that the parasitic infection of Lepeto-
drilus fucensis by a chitinophilid copepod resulted in
the decline and/or cessation in reproductive output
in infected individuals. However, they also found a
significantly greater incidence of infection within
larger (>5 mm) females, and while the overall inci-
dence of infection across all sites was only 5%, inci-
dence in females reached nearly 30% at 1 location,
the Clam Bed site on the JDFR (Tunnicliffe et al.
2008). To examine the effect of female castration due
to parasitic infection on total population size, we pre-
vented 5 and 30% of females in all 3 adult stages
from contributing to the next generation during each
time step. The change in total population size at the
end of 5 yr of population projection was compared
between uninfected and infected states for the basic
model and 3 levels of density dependence (strong,
moderate and weak) for both intermediate and fast
growth scenarios.

RESULTS

Projection matrices were assembled for the Lepe-
todrilus fucensis populations under 3 different growth
scenarios that depicted differences in individual
growth rates. The dominant eigenvalue (λ, mo–1)
indicated that under slow individual growth rates, the
population declines (λ = 0.94), but under intermediate
(λ = 1.23) and fast (λ = 1.58) individual growth rates,
the population increases (for projection matrices,
see Table S2 in Supplement 2; for uncertainty analysis
of λ, see Supplement 3 at www.int-res.com/articles/
suppl/m403p113_app.pdf).

The settler and recruit stages comprised the great-
est percentage of the total population under all 3 indi-
vidual growth scenarios (Table S3, in Supplement 2).
However, w for the fast individual growth rate sce-
nario had a greater proportion of the population in
adult stages compared to the intermediate- and slow-
growth scenarios. The damping ratios were high
(1.530, 1.771 and 1.769 for slow, intermediate and fast
individual growth scenarios), indicating a rapid con-
vergence (6 to 8 mo) to the stable stage distribution.
In all 3 growth scenarios, v increased with stage, and
the greatest contribution to the next generation was
from the old adult stage. However, reproductive
value declined across all life stages as individual
growth rates increased (Table S3).
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Population growth rate (λ) was most sensitive to
perturbations in Pi for recruit and early adult stages
under slow and intermediate individual growth sce-
narios (Fig. 2A). For Gi, elasticity of λ was most sen-
sitive to perturbations for the settler and recruit
stages under slow and intermediate individual
growth rates, and for the settler, recruit and early
adult stages under fast individual growth rates. Elas-
ticity of λ was also sensitive to changes in Fi, but
only for the mature and old adult stages under the
fast individual growth scenario. As growth rate
increased, perturbations in Gi had a greater effect on

λ, and perturbations in Pi became less important for
the settler, recruit and early adult stages, while Fi

became more important for the mature and old adult
stages (Fig. 2A). Elasticities for σi were much greater
in absolute value than those for γi, and thus had a
greater overall effect on λ (Fig. 2B). λ was most sen-
sitive to perturbations in σi for the recruit stage,
under all individual growth rate scenarios.

Under all 3 individual growth scenarios, the SDmod

closely matched the SDcol (Table 1, Fig. 3). Proportional
similarities indicated that the differences between the
SDmod and SDcol were small (mean ± SD = 86.3 ± 6.3%,
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n = 9), despite having all but 2 of the
SDcol differ significantly from the
SDmod. In contrast, the SDmod, under all
3 individual growth scenarios, were
significantly different from SD2007, and
PS values were below 25% (Table 1,
Fig. 4).

Reducing larval survival probability
by 50 and 99.5% of the original value
calculated using Eq. (6) reduced the
overall population growth rate for all 3
growth scenarios, but the largest
changes in λ occurred under fast indi-
vidual growth rates (Fig. 5). Lowered
larval survival probability also shifted
the stable stage distribution, decreas-
ing the proportion of settlers in the pop-
ulation, but increasing the proportion
of individuals in successive stages
(Table S4 in Supplement 2).

To examine the effects of density-dependent sur-
vival and growth of settlers, a survival function was
applied to σ1, and changes in λ and in total population
size were forecast over 5 yr. Under both intermediate
and fast individual growth rates, λ converged to ~1 for
moderate and weak density dependence, resulting in a
stable population size of ~104 individuals within 1 yr
(Fig. 6). Strong density dependence led to the largest
fluctuations in λ and suppressed the total population
size to the lowest levels after 1 yr (Fig. 6).

For the catastrophic disturbance scenario, recovery
time for the basic model was shorter when individuals
grew faster, as expected. However, population recov-
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Table 1. Statistics used to measure agreement between the stage distributions
of populations of Lepetodrilus fucensis predicted from the basic model (SDmod)
for 3 individual growth scenarios (slow, intermediate and fast) for: (1) colonizing
populations (SDcol) collected from colonization experiments in 2003 at ROPOS,
Cloud and Clam Bed vent sites; and (2) an established population collected
from ROPOS vent site in 2007 (SD2007). The G-statistic indicates a significant
difference between the 2 distributions, and the proportional similarity (PS) index
indicates the magnitude of the similarity between the 2 distributions. Stage
distributions are presented in Figs 3 & 4. *: p < 0.05; **: p < 0.01 (df = 4 for all 

comparisons)

Population G PS (%)
Slow Intermediate Fast Slow Intermediate Fast

Colonizing 
ROPOS 11.4* 11.4* 11.5* 92.5 86.2 82.6
Cloud 10.1* 8.97 8.51 85.8 93.7 94.7
Clam Bed 11.5* 12.1* 12.4* 87.7 79.9 76.1

Established 
ROPOS 2007 15.5** 15.3** 15.1** 20.8 23.8 24.2
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ery was longer under all levels of settler density
dependence than for the basic model, for both individ-
ual growth scenarios (Fig. 7A). For the chronic distur-
bance projections, the threshold reduction level caus-
ing population decline for the basic model was greater
when individuals grew faster (Fig. 7B). Under weak
and moderate settler density dependence, the thresh-
old reduction level was slightly decreased relative to
the basic model, but there was no difference under
strong density dependence (Fig. 7B).

Settler density-dependence also reduced the nega-
tive effects of reproductive failure due to parasitic
infection on total population size after 5 yr, compared
to the projections in the absence of density depen-
dence (Fig. 7C). While the reduction in total population
size due to parasitic infection was similar under inter-
mediate and fast individual growth, increasing the
incidence of infection increased the effect on total pop-
ulation size (Fig. 7C).
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DISCUSSION

Lepetodrilus fucensis demography

We have explored the life-history traits and popula-
tion dynamics of a numerically dominant benthic in-
vertebrate in a highly variable and unpredictable habi-
tat. Based on our model, rapid growth and high recruit
survival were the most significant life-history traits
allowing the success of Lepetodrilus fucensis in the
ephemeral and harsh hydrothermal vent environment.
Life-history characteristics such as rapid growth, early
maturation and frequent reproduction are common for
species in fluctuating and unpredictable habitats
(Winemiller & Rose 1992, McCann & Shuter 1997, Ra-
mirez Llodra 2002). The combination of rapid growth
and high juvenile survival with early maturation and
frequent reproduction, would maximize the intrinsic
rate of population increase at the expense of mean
generation time, allowing rapid recolonization of habi-

tats and recovery from repeated disturbance, and ulti-
mately enabling persistence in highly disturbed and
unpredictable environments (Winemiller & Rose 1992,
McCann & Shuter 1997).

Based on prospective elasticity analyses, the dyna-
mics of the early life-history stages of Lepetodrilus
fucensis are potentially the most important to popula-
tion growth, and thus any variation in these life-history
stages may be most influential to its success. In
hydrothermal vent habitats, unpredictable fluctuations
in the physico-chemical environment (e.g. tempera-
ture, O2, H2S) (Johnson et al. 1988, Chevaldonne et al.
1997, Sarrazin et al. 1997, Sarrazin et al. 1999, Tivey et
al. 2002), as well as variations in habitat complexity
(Kelly & Metaxas 2008b), available substratum space
(Tsurumi & Tunnicliffe 2003) or access to food resour-
ces (Levesque et al. 2003), may influence survival and
growth of early life-history stages of L. fucensis.
Changes in habitat conditions during settlement or
between successive settlement pulses within a vent
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site could result in variations in growth of settlers,
influencing subsequent recruitment. In addition, the
low elasticities observed for Pi and Fi also indicate that
processes such as predation or competition occurring
during the post-settlement stages would be more
important to the population dynamics of L. fucensis
than those occurring during adult life.

While habitat characteristics can shape the life-
history strategies of an organism, more than a single
evolutionary response is possible, permitting diver-
gent life-history traits to coexist in the same types of
habitats (Southwood 1988). For benthic marine inver-
tebrates with complex life-cycles, the highest mortality
is commonly thought to occur within the early life-
history stages (Hunt & Scheibling 1997); for Lepeto-
drilus fucensis, however, settler survivorship was low,
while recruit survivorship was highest among all life
stages. Several hypotheses may account for the large
relative difference in survival between settlers and
recruits. First, larger sized limpets (>1.0 mm) may out-
compete settlers for space, food and/or access to vent
flows, or contribute to the accidental mortality of set-
tlers (e.g. ‘bulldozing’, Micheli et al. 2002). Second,
settlers may be more susceptible to the physical and/or
chemical properties of the venting fluid, and thus
experience conditions which exceed their physiologi-
cal tolerances more frequently, resulting in higher
mortality than recruits. At JDFR vents, Kelly & Me-
taxas (2008a) demonstrated a negative relationship
between temperature and settler abundance but a pos-
itive one with abundance of adults. Regardless of the
source of mortality, the present study demonstrates
that low survival through the settlement stage influ-
ences the supply of individuals to all subsequent
stages, while high recruit survival ensures relatively
constant, albeit low, recruitment rates of L. fucensis
into the adult population.

Rapid individual growth rates of Lepetodrilus fucen-
sis were necessary to achieve long-term population
growth. Interestingly, the individual growth rates used
for L. fucensis in the intermediate and fast growth sce-
narios are comparable to those of other vent species
(e.g. Lutz et al. 1985, 1994, Tunnicliffe et al. 1997, Kelly
& Metaxas 2008a). Conditions at hydrothermal vents
are ideal to support rapid growth of benthic inverte-
brates, as chemosynthetic microbial primary produc-
tion is high in diffusely venting conditions (Karl et al.
1980, Jannasch & Mottl 1985). Rapid individual growth
would be an advantageous trait for a species that
inhabits an unstable and ephemeral environment;
higher individual growth rates would reduce the time
spent within stages that have low probabilities of sur-
vival and increase the probability of an individual
reaching sexual maturity, ultimately preventing popu-
lation extinction.

Transient dynamics do not appear to differ greatly
from the long-term asymptotic dynamics, as the damp-
ing ratio was high under all 3 individual growth sce-
narios. In an analysis of transient population dynamics
of various species, Koons et al. (2005) found that the
transient dynamics varied little from long-term asymp-
totic dynamics for short-lived, fast-reproducing spe-
cies. However, they also caution against conducting
matrix demographic analysis under the assumption of
a stable population state, unless it can be empirically
justified (Koons et al. 2005). It is possible that fluid fluc-
tuations and disturbances present within the hydro-
thermal vent environment prevent invertebrate popu-
lations in these systems from converging upon their
stable stage distribution. However, we found no signif-
icant difference between the length-frequency distrib-
utions of established Lepetodrilus fucensis populations
sampled at the ROPOS vent site in 2003 and 2007 (Kol-
mogorov-Smirnov 2-sample test, D = 0.072, p > 0.01;
Fig. S2 in Supplement 4 at www.int-res.com/articles/
suppl/m403p113_app.pdf). The assumption of a stable
population state appears to be valid for our model, but
is likely valid only at low-temperature diffuse vents
that exhibit no or relatively small long-term changes in
vent fluid output.

Under all individual growth rate scenarios, the stable
stage distribution of the basic model (SDmod) closely
approximated the stage distributions of colonizing
populations of Lepetodrilus fucensis (SDcol), but not
those of established populations from ROPOS in 2007
(SD2007). In the basic model, the combination of very
high Fi values in the old adult stage and high Pi but low
Gi values in the settler and recruit stages led to a large
number of settlers entering the population in each time
step and the accumulation of settlers and recruits
within the population over time. In comparison, colo-
nizing populations collected from ROPOS, Cloud and
Clam Bed vent sites had ≤2 yr to develop, also allowing
for the accumulation of many small (young) but few
large (older) individuals. In contrast, the established
population sampled from ROPOS vent in 2007 had
much longer to develop, allowing more time for adults
to accumulate within the population, but included
fewer settlers. This suggests that either most life-his-
tory parameters of L. fucensis change as individuals
age, such that older, more established populations
exhibit different dynamics from younger populations,
or that factors in addition to growth, fecundity and
mortality, and which are not accounted for in the
model, are regulating the observed structure of L. fu-
censis populations. 

Colonizing populations of Lepetodrilus fucensis
were sampled ~25 cm from the vent orifice, where tem-
perature and fluid flux can be more variable, while
established samples were taken directly adjacent to
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the venting source, where the flux of temperatures and
chemicals within the vent fluid is more constant (Bates
et al. 2005). Bates (2008) and Kelly & Metaxas (2008a)
observed a size-based segregation of L. fucensis
in relation to distance from fluid source at low-
temperature diffuse vents, suggesting that settlement
occurs in more peripheral areas (>25 to 50 cm from the
vent source), and that recruits and/or early adults may
migrate to near-vent areas (<25 cm from vent source).
This migration may be triggered by symbiont acquisi-
tion and increasing sulphide requirements with
increasing body size (Bates 2007b) or may function to
maximize reproductive output (Kelly & Metaxas 2007).
Migration away from settlement sites would alter the
size-structure of the population observed in both
peripheral and near-vent microhabitats, resulting in
large numbers of settlers in the former, and high abun-
dance of adults in the latter. This pattern may also
explain the low number of settlers within the estab-
lished populations, despite the high reproductive out-
put of adults. Size-selective migration between differ-
ent microhabitats would alter the distribution of
observed populations, influencing estimates of σi, and
possibly the growth of individuals, affecting the esti-
mates of di. The changing behaviour of L. fucensis
across life-history stages may play a large role in its
success at JDFR vent sites.

Theoretical population projections

Decreasing larval survival probability by 50% re-
duced the overall population growth rate, and a reduc-
tion of 99.5% resulted in population decline for all 3
growth scenarios. While high larval mortality is char-
acteristic of most benthic marine invertebrates with a
dispersive larval stage, no estimates of larval mortality
in hydrothermal vent systems are currently available,
although mortality is presumed high. Sources of mor-
tality for dispersing vent larvae may be similar to those
of their shallow-water counterparts, and include, but
are not limited to, predation and starvation or deple-
tion of energy reserves (reviewed in Morgan 1995). In
addition, dispersal through cold bottom waters may
slow the metabolism and lengthen development time
of vent larvae (Berg 1985, Pradillon et al. 2001), but
longer dispersal times increase the risk of being trans-
ported off-axis and lost from the ridge system (Marsh
et al. 2001, Thompson et al. 2003). Alternatively, at
Axial Volcano, survival of vent larvae may be high, as
the combination of local relief and hydrodynamics may
facilitate larval retention (Metaxas 2004). Incorpora-
tion of a larval stage into our model, when more infor-
mation on growth and development becomes avail-
able, would permit us to refine estimates of larval

mortality. In turn, quantifying the effect of larval
survival and rates of dispersal on population growth
will ultimately enable the use of more complex models
that link dispersal and demography of hydrothermal
vent species (e.g. Neubert & Caswell 2000, Neubert et
al. 2006).

While our basic model forecasted population size
using exponential growth, including the effects of
density-dependent survival and growth into the set-
tler stage generated more realistic population trajec-
tories for Lepetodrilus fucensis, with intermediate
and fast individual growth rates causing convergence
and oscillations in λ over time, respectively. Density-
dependent processes acting on L. fucensis settlers may
be the result of variations in competition and/or increa-
sed mortality within near-vent microhabitats. Mulli-
neaux et al. (2003) proposed that the relative intensity
of negative interactions, such as predation, inhibition
and competition, should be most prominent in areas
where vent fluid flux and faunal densities are highest.
For L. fucensis, adults may outcompete settlers at near-
vent microhabitats for space and/or resources, inhibit-
ing subsequent growth, or cause ‘accidental’ mortality
(e.g. bulldozing) of settlers, essentially restricting them
to microhabitats on the periphery where such negative
interactions would be less intense. However, recent
studies of shallow-water invertebrates have shown
that population dynamics are driven by the combined
interaction of density-dependent and environmental
factors (Higgins et al. 1997, Lima & Defeo 2000). Kelly
& Metaxas (2008a) reported a relationship between
L. fucensis life-history stage and temperature, sugges-
ting that thermal tolerance is lowest during the settler
stage and increases with increasing body size. It is
likely that a combination of both exposure to environ-
mental conditions and high adult abundances is dri-
ving the lack of settlers in near-vent microhabitats.

The time frame for Lepetodrilus fucensis population
recovery after catastrophic disturbance for the basic
model was similar to the time frames observed for
recovery of other vent species after eruptions on the
East Pacific Rise (e.g. 11 and 21 mo for the tubeworms
Tevnia jerichonana and Riftia pachyptila, respectively;
Shank et al. 1998) and the JDFR (e.g. ≤2 yr for one third
to one half of the regional vent species pool; Tunni-
cliffe et al. 1997, Tsurumi & Tunnicliffe 2001). Includ-
ing the effects of settler density dependence in the cat-
astrophic disturbance scenario slowed population
recovery compared to the basic model, but still fit
within observed time frames, particularly under fast
individual growth. For the chronic disturbance sce-
nario, the proportion of population reduction at each
time step increased with increasing individual growth.
However, the threshold for L. fucensis population per-
sistence was lower under scenarios that included set-
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tler density-dependence, due to the combination of
negative biological and physical effects on the popula-
tion. These results suggest that fast individual growth,
frequent reproduction and early maturation allow for
large numbers of propagules and, consequently, rapid
recolonization of new habitats or newly created space
and rapid recovery of populations from chronic and
catastrophic disturbance.

Parasitic castrators may regulate host population
size, as they have a direct influence on the reproduc-
tive output of their hosts (Blower & Roughgarden
1987, Lafferty 1993). Tunnicliffe et al. (2008) postu-
lated that parasitic infection may be a limiting factor
for the reproductive and competitive success of local
populations of Lepetodrilus fucensis at JDFR vents,
since large females, which contribute most to the next
generation, are disproportionately infected. Reduced
reproductive output of L. fucensis caused a decrease
in final population size at the end of 5 yr, with a
greater decline under fast individual growth scenar-
ios, most likely because of the reduced time individu-
als spent in adult stages. However, no reproductive
failure scenario resulted in population extinction,
even when the incidence of infection was highest
(30%). This is not surprising given the low elasticity
values for Fi. Other environmental conditions can also
result in poor reproductive performance; for example,
extremely high rates of reproductive failure have
been observed in other mollusc populations, resulting
from exposure to harmful algal blooms (Tracey 1988)
or environmental toxins (Gibbs & Bryan 1986). For L.
fucensis, poor venting conditions, such as at waning
or senescent vents, have also been shown to affect
reproductive output (Kelly & Metaxas 2007), and in
these cases reproductive failure may exceed 30%.
Reducing reproductive output by up to 90% further
reduced total population size, but still did not result in
population extinction. Thus it appears that while high
levels of reproductive failure in L. fucensis can reduce
both the production of offspring and population size,
continuous reproductive output ensures this species’
success in the vent system.

Model limitations

The use of deterministic matrix models requires the
simplifying assumption of a stable stage distribution,
with time-invariant vital rates (Caswell 2001). It is pos-
sible that fluid fluctuations and disturbances in the
hydrothermal vent environment prevent invertebrate
populations in these systems from converging upon
their stable stage distribution, resulting in survival and
growth probabilities within the projection matrix that
are no longer constant over time (Vandermeer 1975).

However, given the stability we observed in the popu-
lation distributions at ROPOS vent over a 5 yr period
(Fig. S2 in Supplement 4), variations in the vital rates
may only be relevant for populations inhabiting vent
sites that exhibit frequent or relatively large long-term
changes in disturbance or vent fluid output.

Due to sampling limitations, it was necessary to
make several simplifying assumptions regarding the
timing and nature of biological events in the life cycle
of Lepetodrilus fucensis, such as the frequency of re-
production, the linearity in growth rate and a constant
mortality rate. Elasticity values for the reproductive
contribution from adults and growth transitions were
consistently small, suggesting that violations of our
assumptions concerning fecundity, stage duration and/
or exclusion of a larval stage would have little effect on
the population growth rate. However, incorporating
non-linear growth rates in the model would change the
relative stage durations, particularly if growth slows as
an organism ages, resulting in a model stage distribu-
tion containing greater numbers of adults and fewer
settlers and recruits, potentially more closely resem-
bling established rather than colonizing population
distributions.

In contrast, given the high elasticity values for sur-
vivorship, particularly for the settler and recruit stages,
violation of assumptions surrounding calculations of
stage mortality may have large implications for the
estimates of population growth rate. Uncertainty in the
estimates of mortality rates for the settler stage was
due to their rarity in the established populations, while
the recruit stage exhibited large scatter around
the shell length–mortality relationship. Simultaneous
under- or overestimation of mortality in both these
stages would have a larger impact on the population
growth rate estimate, while errors in mortality esti-
mates in opposite directions (e.g. recruit mortality
overestimated and settler mortality underestimated, or
vice versa) would have a smaller impact. While all
demographic models simplify population dynamics to
some degree, and given that our estimated vital rates
came from observed patterns in nature, our model
approach can effectively generate hypotheses about
the population dynamics and life-history traits of vent
species that can guide future experimental work in
these remote habitats.

Future applications

Since their discovery in the late 1970s, investigation
into ecological processes at deep-sea hydrothermal
vents has proceeded slowly, due to the difficulties of
working in these remote and dynamic environments.
Such challenges should naturally lead to the use of
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models in vent research as tools to augment the
understanding of biological assemblages, refine
hypotheses and guide research efforts in these chal-
lenging deep-sea habitats (Shea et al. 2008). While
our model represents a first attempt at describing
population dynamics of a hydrothermal vent species,
it also provides an example of the high potential of
models, originally developed for use in other ecosys-
tems, to accelerate research in deep-sea communities.
As deep-sea technologies improve and more experi-
mental data become available, this modeling
approach can be utilized to investigate other aspects
of the life history of Lepetodrilus fucensis, such as
developing 2-sex models to investigate sex segrega-
tion in microhabitats (e.g. Bates 2008) or generating
multiple matrices and using life-table response exper-
iments to explore differences in the vital rates of pop-
ulations in different microhabitats (e.g. Levin et al.
1996). Incorporating environmental stochasticity into
the model would allow for examination of the
response of vital rates to temporal variations in the
external environment (Caswell 2001). Our model
could be coupled to more complex ones, such as with
integrodifference equations in discrete-time models
(e.g. Neubert & Caswell 2000) or metapopulation
models (e.g. Neubert et al. 2006) that can link demo-
graphic data and dispersal.

Our approach could also be used to model the
dynamics of other hydrothermal vent species or spe-
cies in other chemosynthetic environments, as few
parameters are needed to construct a population pro-
jection matrix. Lepetodrilus species are common gas-
tropods at hydrothermal vents and cold seeps, but
recent studies suggest L. fucensis is more highly spe-
cialized and possesses unique life-history traits com-
pared to other members of the genus (e.g. Bates 2007a,
Kelly & Metaxas 2007). The possession of chemosyn-
thetic episymbionts may be particularly important to
its success, but may also render L. fucensis more
dependent on fluid variations than species without
symbionts. Compared to hydrothermal vent habitats,
species inhabiting cold seeps experience markedly dif-
ferent spatial and temporal variations in fluid flow and
scales of disturbance (Sibuet & Olu 1998). Our model
could be used to examine how chemoautotrophic sym-
bioses may affect life-history traits and population
dynamics of Lepetodrilus species in vents at different
ocean basins or biogeographic provinces, as well as
different chemosynthetic reducing habitats. In addi-
tion, our approach would also be useful to compare
life-history traits of deep-water benthic invertebrate
species to those in shallow-water environments that
experience similar substantial gradients in distur-
bance, temperature or productivity (e.g. rocky inter-
tidal zones).

CONCLUSIONS

In summary, the dynamics and characteristics of
early life-history stages of Lepetodrilus fucensis
appear to play a vital role in its persistence. Rapid
growth, early maturation and frequent reproduction
parallel life-history traits found in species adapted to
other disturbed or variable habitats, yet L. fucensis
appears to be unique in that recruit survival is also
high. Because recruit survival is so important to popu-
lation growth, the dynamics of this early life-history
stage will be most influential to its success. However,
biological interactions, such as density dependence or
individual behaviour in response to environmental
stimuli, may also be important in regulating its popu-
lations over time. Our analyses not only emphasize
the possible combinations of life-history tactics of
organisms in extreme and variable habitats, but also
underscore the value in utilizing the hydrothermal
vent system to examine life-history adaptations of
marine organisms in ephemeral, harsh and variable
ecosystems.
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