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ABSTRACT: Present theory of marine community structure includes the effect of environmental fac-
tors that act upon larval survival on distribution and abundance of benthic adults. The theory
assumes that pre-settlement environmental factors produce a direct effect at the population level,
determining the abundance of individuals that enter the benthic habitat. These are density effects
that propagate from the larval to the benthic phase (abbreviated here as DEMPHs). However, recent
information suggests that pre-settlement factors may also produce an effect on population abun-
dance, mediated by changes in traits of settlers. For instance, larvae experiencing food stress may
give rise to juveniles with reduced energy reserves, growth rate, and in consequence with a low life
expectancy. Thus, such trait-mediated (e.g. life historical, physiological) effects propagate through
different life phases of the complex life cycles of benthic invertebrates, ultimately affecting juvenile
survival. In this paper, I discuss the potential role of this special kind of trait-mediated effect (abbre-
viated here as DELPHIs) on benthic communities. I show that DELPHIs may affect the shape of the
stock-settlement function leading to an erroneous interpretation of the role of post-settlement factors
on benthic communities. Mortality due to DELPHIs is the consequence of pre-settlement factors but
may be confounded with mortality due to post-settlement factors. In this regard, I conclude that the
only solution to avoid this error is to incorporate measurements of traits of individuals in settlement
and recruitment studies. Besides, DELPHIs may allow for complex interactions between pre- and
post-settlement processes, suggesting that dichotomous views about the role of pre- and post-settle-
ment processes are not appropriate. Finally, I suggest that future field research in benthic communi-
ties should incorporate an estimation of DELPHIs as a tool to expand, and thus improve, marine
community theory.
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INTRODUCTION

In species with complex life cycles (e.g. many marine
invertebrates, fishes) the abundance of adult individu-
als is affected by abiotic (e.g. salinity) and biological
(e.g. predation) processes acting on different life
phases (eggs, larvae, juveniles, adults). If the phases
do not share the same habitat (e.g. in benthic inverte-
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brates), there may be a distinct habitat- and size-
dependent set of processes explaining the survival or
growth rate at each phase. When the habitat is shared,
size-dependent processes may still differentially affect
the survival of individuals in different life phases. In
marine benthic invertebrates, pelagic processes may
act on the larval phase in the water column or at settle-
ment; these factors include characteristics of the water
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column (e.g. larval transport: Roughgarden et al.
1988), or interactions between settling larvae and ben-
thic adults (e.g. Peterson & Black 1993). Benthic pro-
cesses related to the substratum affect juveniles and
adults (e.g. competition for space: Connell 1961).
These factors are defined according to whether they
occur before or after the settlement of larvae in the
benthic habitat and the metamorphosis from larvae to
juveniles; they are termed pre-settlement and post-
settlement processes, respectively (Connell 1985,
Jeffery 2003).

The development of an ecological theory that
includes species with complex life cycles involves the
solution of methodological problems concerning the
measurement of the settlement rate, as well as a better
understanding of how pre- and post-settlement pro-
cesses affect populations and communities (see Rough-
garden 1986, Menge 2000). Settlement is defined as
the point when individuals first take permanent resi-
dence on the substratum (Keough & Downes 1982,
Connell 1985); it is a process that involves contact with
the substratum, behavioural responses, and metamor-
phosis. However, most studies measure recruitment,
which is the number of settlers surviving after a certain
period of time in the benthos. Recruitment, the result
of settlement plus early post-settlement mortality
(Keough & Downes 1982, Connell 1985), is an opera-
tional term that has been defined in different ways
(Caley et al. 1996, Hunt & Scheibling 1997). While set-
tlement should be measured on a tidal or daily basis,
recruitment may be measured on a weekly or monthly
basis (Connell 1985, Raimondi 1990; see also discus-
sions in Caley et al. 1996, Hunt & Scheibling 1997,
Pineda 2000, Paine 2002). Here, I focus on how pre-
and post-settlement processes operate together. In
particular, I discuss (1) 2 types of pre-settlement effects
and (2) combined pre- and post-settlement effects on
populations and communities. Although I focus on
benthic invertebrates, many concepts discussed here
are important for other marine groups such as benthic
fishes (see McCormick 1998, McCormick & Hoey
2004).

DENSITY- AND TRAIT-MEDIATED EFFECTS IN
COMPLEX LIFE CYCLES

Pre-settlement processes include temperature, salin-
ity, transport by currents, predation and food availabil-
ity, all of which affect larval survival, growth, energy
content, etc. They may be divided into 2 types:
(1) those directly affecting the population through
changes in the number of individuals that settle in the
benthic habitat (density-mediated effects), and
(2) those affecting the population through changes in

traits of individual settlers (trait-mediated effects) that
lead to changes in survival or reproduction. Both types
of effects are propagated to the benthic phase since
they affect either the abundance of juvenile stages or
their growth or both.

Density-mediated effects that are propagated
through different life phases (abbreviated as DEMPHs)
are the ones most commonly studied in supply-side
ecology (Connell 1985, Gaines & Roughgarden 1985,
Harms & Anger 1989, Karlson & Levitan 1990, Menge
2000). Roughgarden (1986) proposed a model of
DEMPHs for benthic communities, focusing on sessile
organisms of hard substrata: pre-settlement factors
affected the strength of density-dependent post-settle-
ment processes. In this model 3 different communities
were distinguished: (1) At low settlement rates, a
recruitment-limited community emerges where space-
competition does not take place. At high settlement
rates, the community will be space-limited, and struc-
tured by either (2) density-dependent mortality, which
creates a patch mosaic of individuals of the same age
classes and empty space, or (3) density-dependent
growth, which gives rise to a lattice of tightly packed
individuals. Further analyses (Menge & Sutherland
1987, Connolly & Roughgarden 2003) predicted that
the strength of biological interactions depended on
factors that govern the settlement rate. Some evidence
has been provided by observations (Connolly &
Roughgarden 1998, Connolly et al. 2001) and experi-
ments (Fairweather 1988, Robles 1997). However,
other tests did not give unambiguous support to the
model (Hyder et al. 1998, Menge 2000). Settlement
and post-settlement factors may interact; if recruit-
ment reflects settlement, that interaction explains
why recruitment is necessary — but sometimes insuffi-
cient—for explaining adult population density (Men-
ge 2000). In populations of soft sediment invertebrates
competition after settlement need not lead to mortality
(Wilson 1991, Peterson & Black 1993), while larval sup-
ply does not seem to be a limiting factor (Olafsson et al.
1994, Hunt & Scheibling 1997). However, these com-
munities are affected by larval-adult interactions, with
negative (Woodin 1976, André & Rosenberg 1991) or
positive (Highsmith 1982, Peterson & Black 1993)
effects of adults on larval settlement.

One assumption of the DEMPH models is that vari-
ability among individuals is not important to the pat-
tern of survival of organisms. If trait-mediated effects
propagate from the larval to the benthic phase and af-
fect mortality, that assumption is violated since vari-
ability among individuals plays a role in explaining
population patterns. Trait-mediated effects are all ef-
fects that involve the quality of an organism, resem-
bling the trait-mediated indirect interactions (TMII)
operating in a community (see Abrams 1995, Raimondi
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et al. 2000, Trussell et al. 2002, Werner & Peacor 2003,
Schmitz et al. 2004). They are truly delayed life-history
(Beckerman et al. 2002), physiological (energy re-
serves, acclimation state), developmental (larval path-
way) or other effects carried over to (cf. Pechenik et al.
1998) or propagating from one phase to the next in
terms of changes in traits of individuals that may ulti-
mately affect survival (abbreviated here as DELPHI).
The inclusion of DELPHIs in the theory of communities
involves a change in the view of how environmental
factors affect larvae, from a purely density- based ef-
fect to a density- and trait-based effect. Individuals in a
population differ, and it is upon the variation of traits of
individuals that selective processes act (McCormick
1998). The combined effects of density- and trait-medi-
ated effects may be represented as a map plotting the
‘state’ of a species in terms of abundance and the value
of a relevant trait. Changes in 'state’ occur as a conse-
quence of different levels of environmental stress.
Some of these states are represented in Fig. 1: an in-
crease in environmental stress moves the species from
a state of high quality and abundance to different
states; density-mediated effects lead to the species
moving along a vertical line, while trait-mediated ef-
fects lead to movement along a horizontal line. Since at
high stress, abundance should decrease, pure trait-me-
diated effects should only be observed when compar-
ing sites with low vs. sites with intermediate stress, but
they may also be present in sites with high stress.
Delayed effects on population abundance arise if the
trait-mediated effects represented in the diagram
propagate to the next life phase and affect subsequent
survival or reproduction.

g
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Fig. 1. Diagram of trait values and abundance of a species as
dependent on the level of environmental stress. At low stress,
abundance and quality (trait value) of individuals are high
(State I); an increase in stress leads to different potential
responses (States Ila, IIb, and IIc), and further increase leads
to a reduction of abundance without (IIla) or with (IIIb)
changes in the value of the trait. Mass-action processes model
the path la-Ila-IIla; the inclusion of traits of individuals
allows for additional responses. Changes in traits may
become manifest in subsequent stages or phases (DELPHISs)
as changes in mortality

Environmental stress:

Evidence of DELPHIs comes mostly from laboratory
studies, but also from a few field studies (e.g. Miron et
al. 2000, Phillips 2002, Jarrett 2003). Most studies are
focused on how larval or hatchling quality influence
juvenile growth (Pechenik et al. 1998, Giménez et al.
2004), survival (Moran & Emlet 2001, Phillips 2002,
Marshall & Keough 2003) or adult reproduction
(Wendt 1998, Marshall et al. 2003). DELPHIs may
involve a negative effect due to stressful conditions
(e.g. low energy reserves due to food limitation) or
adaptive plastic responses (e.g. acclimation, changes
in shape). Examples of negative trait-mediated effects
are, for instance, effects in the size or growth of juve-
niles due to a delay in metamorphosis (Hunt &
Scheibling 1997, Pechenik et al. 1998, Gebauer et al.
2003) or food conditions (Pechenik 1996a,b, Phillips
2002). For instance, Phillips (2002) showed that the
loss of juvenile mussels in the field was higher for
those that had been raised in lower food conditions. A
more complex effect was found in the estuarine crab
Chasmagnathus granulata: under food or salinity
stress, the larvae follow a longer developmental
pathway, but the surviving megalopae are larger
(Giménez & Torres 2002). Larger megalopae origi-
nated larger juveniles that survived longer under food
and salinity stress (Giménez et al. 2004).

In addition, DELPHIs may also occur as maternal
effects (George 1999, Qiu & Qian 1999, Marshall &
Keough 2004, Paschke et al. 2004) or from embryonic
to larval stages. For instance, Rosenberg & Costlow
(1979), Laughlin & French (1989), Giménez & Anger
(2003) showed that larval tolerance to salinity in 2 estu-
arine crabs depends on the salinity experienced by
embryos; thus, larvae released by females living in dif-
ferent environmental conditions may be in different
‘acclimation states'. Furthermore, in the estuarine crab
Chasmagnathus granulata, larval survival depends on
the interaction between egg biomass and environmen-
tal conditions experienced by embryos and larvae
(Giménez 2002, Giménez & Anger 2003).

Laboratory experiments allow the evaluation of
DELPHIs through at least a great part of the life cycle
of a species, although this has been done in only a few
cases (e.g. the barnacle Balanus amphitrite: Qiu &
Qian 1999; the bryozoan Bugula neritina: Marshall et
al. 2003, Marshall & Keough 2004; the crab Chasmag-
nathus granulata: Giménez et al. 2004).

The important point, largely unexplored, is how
strong DELPHIs are. They may be significant compo-
nents of early post-settlement mortality, which is high
in marine invertebrates (Hunt & Scheibling 1997).
Their importance may depend on the existence of
physiological thresholds at metamorphosis. For
instance, changes in larval physiological condition
may lead to mortality at metamorphosis, depending on
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a minimum threshold (e.g. see Jarrett 2003), thus
reducing the range of variability in quality of juveniles:
a high threshold should strongly reduce DELPHIs. On
the other hand, pelagic environmental conditions
affect size at settlement through switches in develop-
mental pathways (see Giménez et al. 2004); they
increase the range of variation of a juvenile character,
potentially increasing DELPHIs. The importance of
DELPHIs may be scale-dependent, as in other pre-set-
tlement processes. Menge et al. (1997, 2003) showed
that growth rate of benthic organisms may be affected
by meso-scale patterns in distribution of nutrients in
the adjacent coast. This may be a key spatial scale at
which DELPHIs are important, since natural variability
in food in the plankton may lead to variability in the
traits of settlers. Pineda et al. (2002) and Jarrett (2003)
showed that size, energy content, survival, and growth
rates of Semibalanus balanoides vary considerably
within a settlement season. Thus, DELPHIs may be
important at least on a time scale smaller than the
period of settlement season.

COMBINED EFFECTS OF DEMPHS AND DELPHIs
ON THE SETTLEMENT-STOCK FUNCTION

The role of pre- and post-settlement processes has
usually been evaluated through the settlement—
stock (settler—adult relationships), settler-recruit or
recruit-stock functions (Caley et al. 1996, Hunt &
Scheibling 1997, Menge 2000). These functions may
arise from a survey or from an experiment where a fac-
tor is manipulated and the change in the correlation is
studied. The difference between settlement—stock and
recruit-stock functions is that, in the latter, recruit-
ment includes early post-settlement mortality. Recruit-
ment will reflect settlement only if mortality between
settlement and recruitment is density-independent or
weakly density-dependent (Connell 1985, Holm 1990)
and consequently the recruit-stock function should
resemble the settlement-stock function. In this case
there is evidence for an effect of settlement rate on
recruitment or on the benthic population. For instance,
Eggleston & Armstrong (1995) and Luppi et al. (2002)
found evidence for strong cannibalism during the early
juvenile stages of estuarine crabs. In the crab Cancer
magister (Eggleston & Armstrong 19995) initial differ-
ences in abundance of megalopae were not reflected
in the abundance of juveniles. A significant regression
between settlers and recruits was found only in exper-
imental plots where juveniles were protected from pre-
dation or cannibalism. Thus, only under protection
from strong density-dependent predation and canni-
balism will the recruit-stock function resemble the
settler—stock function.

Caley et al. (1996) summarized 4 possible scenarios
for the stock—-recruitment function as a consequence of
recruitment and post-recruitment processes. Thus, it is
possible to define scenarios for a settlement-stock
function as a consequence of pre- and post-settlement
processes. But how are trait- and density-mediated
effects interacting in the settlement—stock function? If
DELPHIs affect survival, then any pattern of mortality
should not be solely interpreted as a consequence of a
post-settlement process. The introduction of DELPHIs
allows for different scenarios (Fig. 3):

Scenario 1. Post-settlement processes do not coun-
terbalance the settlement signal. This scenario resem-
bles all 4 cases in Caley et al. (1996).

1a. Lack of correlation between trait-mediated sur-
vival and settlement rate: Trait-related survival is ran-
domly distributed across different densities of recruits,
affecting the scattering of data around the predicted
settlement—stock function. This situation may be inter-
preted as Cases 2 and 3 in Caley et al. (1996).

1b. The survival rate due to the quality of settlers
correlates positively with settlement rate: Higher
mortality after settlement occurs in places with lower
settlement rate. This may occur when a pelagic factor
(e.g. food availablility) affects abundance as well as the
quality of larvae, so that increasing stress leads to
fewer lower quality larvae settling at some sites. In this
case, the shape of the settlement-stock function will
reflect the density-mediated relationship reinforced by
the trait-mediated relationship.

1c. The survival rate due to the qualily of settlers
correlates negatively with settlement rate: Higher
mortality after settlement occurs in places with higher
settlement rate. At least 2 potential cases may explain
this pattern: (i) negative correlations between factors
affecting quality of larvae (e.g. food availability) and
settlement rates (e.g. transport by currents), and (ii)
competition for food in the pelagic environment reduc-
ing larval quality but not abundance. Here, the settle-
ment-stock function arising from density-mediated
effects will be compensated by the trait-mediated
effect of the opposite sign, leading (in extreme situa-
tions) to a non-significant correlation between the
numbers of settlers and recruits. Such a situation is
more likely to arise if there is some density-dependent
post-settlement mortality, as in Cases 3 and 4 in Caley
et al. (1996). The interesting corollary here is that the
lack of correlation may be interpreted as evidence for
strong density-dependent post-settlement factors,
although it was the trait-mediated pre-settlement
effect that caused the lack of correlation.

Scenario 2. Negative post-settlement effects coun-
terbalance the stock-recruit function. This is Case 4
in Caley et al. (1996), but with a strong negative den-
sity-dependent process. An interesting aspect is how
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Fig. 2. Scenarios for the settlement-stock (Se-St) function

originating from the interaction of pre- and post-settlement

processes, without and with different patterns of trait-medi-

ated survival (DELPHIs). The graphs at upper right show

post-settlement mortality as a function of abundance.

Hatched lines: expected Se-St function without DELPHIs.
Scenario 3 is not included

DELPHIs interact with density-dependent post-settle-
ment processes. The fact that trait-mediated effects are
propagated to the benthic phase allows for an interac-
tion of the pre- and post-settlement process. In this
case the effect of trait-mediated pre-settlement pro-
cesses is context-dependent, being the context given
by the post-settlement conditions.

2a. A process causes densilty-dependent mortality,
but it affects settlers of different quality in the same
way: For instance, desiccation, wave action, or preda-
tion may release space, but a limited number of
refuges are occupied by setters irrespective of their
quality. At low densities, mortality is low, since most
individuals occupy the refuges; at high densities mor-
tality is high, since many individuals settled outside of

the refuges. In this case the settlement-stock function
is a flat curve, because post-settlement mortality is
positively correlated with density, with DELPHIs
affecting the scatter of points. If competition leads to
mortality, the DELPHIs may lead to an increase in
space, relaxing competition and lengthening the life
expectancy of high quality settlers. The amount of the
space made available will depend on the spatial distri-
bution of settlers of different qualities.

2b. A process causes density-dependent mortality,
and its effect is exacerbated by individual quality:
For instance, at sites with limited periods of lack of
food or moderate food stress, settlers with higher nutri-
tional reserves or greater size may survive better, since
they have a higher tolerance to short periods of star-
vation or easier access to limited resources. Likewise,
under moderate levels of wave action, the survival rate
may vary with the size of settlers, due to size-related
differences in tensile strength. Predators may select or
reject larger settlers; larger settlers may escape from
predators more frequently due to higher speed or bet-
ter defences. Settlers of higher quality may colonize
the limited refuges from desiccation, so that settlers at
the sites with high settlement rates, outside of the
refuges, suffer a synergistic effect of desiccation and
low quality. In all of these cases, a synergistic effect
exaggerates the signal of post-settlement processes in
the settlement-stock function.

2c. Post-settlement survival is negatively density-
dependent, but DELPHI survival depends on positive
effects: Post-settlement mortality is negatively density-
dependent, but DELPHI mortality depends on positive
effects. In the settlement—stock function, positive post-
settlement effects may actually be interpreted as a sig-
nal of pre-settlement processes. Here there may be a
compensation effect that leads to a significant settle-
ment-stock function.

Scenario 3. Positive post-settlement effects are pre-
sent. These are not very well studied, although models
about the influence of positive density-dependent pro-
cess on benthic communities have been proposed
(Bruno & Bertness 2001). Positive post-settlement
effects may be common in soft sediments (Peterson &
Black 1993), but they also occur in hard substrata
(Bertness & Leonard 1997, Kawai & Tokeshi 2004).
Ignoring any effect of DELPHISs, a positive post-settle-
ment effect may increase the slope of the settlement—
stock function, leading perhaps to the false conclusion
that there is a large influence of pre-settlement pro-
cesses on the community. If there is no correlation
between DELPHIs and post-settlement processes pro-
ducing positive effects, DELPHIs will affect the scatter
of points in the stock-recruitment function (Scenario
3a). If there is a positive correlation, the effects of these
post-settlement processes on the settlement-stock
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function will be exacerbated by the DELPHIs (Scenario
3b); if there is a negative correlation the effects will be
attenuated (Scenario 3c).

CONCLUDING REMARKS

In the definition of the scenarios, I used a dichoto-
mous approach (low vs. high density-dependent post-
settlement mortality) with a linear relationship in the
settlement—stock function. This may be viewed as an
oversimplification. For instance, any of the interactions
described in Scenarios 2 and 3 may apply to Scenario 1
under ‘weak’ density-dependence. Moreover, the set-
tlement-stock or settler—recruit functions may be the
consequence of non-linear post-settlement processes
(e.g. Pile et al. 1996) or DELPHIs. However, I wanted to
describe the potential effects of DELHIs by using
simple examples. I described a few of of the many
potential outcomes of the settlement-stock function.
Obviously, some scenarios are more plausible than
others. For instance, Scenario 2b may occur more fre-
quently than Scenario 2c, since an occurrence of posi-
tive effects should affect both DELPHI and post-settle-
ment survival.

In the above cases, experimental manipulation of the
post-settlement process cannot discriminate between
trait-mediated or other phenotypic effects and the
manipulated process. If the survival resulting from dif-
ferences in quality of settlers is not correlated with set-
tlement rate (Scenario la) and does not depend on any
post—settlement processes (Scenario 2a), differences in
quality of settlers will most likely affect the scatter of
the points around the settlement-stock function.
Otherwise, false conclusions will be made with regard
to the processes that explain adult abundance. To eval-
uate the potential role of DELPHIs in stock-settlement
studies, we need a measure of the quality of settling
larvae and juveniles just after settlement, such as ini-
tial size, biomass or chemical content of settlers, as
these should reflect the environmental conditions
experienced by the larvae. Non-invasive measure-
ments such as size may be preferable, since they make
it possible to monitor the quality and fate of individuals
over time, at least in sessile species. Although invasive
measures (e.g. chemical parameters) do not allow for
the fate of individuals to be followed, they may better
reflect their physiological state, and they may be
obtained by subsampling. Combining both types of
measures may make it possible to evaluate whether
among-cohort variability in early post-settlement mor-
tality is correlated with among-cohort variability in ini-
tial quality of individuals. Experiments on the role of
predation or competition in structuring communties
may also include the individual variability of settlers,

as has been done for benthic fishes (McCormick &
Hoey 2004).

Benthic community ecology is changing (Roughgar-
den 1998). Whether this change involves a 'Kuhnian
revolution’ or not (see discussions in Graham & Dayton
2002, Paine 2002), an important contribution to that
change is the set of re-evaluations in perspective owed
to ‘recent interest in the long-realized consequences of
variations in recruitment’ (Underwood & Fairweather
1988). The incorporation of studies of larval transport,
survival and settlement should lead to a more complete
theory of marine communities, through the fusion of
aspects of physical oceanography with ‘classical’ com-
munity ecology (Alexander & Roughgarden 1996,
Menge et al. 1997, Connolly & Roughgarden 1998),
and through the introduction of a concept of scale
(Levin 1992). However, this approach should not lead
to a shift of attention between pre- or post-settlement
factors. Perhaps, dichotomous approaches like ‘pre- vs.
post-settlement’ or ‘density vs. trait-mediated’ should
be avoided in favour of studies incorporating the com-
bined role of individual variability, supply of larvae,
and post-settlement processes. Thus, future studies
should include trait-mediated effects, i.e. DELPHIs and
TMII, which cascade through the food web. They both
operate on the potential for phenotypic plasticity: their
importance depends on how plastic the phenotype is.
Recent studies have shown that TMII can exert strong
quantitative effects on benthic communities, and this
calls for more research on DELPHIs.
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