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Abstract

Persistence of populations at range edges relies on local population dynamics and fitness, in the case of geographically
isolated populations of species with low dispersal potential. Focusing on spatial variations in demography helps to predict
the long-term capability for persistence of populations across the geographical range of species’ distribution. The
demography of two ecological and phylogenetically close macroalgal species with different life history characteristics was
investigated by using stochastic, stage-based matrix models. Populations of Ascophyllum nodosum and Fucus serratus were
sampled for up to 4 years at central locations in France and at their southern range limits in Portugal. The stochastic
population growth rate (L) of A. nodosum was lower and more variable in central than in southern sites whilst for F. serratus
this trend was reversed with A; much lower and more variable in southern than in central populations. Individuals were
larger in central than in southern populations for both species, which was reflected in the lower transition probabilities of
individuals to larger size classes and higher probability of shrinkage in the southern populations. In both central and
southern populations elasticity analysis (proportional sensitivity) of population growth rate showed that fertility elements
had a small contribution to A; that was more sensitive to changes in matrix transitions corresponding to survival. The
highest elasticities were found for loop transitions in A. nodosum and for growth to larger size classes in F. serratus.
Sensitivity analysis showed high selective pressure on individual growth for both species at both locations. The results of
this study highlight the deterministic role of species-specific life-history traits in population demography across the
geographical range of species. Additionally, this study demonstrates that individuals’ life-transitions differ in vulnerability to
environmental variability and shows the importance of vegetative compared to reproductive stages for the long-term
persistence of populations.
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Introduction Variations in population structure and dynamics across the
species distributional ranges must reflect geographical variation in
the dynamics of vital rates [6], [7]. Therefore, to understand the
determinants of species ranges it is fundamental to compare the
vital rates at range boundaries to those of central populations and
to understand how spatial variation in fitness translates into
population-level differences in abundance [3]. Such comparisons
are surprisingly rare, and even less frequent for southern latitude
margins that are more susceptible to change as a consequence of
climatic change. Exceptions include empirical comparisons
between demographic traits at marginal and core locations for
plants [7], [8], and marine organisms [9], [10]. Studies on
scaweeds, compared isolated [11] and integrated [12] demo-
graphic traits at central and southern range locations, or
developed demographic models for central and marginal popula-

Understanding the factors that set species geographical borders
is a central issue in ecology and evolutionary biology [1] that has
received increased attention in the face of the rapid distributional
shifts associated with climate change. All species have limits to
their geographical ranges beyond which they are not found,
presumably because at these locations their tolerances and
capacities are constrained or dispersal from source populations is
limited [2], but these assumptions have rarely been tested [3]. The
geographical ranges of species distributions may result from the
interplay between many factors including habitat availability, local
environmental conditions, metapopulation dynamics, biological
interactions and species-specific traits, such as physiological
tolerances, dispersal potential and vital rates [4], [5].
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tions. However these studies did not include the most marginal
populations [13]. Understanding the basis of the contrasting
dynamics of edge and central populations will increase the
reliability of models on the current, likely threatened e.g. [14],
[15], status of populations at range margins and to predict their
long-term response to current and future environmental condi-
tions.

Geographically isolated populations of dioecious species with
short direct dispersal are more likely to be affected by disturbance,
especially if they are at the margins of their distributional range.
Among this group of species are the two canopy forming fucoid
seaweeds Ascophyllum nodosum and Fucus serratus that occur on
sheltered intertidal shores in the north Atlantic. These are two
ecologically and phylogenetically close foundation species with
very different life-spans and phylogeographical histories. A. nodosum
is a long-lived species able to produce aggregated clonal
individuals by vegetative sprouting from its holdfast (base), with
slow growth rate and an estimated maximum life span of a
genetical individual of hundreds of years [16], whereas F. serratus
does not produce clonal copies from the holdfast and has a shorter
life span of about 3 to 4 years [17]. Patterns of genetic diversity at
the southern range edge are also very different for both species
[18], [19], [20]. Lower genetic diversity and high between
population differentiation have been reported for F. serratus
populations of the Iberian Peninsula when compared with central
ones [18], [19] which might limit the evolutionary potential of
such marginal populations [21]. Similar genetic diversity and very
low differentiation were found across the entire range of
distribution of A. nodosum in the Adantic, with exception of
Brittany where higher values were reported [20]. This shows that
genetic diversity is not reduced nor distinct at the southern edge.
Population structure and demographic variables of both species at
marginal and central locations are also different. A. nodosum
marginal populations exhibited differentiated phenotypic traits in
relation to central populations with higher values of reproductive
output and densities and lower individuals’ sizes, while F. serratus
core and border populations did not show differences in vital rates
[12].

The aim of the present study is to compare the demography of
marginal and central populations of A. nodosum and F. serratus using
stochastic matrix population models. These models are powerful
tools to investigate the demography of stage-structured popula-
tions and allow the incorporation of temporal and spatial sources
of wvariability in population dynamics [22]. Environmental
stochasticity affects population dynamics and evolution of life-
history traits and thus stochastic matrix models that include
variations in vital rates due to temporal random fluctuations in the
environment, were used in this study. Stochastic stage-based
demographic models for the two species are developed and
analyzed with focus on stochastic population growth rate, mean
stable stage distribution, as well as specific sensitivity and elasticity
of the stochastic population growth rate to changes in stage-
specific vital rates. More specifically, we hypothesize that the
stochastic population growth rate should be lower and more
variable in the marginal than in the central populations and that
the sensitivity of the stochastic population growth rate should be
more sensitive to changes in fertility in the marginal populations.
Furthermore, these analyses aim to contribute to global under-
standing of demographic contrasts in marginal versus central
populations and their consequences for persistence of populations
at their low-latitude distributional limits.
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Materials and Methods
Study Site

This study was conducted on the northern coast of Portugal and
the northern coast of Brittany in France covering, respectively, the
southern-edge and central populations of F. serratus and A. nodosum.
These species have maintained stable isolated southern-edge
populations on the northern coast of Portugal for at least the last
50 years [23]. In Portugal, the study of F. serratus was performed in
Viana do Castelo (41°41'27"N; 8°50'57"W) and Amorosa
(41°38'26"N; 8°49'22"W) and for 4. nodosum only in Viana do
Castelo, the southernmost population in the eastern Atlantic
(41°41'49"N; 8°51'08"W). In the French coast, two populations of
both species were sampled, in Roscofl (48°43'38"N; 3°59'22"W)
and in Santec (48°42'46"N; 4°01'23"W).

The central populations of both species were located in
sheltered bays, protected by groups of coastal islands while the
southern edge populations are on an open coast, exposed to
prevailing NW swell. However, the area of the shore where A.
nodosum and F. serratus occur is protected from the direct action of
waves by a large extension of rocks located in front of their areas.
This is demonstrated by the prevalence, in these sheltered zones of
the shore, of brown algae assemblages dominated by Pelvetia
canaliculata, F. spiralis and F. vesiculosus and A. nodosum.

No specific permissions were required to perform this study
since it did not involve collection of specimens and none of the
species studied had endangered or protected status.

All sites were strongly dominated by fucoid canopy at mid-
mtertidal sheltered shores. 4. nodosum was found in the mid-high
intertidal zone and F. serratus in the mid-low levels. The maximum
tidal amplitude is approximately 4.0 m on the northern Portu-
guese coast and 9.0 m in the northern part of Brittany. Mean
annual temperatures recorded during the study period under the
A. nodosum canopy were 16°C in Portugal and 11°C in France [12].

Sampling Procedure

For each location (Portugal and France), at each site (Viana do
Castelo and Amorosa in Portugal, and Roscoff and Santec in
France) and for each species, three 1x1 m quadrats were
randomly selected and marked in the corners with plastic tags
and screws. However, for A. nodosum in Portugal only Viana do
Castelo was sampled since it is the single southern border
population that exists. The nearest known population occurs
10 s of kms further north, in Spain. For this reason, twelve 1 X1 m
plots were randomly spread along the 2000x30 m total distribu-
tion of the population in Viana do Castelo. Inside each quadrat
and at each sampling occasion all the individuals were mapped.
Individuals with a size large enough to hold a plastic cable tie or a
glass bead tag were tagged. The basic information needed for the
size structured matrix model is the fate of individuals, that is, if
they survive or not. If they survive, then the change in size is
important in order to calculate the probability of transition of
individuals from one size class to another. Further, the number of
recruits is needed to estimate the fertility. For that reason all new
recruits within each quadrat were registered at each sampling
occasion. To estimate individual size, the maximum length (I) and
circumference (c) (in cm) of each individual were measured. The
predictive equations previously obtained for each species at each
location [12], for the relationship between algal volume [length of
the longest frond x maximum circumference squared (Ic?)] and
dry weight, were used to calculate the dry biomass (in g) of all the
individuals measured in the field. Sampling was done from 2005 to
2009 at variable dates, depending on the knowledge available
about each species and each location prior to the start of the
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experiment. For A. nodosum in France, based on previous personal
observations about the occurrence of a single reproductive period
yearly, sampling was done once a year from 2006 to 2009
(summer). Because similar information was not available for F.
serratus in France, sampling was done twice a year during the first
year (2006-2007) (winter and summer) showing that the repro-
ductive period was restricted to few months per year. Thus,
sampling was done yearly in the following sampling occasions
(summer). For Portugal, no information about the reproductive
period of either species was available. A. nodosum’s receptacles were
present all year around and thus sampling was performed 3 times
per year in 2005 (winter, spring and summer). In 2006 sampling
was done twice a year (winter and summer). Additional in-situ
observations showed that gamete release occurred mainly between
October and February, thus between 2007 and 2009 sampling was
done once a year (summer). For F. serratus in Portugal, sampling
was done twice a year between 2006 and 2008 (winter and
summer) and once a year in 2009, since mature receptacles were
mainly observed between May and September (end of summer).

For the demographic analyses, individuals were divided into six
classes: the first class included only the new recruits; individuals in
this class can only grow to a larger class or die. The other classes
were based on individual size (<5 g; 5-15 g; 15-54 g; 54-190 g;
>190 g), following [24] and where individuals larger than 5 g
were assumed to be fertile. It was not possible to associate recruits
to a given fertile alga in the field. For that reason an indirect
method was used to calculate the fertility values for a given size
class. The individual fertility values were calculated as contribu-
tions to the observed number of recruits, for algae in size-classes 3—
6 in proportion to their biomass. The assumption that fertility is
proportional to adult biomass is supported by results in earlier
papers [13], [25], [26], [27]. Projection matrices were constructed
based on the life cycle graph shown in Fig. 1.

Model
The matrix model. Matrix population models are structured
models where the population is divided into discrete stages, e.g.

age, size or natural life-cycle stages or a combination of these types
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of stages. The population matrix describes the transition proba-
bility from one stage to another and the probability to stay in the
same stage as well as the stage specific fertility. The change in
population size can be projected in discrete time steps and there
are numerous analyses that can be applied to the model (see [22]
for a review). A stochastic matrix model is usually based on a finite
set of projection matrices {Ag, A, ..., Ay}, each representing a
specific environment (e.g. here year and country). The stochastic
process can be described by a first-order Markov chain of length 7°
(t=0, 1, ..., T), where T is a large number (usually thousands of
time steps). To model the population growth a matrix A, is drawn
from the subset of matrices at each time ¢ with a set probability
and multiplied by a column vector n(f) specifying the number of
individuals in each stage class at time t. The basic stochastic matrix
population model can be expressed as

n(t+1) = An(r) (1)

where n(f) is a population vector and A, is the population
projection matrix generated by the stochastic environmental
process at time step £ If the probability distribution of the
different environments does not change through time the
environment is considered homogenous. The stochastic popula-
tion growth rate can then be calculated as

!
logls = Tlgrgo?log||AT,1 -+ Aong|| (2)

To our knowledge there are no statistical methods to compare
the population growth rate and thus is not possible to calculate the
uncertainty in the estimation of this parameter.

Model analyses and simulations. Due to the unbalanced
temporal sampling there are three matrices describing the first
year and two for the second year for A. nodosum in Portugal. In year
three and four there is only one matrix per year similarly to A.

\ Mortality (M)

t Fertility (F) A

\ J* Probability of staying in the same size class (L)

Transition probability to bigger size classes (G)

Transition probability to smaller size classes (S)

Figure 1. Life cycle graph for A. nodosum and F. serratus showing the different stage classes and all possible transitions. Individuals in
a size class (2-6) that survive can grow (G), shrink (S) or stay in the same size class (L). Class 1 includes new recruits that, if survive, enter class 2.

Individuals in class 3-6 are reproductive.
doi:10.1371/journal.pone.0092177.g001
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nodosum in France where there is only one matrix for each of the
three years. For F. serratus in Portugal there are two matrices per
year for the first and second year and one matrix for the third year.
For F. serratus in France there are two matrices for the first year
and one matrix per year for years two and three. For years with
more than one matrix a periodic model was applied to calculate a
yearly matrix [28]. The stochastic population growth rate was
calculated using yearly matrices where all years had the same
probability to appear in the stochastic sample path. For each
species and site a mean matrix was calculated from the yearly
matrices (Table 1) e.g. for a site with three yearly matrices the
mean matrix A, = (A;+Ay+A3)/3. The stable stage distribution
and reproductive values were calculated as the right and left
eigenvectors corresponding to the dominant eigenvalue of the
mean matrix for each species and country.

Sensitivity and elasticity. The sensitivity and elasticity
(proportional sensitivity) of the stochastic population growth rate
to changes in the matrix elements were calculated using model
simulation. Due to the unbalanced temporal sampling the methods
in [29] and [30] could not be used directly but the simulations are
equivalent to these methods. To calculate the sensitivity of the
stochastic population growth rate a small figure (0.0001) was
added to one element at the time in all the basic matrices. For
years with more than one matrix, the yearly matrix was then
calculated with the periodic model and added to the set of yearly
matrices. A new stochastic population growth rate was calculated
for the perturbed set of matrices using the same stochastic sample
path as when calculating the original growth rate. This new
stochastic population growth rate minus the original one divided
by the size of the perturbation -1 gave the sensitivity for the matrix
element that was perturbed. The matrices were then set back to
their original values and the next element was perturbed until
values for all elements were obtained. The size of the perturbation
was decreased until the sensitivity values converged to three
significant digits. The elasticity of the population growth rate was
calculated in a similar way but with a factor close to unity (1.0001)
instead of an absolute perturbation. All calculations and simula-
tions were performed in MATLAB R2011a.

Results

Stochastic Population Growth Rate and Stable Stage
Distribution

Model simulations showed that the stochastic population growth
rate (A,) varied between species and locations. When A is >1 the
average population size is growing and when it is <1 the average
population size is decreasing. A, was higher for A. nodosum in
Portugal (0.97) than in France (0.87) but lower for F. serratus in
Portugal (0.77) than in France (1.05) (Fig. 2). All the A, were
slightly below 1, except for F. serratus in France (Fig. 2). For A.
nodosum, variation in population growth rate was larger in France
than in Portugal but the opposite trend was recorded for F. serratus
(Fig. 2).

The stable stage distribution calculated from the mean matrix
showed for both A. nodosum and F. serratus, that populations in
France had higher proportion of individuals belonging to the
largest size classes (classes 5 and 6 for A. nodosum and classes 3 to 6
for F. serratus) than in Portugal. However, all the populations,
especially F. serratus, both in Portugal and France, were dominated
by smaller individuals belonging to classes 1 and 2 (Fig. 3).

Reproductive Values

Reproductive values increased with plant size for both species at
both locations but more pronouncedly for F. serratus, especially in
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Portugal (Fig. 4). These results were related to the fertilities of each
class and the transition probabilities between size classes. Higher
fertilities were found in Portugal for both species at all size classes.
However, for A. nodosum in Portugal the probability of transition to
the class with higher fertility (class 6) is very low and the shrinkage
to smaller size classes much higher than in France (Table 1). On
the contrary, for F. serratus the differences in the transition to
higher size classes and in the shrinkage of individuals to smaller
sizes between locations are not so pronounced, and do not balance
the much higher values of fertility found in Portugal (T'able 1).

Elasticity and Sensitivity

The pattern of elasticities of the stochastic population growth
rate to changes in the matrix elements showed that the loop
transition was the most important for the A, of 4. nodosum while the
growth transition was the most important for the A, of F. serratus
(Fig. 5). Elasticities were very similar for F. serratus populations in
France and in Portugal, with the shrinkage transition as the least
important for A, (Fig. 5). Fertility transitions were very low for 4.
nodosum when compared to F. serratus but were slightly higher in
Portugal than in France (Fig. 5). For 4. nodosum, loop transitions
were more important in Portugal than in France while growth and
shrinkage transitions showed the opposite geographical pattern
(Fig. 5). The comparison between the elasticity across size classes,
without taking into account the fertility, showed that for A. nodosum
in France there was an important contribution of the 3 largest size
classes (4—6) to A, while in Portugal it was classes 2 to 4 that
influence A, the most (Fig. 6). For F. serratus the contribution of
each size class to A, was more evenly distributed among size classes
1 to 5 for both locations (Fig. 6).

The pattern of sensitivities of the stochastic population growth
rate to changes in the matrix elements showed that, globally, there
was a selection for individual growth in both species at both
locations. However, for 4. nodosum the sensitivity to changes in loop
and shrinkage transitions were also important for population
growth, while the sensitivity to changes in growth transition was
totally dominant over the other matrix elements in F. seratus
(Fig. 7). In general, the sensitivity of the stochastic population
growth rate to changes in fertility was very low, in particular for /.
serratus. Yor A. nodosum, fertility transition has higher sensitivity in
Portugal than in France (Fig. 7). For A. nodosum the sensitivity to
changes in growth and loop transitions were higher in Portugal
while the shrinkage transition was slightly more important in
France. The comparison between the sensitivities, without taking
into account the fertility across size classes, showed that the
sensitivity of the stochastic population growth rate was higher for
changes in classes 2 to 4 for A. nodosum in Portugal, while in France
it was in general lower and balanced between classes 2 and 6
(Fig. 8). For F. serratus sensitivity of A, was much higher for changes
in smaller classes (1 and 2) and higher in Portugal than in France

(Fig. 8).

Discussion

This study revealed distinct long-term demographic trends for
central and edge populations of A. nodosum and F. serratus,
demonstrating the role of species identity and related life-history
traits on the dynamics of edge populations. These results have
wide implications for the understanding and predicting of
biodiversity changes at range edges, by revealing that marginal
versus central populations can have important demographic
differences that determine their capacity for persistence or
likelihood to shift their distributional limits.
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A. nodosum and F. serratus are contrasting species in terms of life
histories, habitats and genetic background. Earlier studies show
that phenotypic traits are differentiated between A. nodosum’s
southern-edge and central populations while F. serratus has similar
traits at both locations but occupies a narrower vertical
distribution in the south [12], [21]. The results of the present
study show how these differences in fitness related traits are
translated into the demography of the species and how sensitive
the stochastic population growth rate is to changes in vital rates.
An extension of this could be to use these models to predict
population persistence under the future scenario of environmental
variability posed by climate change.

Stochastic Population Growth Rate and Stable Stage
Distribution

For A. nodosum, modeled A, was lower and more variable at the
center than at the edge of distribution, but below 1 for both
locations. For F. serratus A, was much lower and variable at
southern than at central locations. In general, macroalgae
populations have lower and more variable A, in environmentally
variable habitats as a consequence of high mortality of individuals
[26], [31]. An increase in the mortality of A. nodosum individuals
has been related to different sources of disturbance such as ice
scouring, harvesting and trampling [26], [32], [33]. The lower A,
found for the A. nodosum population in France was mainly the result
of the lower survival of individuals in all size classes when
compared to Portugal (see Table 1). During this study, deposition
of sand was frequently observed in some of the study plots in
France but never in Portugal. This episodic disturbance might
have accounted for the lower survival rates observed in France. A
previous study in the same area of France in the late 1990’s found
much lower values of mortality and never reported accumulation
of sand in the study plots, but still found A, of less than 1 due to low
recruitment rates (Aberg et al. personal observation). Values of A,
below 1 were reported for A. nodosum in the northern part of the
Swedish west coast, close to its distributional limit further south on
the west coast [13]. For central populations, A, varied from slightly
below to slightly above 1, depending on the location and sampling
dates [13], (Aberg et al. personal observation). This demonstrates
the need to conduct long-term observational studies covering a
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Figure 3. Stable distribution of the mean matrix for southern
(Portugal) and central (France) A. nodosum and F. serratus
populations.

doi:10.1371/journal.pone.0092177.g003

comprehensive spatial extent, along the distributional range of
species, when constructing long-term predictions about popula-
tion’s trends.

Southern range F. serratus’s populations show reduced plasticity
to environmental variation [21]. In the present study, model
simulations showed, for F. serratus, that environmental fluctuation
at the boundary of its distribution, might cause its disappearance
from previously colonized areas, which take a long time to recover
[34]. The A, values found in this study might reflect the
maladaptation of populations to years with high environmental
variation.

For both species, large individuals were much more abundant in
France than in Portugal. The individual growth rate of both
species is similar at both locations (AraGjo et al. personal
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Figure 4. Reproductive values for each stage class of southern
(Portugal) and central (France) A. nodosum and F. serratus

populations.
doi:10.1371/journal.pone.0092177.g004
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observation), explaining that the lower transition probability to
larger size classes in Portugal is caused by higher breakage of
fronds. In previous studies, increased breakage of macroalgae’s
fronds has been related with several factors such as grazing [35],
[36], [37], [38], wave action [39], [40], harvesting [41] and
trampling [33]. However, the comparative quantitative effects of
most of these factors on breakage of the fronds at central and
southern locations are unknown for these species.

Reproductive Values

The reproductive values increased with individual size for both
species but more pronouncedly for F. serratus, especially in
Portugal. This indicates that F. seratus individuals in Portugal
have a higher fitness advantage in terms of reproduction and
survival if they grow to larger size classes. An increase in the
reproductive biomass with size of the plant is a common trend for
seaweeds [25], [43] and an increase in the reproductive value with
size class has been reported in previous studies [24], [31], [41].
Reproductive effort might increase following disturbance [44],
[45], [46]. The high reproductive values of F. serratus in this study
might reflect the levels of environmental disturbance found at its
edge of distribution.
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Elasticity

Elasticity of the population growth rate to changes in survival
was higher than for changes in fertility, for both species at both
locations. A. nodosum was more susceptible to changes in loop
transition followed by growth in both areas, while changes in
growth transitions were the most important for F. serratus followed
by loop. However, F. serratus populations were more susceptible to
changes in fertility rates than those of A. nodosum. In general for
algae, higher elasticity values for survival than for fertility are
reported for longer-lived species, while in shorter-lived species
elasticity values for fertility, although lower than for survival, are
generally higher [13], [26], [32], [48], [47].

The higher susceptibility to changes in loop transitions of A.
nodosum populations demonstrates that their long-term persistence
might be affected by factors increasing the shrinkage of individuals
(in particular of adults). Among these factors, an increase in the
human frequentation of coastal areas might be important since
human trampling negatively affects the communities at the
southern-limit of A. nodosum, both in the short and long term
[33]. The density of invertebrates inhabiting A. nodosum adults is
lower in Portugal than in central and northern populations [12],

PLOS ONE | www.plosone.org

[36]. However, in spite of the decreasing trend in limpet grazing
from north to south [42], the opposite trend was recorded under
the A. nodosum canopy when comparing edge and central
populations [12]. Harvesting, although not important in Portugal,
occurs in France, and increases individual shrinkage [32], [49].
Also changes in the frequency of storms predicted by models of
climate change [50] or in the pressure of grazing [51] might
account for increased shrinkage of individuals. Although the A.
nodosum populations in Portugal were slightly more susceptible to
changes in fertility than in France, elasticities for fertility
transitions were low. The reproductive output [12] and reproduc-
tive allocation (Aratjo et al. personal observation) of A. nodosum
was higher in Portugal than in France, despite the apparent low
importance for population growth and persistence demonstrated
by the model. However, in long-lived algae, recruitment is
important for the long-term stability of populations [41], [52],
and massive recruitment may occur under exceptional circum-
stances such as disturbance events [31], [53]. Short-term studies,
like the one presented here, are likely to miss these extraordinary
recruitment events, potentially contributing to the occurrence of
estimates of population growth below 1 observed in this study.
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Factors affecting growth of individuals also have negative effects
on the growth of the population, as demonstrated by the high
elasticities of growth transition found for both species. The
documented North Atlantic trend of raising sea and air
temperatures [54] is expected to have more immediate and severe
consequences at species borders. As expected, temperatures in the
intertidal area are higher in Portugal than in France [12].
Increased sea surface temperature will decrease A. nodosum growth
at temperatures above 19°C with lethal effects shown above 28°C
[53]. F. serratus southern edge populations show much lower
resilience to heat stress than central ones [21]. Consequently, it
can be expected that, under the current scenario of global
warming, these southern limit populations will suffer a decrease in
individual growth that could have important consequences for
population persistence.

Sensitivity
The sensitivity of the stochastic population growth rate to
changes in a given vital rate can be interpreted as the selection
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pressure on that life-history transition [22]. For both species and
for both locations, the high sensitivity values of the population
growth rate to changes in transition to larger size classes indicate
that there is strong selection for individual growth. This selective
pressure on individual growth is very pronounced for F. serratus,
dominating over all the other transitions. For short-lived species,
increased growth, directly related for F. seratus with its high
reproductive values in large size classes, might maximize the
individual life time fertility. In a scenario of increased environ-
mental and anthropogenic disturbance, with negative effects on
individual plant growth, the selective pressure for increased
individual growth will be stronger. When under stressful condi-
tions, the most beneficial trait for population persistence, in this
case individual growth, will be favoured at the expenses of other
fitness related traits like reproduction and defence [56], [57].
However, a reduction in the allocation of resources to defence will
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[59]. The selective pressure on fertility is higher in Portugal than in
France, although much lower than for survival transitions.
Nevertheless, if the allocation of resources for growth increases,
the reproductive output might be reduced with consequences for
the long-term population persistence.

The results of this study show that A. nodosum has high plasticity
in life-history traits, while F. serratus, with much lower and more
variable A,, seems to be more susceptible to environmental
variation in local habitat conditions at the southern limit
boundary. For both species, changes affecting individual growth
(by diminishing the transition to larger size classes or increasing
shrinkage) would reduce population growth. Under the current
scenario of global environmental change, anthropogenic and
environmental disturbances affecting vital rates may condition the
local persistence of populations in the long term.

Future research should include studies with a particular focus on
the southern biogeographic range limit of species distribution,
addressing the comparison of phenotypic fitness related traits in
geographically isolated versus connected edge populations.

Author Contributions

Conceived and designed the experiments: RA ES IS PA. Performed the
experiments: RA. Analyzed the data: RA PA. Contributed reagents/
materials/analysis tools: ES IS. Wrote the paper: RA ES IS PA.

11. Viejo RM, Martinez B, Arrontes J, Astudillo C, Hernandez L (2011)
Reproductive patterns in central and marginal populations of a large brown
seaweed: drastic changes at the southern range limit. Ecography 33: 1-10.

12. Aratjo R, Serrio E, Sousa-Pinto I, AbergP (2011) Phenotypic differentiation at
southern limit borders: the case study of two fucoid macroalgal species with
different life-history traits. J Phycol 47: 451-462.

13. Svensson CJ, Pavia H, zn\berg P (2009) Robustness in life history of the brown
seaweed Ascophyllum nodosum (Fucales, Phacophyceae) across large scales: effects
of spatially and temporally induced variability on population growth. Mar Biol
156: 1139-1148.

14. Diekmann OE, Serrao EA (2012). Range-edge genetic diversity: locally poor
extant southern patches maintain a regionally diverse hotspot in the seagrass
Zostera marina. Mol Ecol 21: 1647-1657.

15. Nicastro KR, Zardi GI, Teixeira S, Neiva J, Serrao EA, et al. (2013). Shift
happens: trailing edge contraction associated with recent warming trends
threatens a distinct genetic lineage in the marine macroalga Fucus vesiculosus.
BMC Biol 11: 6.

16. Aberg P (1992a) Size-based demography of the seaweed Ascoplpllum nodosum in
stochastic environments. Ecology 73: 1488-1501.

17. Arrontes J (1993) Nature of the distributional boundary of Fucus serratus on the
north shore of Spain. Mar Ecol Prog Ser 93: 183-193.

March 2014 | Volume 9 | Issue 3 | 92177



20.

21.

22.
23.

28.

29.

30.

31.

32.

37.

38.

. Coyer JA, Peters AF, Stam W'T, Olsen JL (2003) Post-Ice age recolonization and

differentiation of Fucus serratus L. (Fucaceae: Phacophyta) populations in
Northern Europe. Mol Ecol 12: 1817-1829.

. Hoarau G, Coyer JA, Veldsink JH, Stam WT, Olsen JL (2007) Glacial refugia

and recolonization pathways in the brown seaweed Fucus serratus. Mol Ecol 16:
3606-3616.

Olsen JL, Zechman FW, Hoarau G, Coyer JA, Stam WT, et al.2010) The
phylogeographic architecture of the fucoid seaweed Ascophyllum nodosum: an
intertidal ‘marine tree’ and survivor of more than one glacial-interglacial cycle.
J Biogeogr 37: 842-856.

Pearson GA, Lago-Leston A, Mota C (2009) Frayed at the edges: selective
pressure and adaptive response to abiotic stressors are mismatched in low
diversity edge populations. J Ecol 97: 450-462.

Caswell H (2001) Matrix population models. Sinauer Associates, Sunderland.
Aragjo R, Barbara I, Tibaldo M, Berecibar E, Tapia PD, et al. (2009a) Checklist
of benthic marine algaec and cyanobacteria of northern Portugal. Botanica
Marina 52: 24-46.

. /O\berg P (1990) Measuring size and choosing category size for a transition matrix

study of the seaweed Ascophyllum nodosum. Mar Ecol Prog Ser 63: 281-287.

. Aberg P (1996) Patterns of reproductive cffort in the brown alga Ascophyllum

nodosum. Mar Ecol Prog Ser 138: 199-207.

. /e\berg P (1992b) A demographic study of 2 populations of the seaweed

Ascophyllum nodosum. Ecology 73: 1473-1487.

. Aberg P, Pavia H (1997) Temporal and multiple scale spatial variation in

juvenile and adult abundance of the brown alga Ascophyllum nodosum. Mar Ecol
Prog Ser 158: 111-119.

Caswell H, Trevisan MC (1994) Sensitivity analysis of periodic matrix models.
Ecology 75: 1299-1303.

Caswell H (2005) Sensitivity analysis of the stochastic growth rate: three
extensions. Aust NZ J Stat 47: 75-85.

Aberg P, Svensson CJ, Caswell H, Pavia H (2009) Environment-specific elasticity
and sensitivity analysis of the stochastic growth rate. Ecol Modell 220: 605-610.
Engelen AH, Breeman AM, Olsen JL, Stam WT, Aberg P (2005) Life history
flexibility allows Sargassum polyceratium to persist in different environments
subjected to stochastic disturbance events. Coral Reefs 24: 670-680.

Ang PO, Sharp GJ, Semple RE (1993) Changes in the population structure of
Ascophyllum nodosum(L.) Le Jolis due to mechanical harvesting. Hydrobiologia
260/261: 321-326.

. Aratjo R, Vaselli S, Almeida M, Serrao E, Sousa-Pinto I (2009b) Effects of

disturbance on marginal populations: human trampling on Ascophyllum nodosum
assemblages at its southern distribution limit. Mar Ecol Prog Ser 378: 81-92.

. Arrontes J (2005) A model for range expansion of coastal algal species with

different dispersal strategies: the case of Fucus serratus in northern Spain. Mar
Ecol Prog Ser 295: 57-68.

. Toth GB, Pavia H (2000) Water-borne cues induce chemical defense in a marine

alga (Ascophyllum nodosum). Proc Nat Acad Sci USA 97: 14418-14420.

. Viejo RM, Aberg P (2003)Temporal and spatial variation in the density of

mobile epifauna and grazing damage on the seaweed Ascophyllum nodosum. Mar
Biol 142: 1229-1241.

Davies AJ, Johnson MP, Maggs CA (2007) Limpet grazing and loss of Ascophyllum
nodosum canopies on decadal time scales. Mar Ecol Prog Ser 339: 131-141.
Toth GB, Karlsson M, Pavia H (2007) Mesoherbivores reduce net growth and
induce chemical resistance in natural seaweed populations. Oecologia 152: 245

255.

PLOS ONE | www.plosone.org

10

39.

40.

41.

42,

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.
57.

58.

59.

Fucoids’s Dynamics at Central and Edge Locations

Engkvist R, Malm T, Nilsson ] (2004) Interaction between isopod grazing and
wave action: a structuring force in macroalgal communities in the southern
Baltic Sea. Aquat Ecol 38: 403-413.

Kraufvelin P, Lindholm A, Pedersen MF, Kirkerud LA, Bonsdorff E (2010)
Biomass, diversity and production on rocky shore macroalgae at two nutrient
enrichment and wave action levels. Mar Biol 157: 29-47.

AngJr PO, De Wreede RE (1993) Simulation and analysis of the dynamics of a
Fucus distichus (Phaeophyceae, Fucales) population. Mar Ecol Prog Ser 93: 253
265.

Coleman RA, Underwood A]J, Benedetti-Ceecchi L, Abcrg P, Arenas F, et al.
(2006) A continental scale evaluation of the role of limpet grazing on rocky
shores. Oecologia 147: 556-564.

AngJr PO (1992) Cost of reproduction in Fucus distichus. Mar Ecol Prog Ser 89:
25-35.

Marba N, Duarte CM (1995) Coupling of seagrass (Cymodocea nodosa) patch

dynamics to subaqueous dune migration. J Ecol 83: 381-389.

. Welham CV]J, Setter RA (1998) Comparison of size-dependent reproductive

effort in two dandelion (7 araxacum officinale) populations. Can J Bot 76: 166-173.
Alexandre A, Santos R, Serrao E (2005) Effects of clam harvesting on sexual
reproduction of the seagrass Jostera noltii. Mar Ecol Prog Ser 298: 115-122.
AngJr PO, De Wreede RE (1992) Matrix models for algal life history stages. Mar
Ecol Prog Ser 59: 171-181.

Engel C, /Q\berg P, Gaggiotti OE, Destombe C, Valero M (2001) Population
dynamics and stage structure in a haploid diploid red seaweed, Gracilaria gracilis.
J Ecol 89: 436-450.

Ang PO, Sharp GJ, Semple RE (1996) Comparison of the structure of
populations of Ascophyllum nodosum (Fucales, Phaeophyta) at sites with different
harvesting histories. Hydrobiologia 327: 179-184.

Allen MR, Stott PA, Mitchell JFB, Schnur R, Delworth TL (2000) Quantifying
the uncertainty in forecast of anthropogenic climate change. Nature 407: 617—
620.

Hawkins SJ, Sugden HE, Mieszkowska N, Moore PJ, Poloczanska E, et al.
(2009). Mar Ecol Prog Ser 396: 245-259.

Reed DC, Laur DR, Ebeling AW (1988) Variation in algal dispersal and
recruitment: the importance of episodic events. Ecol Monogr 58: 321-335.
Ladah LB, Zertuche-Gonzalez JA (1999) Giant kelp (Macrocystis pynifera,
phaeophyceae) recruitment near its southern limit in baja california after mass
disappearance during enso 1997-1998. J Phycol 35: 1106-1112.

Easterling DR, Horton B, Jones PD, Peterson TC, Karl TR, et al. (1997)
Maximum and minimum temperature trends for the globe. Science 277: 364—

367.

. Keser M, Swenarton JT, Foertch JF (2005) Effects of thermal input and climate

change on growth of Ascophyllum nodosum (Fucales, Phaeophyceae) in eastern
Long Island Sound (USA). J Sea Res 54: 211-220.

Obeso JR (2002) The costs of reproduction in plants. New Phytol 155: 321-348.
Hairston Jr NG, Ellner SP, Geber MA, Yoshida T, Fox JA (2005) Rapid
evolution and the convergence of ecological and evolutionary time. Ecol Lett 8:
1114-1127.

Pavia H, Toth GB, Aberg P (1999) Trade-offs between phlorotannin production
and annual growth in natural populations of the brown seaweed Ascophyllum
nodosum. J Ecol 87: 761-771.

Toth GB, Pavia H (2006) Artificial wounding decreases plant biomass and shoot
strength of the brown seaweed Ascophyllum nodosum (Fucales, Phacophyceae). Mar
Biol 148: 1193-1199.

March 2014 | Volume 9 | Issue 3 | 92177



