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Abstract

A challenge for species with demographically open populations is to evaluate the
relative importance of various processes that together set local abundance. We
developed a cohort-based framework for quantifying the influence of an external
supply of colonists and subsequent density-independent and density-dependent
mortality on local abundance. Two complementary approaches — based on limitation
and elasticity — revealed the nature of interactions and nonlinearities among these
processes. Data for an Indo-Pacific reef fish were used to document the settler—
survivor relationship and to quantify natural variation in settlement. Limitation by
density-dependence was two-fold and 20-fold greater than by supply or density-
independent mortality, respectively. Elasticity analyses showed that adult abundance
was 40% more sensitive to small proportionate changes in supply than in density-
dependence. These techniques provide a way to compare across systems, which could
enhance our ability to draw general conclusions regarding the processes that shape
local abundance of species with open populations.
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INTRODUCTION

It is widely appreciated that multiple factors contribute to
ecological patterns, and evaluating their relative impor-
tance poses a major challenge to ecologists. One constraint
has been a paucity of operational frameworks that allow the
contributions of multiple processes to be estimated and
compared within and across systems (Underwood &
Petraitis 1993; Osenberg & Mittelbach 1996). The current
state of our understanding of processes that determine
local abundance of benthic marine organisms cogently
illustrates the need for such frameworks, especially for species
with demographically open populations. For most benthic
marine fishes and invertebrates, early developmental stages
disperse widely in the plankton whereas older reef-
associated stages are relatively sedentary. A long-standing
and still-debated issue for such species concerns the relative
contribution to local abundance of three processes: the
external input of colonists (“larval supply”), subsequent
losses that are independent of density and losses that are
density-dependent (Doherty 1991; Jones 1991a; Forrester
1995; Caley et al. 1996; Sponaugle & Cowen 1996; Stecle
1997a; Chesson 1998; Schmitt & Holbrook 1999a).
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“Recruitment limitation” in reef organisms has been
used to describe the situation where local abundance is
less than the maximum possible due to an under-supply of
colonists (Doherty 1981, 1991; Olafsson ez al. 1994; Hixon
1998). “test”
limitation involves a cohort approach based on the

A common empirical of recruitment
premise that in the absence of local density—dependent
interactions, the relationship between the number of
settlers and the number of subsequent survivors will be
linear (Connell 1985; Robertson 1992; Doherty & Fowler
1994; Caselle 1999; Schmitt & Holbrook 1999a). This
approach works only if single processes act in isolation:
e.g. local abundance is only recruitment limited at low
settler densities, and only affected by density-dependent
mortality after local resources become saturated. This
contrasts with the findings of recent studies, which have
shown that the dynamics of reef fishes probably are affected
simultaneously by several processes (e.g. Jones 1991a;
Forrester 1995; Steele 1997a, b; Caselle 1999; Schmitt &
Holbrook 1999a). Thus, we require an approach that can
quantify the influence of multiple processes.

We elaborate a conceptual framework to quantify the
relative effects of processes that affect local abundance.
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Included are two related approaches to examine the
factors that influence adult density: one (termed Limita-
tion) quantifies the degree to which particular processes
constrain adult density (Osenberg & Mittelbach 1996),
and the other (termed Elasticity) quantifies the relative
sensitivity of adult density to small proportionate changes
in rates of key processes (Caswell 1989). We illustrate the
application of both approaches using data from an Indo-
Pacific damselfish and highlight the need to deal explicitly
with variability in settlement rates.

METHODS
The framework

Settler—adult relationships. We take a cohort approach to
provide a quantitative framework for open populations.
Thus, we begin by describing the relationship between the
input of colonists (supply or settlement) and subsequent
abundance of these individuals at an older stage. We use a
general three-parameter recruitment model (Shepherd 1982):

A= aS|[1 + (a/b) $1 1)

where A is the density of older stages (which for simplicity
we refer to as “adults”) produced by a settler density S,
and 4, b and d are fitted parameters (e.g. based on data
from experimental manipulations of § and subsequent
measurement of adult density). d controls the shape of the
recruitment function. When o =0, the relationship is
linear and all losses are density-independent. When 0 <
< 1, the relationship is a decelerating curve in which
adult density increases but without limit as settlement
increases (i.e. density-dependence occurs but is weak).
When & > 1, density-dependence is strong and the
recruitment function is hump-shaped; although adult
density initially increases with increasing density of
settlers, density-dependence eventually produces over-
compensation at high settler densities and adult density
declines. Finally, when 4 =1, the relationship is a
saturating function and adult density approaches an
asymptote as settler density increases. In this last case,
Eqn 1 simplifies to a two-parameter model:

A=aS|[1 + (a/5)S) (2)

where a is the density-independent survivorship and & is
the maximum (i.e. asymptotic) adult density. Because our
data fit this latter pattern (see Results) and because other
studies also have documented asymptotic recruitment
functions (Jones 1991a, b; Steele 1997b), we use Eqn 2 to
develop the next phase of our approach.

Quantifying effects of multiple processes. There is no single
solution to quantifying the effects of ecological processes

(Osenbetg er al. 1999). Here, we develop two approaches
that quantify how much the system is affected by
particular processes but that differ in the scale of
comparison. In one approach (Limitation) we estimate
how much each process constrains adult density by using
Eqn 2 to quantify how much adult density increases given
complete removal of the constraint. The other approach
(Elasticity) quantifies how much adult density responds to
small (i.e. infinitesimal) relative changes in model para-
meters. The concept of limitation is probably most useful
to empiricists, whereas elasticity may be more valuable in
a theoretical context (where infinitesimal changes can be
reasonably discussed). We use Eqn 2 and the parameter-
ized model for a damselfish (see below) to illustrate the
application of both approaches.

Limitation. To estimate the amount that each process
limits adult abundance, we “remove” limitation imposed
by one process and compare the resulting adult density
with that observed under ambient conditions. Thus, four
adult densities are required (Table 1): the ambient density
(Aans), which is based on field obsetvation, and three
densities estimated from the fitted model (Eqn 2),
including As (adult density in the absence of settlement
limitation), Ap; (adult density in the absence of density-
independent mortality), and App (adult density in the
absence of density-dependent mortality). For example,
Settlement Limitation is the difference between the adult
density under ambient settlement and the adult density
that would arise if settlement was unlimited (i.e.
essentially infinite). Figure 1 illustrates our approach
graphically. Limitation can be expressed either as an
absolute change (Ayithout limitationAamB) Of a relative
change [(Agithout limitation—AamB)/[Aams] (note that when
Aans = 0, relative change is undefined).

Elasticity. Limitation emphasizes the response of adult
density to removal of specific constraints. Alternatively,
we could perform more classic sensitivity analyses and
evaluate how much adult density changes in response to
small perturbations in the input variable (settlement, ) or
model parameters (density-independent survivorship, a,
maximum adult density, ). Sensitivity analyses, however,
are problematic when parameters are measured on
different scales. To facilitate comparison among variables
having different units, elasticities, which quantify propor-
tionate and not absolute changes, are often preferred
(Caswell 1989). In our framework, elasticities, e, quantify
the percentage change in adult density (A) that results
from, and is expressed relative to, a small percentage
change in 4, b or S. For example, ¢s = 1 indicates that a
small percentage change in settlement (S) yields an
equivalent percentage change in adult density (A4); & < 1

©1999 Blackwell Science Ltd/CNRS
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Table 1 Equations for Limitation (absolute and relative) and Elasticity based on the settler-survivor function (Eqn 2): A = aS/[1 + (4]

b)S], where Ais sub-adult density, « is density-independent survivorship, &is the asymptotic density of sub-adults and Sis settler density.
Note for elasticities based on Eqn 2, proportionate changes in 2 and § have the same effect on sub-adult density (4) because 2 and §

always appear as a product in Eqn 2; as a result, ¢, = 5 = g5

Limitation
Absolute Relative (%)
Supply limitation (Lg) As — Aams [(As — Aanig)[Aams] x 100
Density-independent limitation (Lpy) Api — Aans [(Ap1 — Aans)[Aans] x 100
Density-dependent limitation (Lpp) App — Aanvs [(App — Aans)[Aans] x 100

Where:
Aans = aS/[1 + (a/b)S)
As = b (found by letting S—0)
Apr = §/(1 + §/b) (found by setting 2 = 1)
App = a8 (found by letting b— o0)
Elasticity
For adjusted settlement (0lnA/0lnasS):
For density-dependence (0lnA/0lnb):

as = 1/[1 + (a/h)3]
a = (aS/h)/[1 + (aS]b)]

Line 1 - Observed

Line 2 - Without Supply Limitation

Line 3 - No Density-Independent Mortality
Line 4 - No Density-Dependent Mortality
Line 5 - No Mortality
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Figure 1 Graphical representation of Limitation. Line 1 represents
an observed relationship between adult density and initial settler
density (for comparison, line 5 represents no postsettlement
mortality). § is the ambient settlement rate of a system, which
yields an adult density of Aayp. Allowing settlement to be
unlimited in Eqn 2 (letting $— 00) results in a new adult density A,
which is the saturation density & (line 2); Supply Limitation (Ls) is
the difference between lines 1 and 2 (Lg = As—Aanms). Removing
limitation due to density-independent mortality in our model
(setting 2 = 1) results in an adult density of Apy (line 3); Density-
Independent Limitation (L) is the difference between lines 1 and 3
(Lp1 = Apr-Aans)- Eliminating density-dependent mortality (let-
ting b—00) produces an adult density of App (line 4); Density-
Dependent Limitation (Lpp) is the difference between lines 1 and 4
(Lpp = App—Aams). See Table 1 for equations.
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indicates that there is a less than proportionate change in
adult density; and e5 > 1 indicates that there is a greater
than proportionate change. Mathematically, elasticities are
calculated as OlnA/OlnS, 0lnA/Olnz and 0lnA/Olnéb [because
OlnA/Olnx = (0A/A)/(0x/x) and thetrefore quantify propot-
tionate responses as compared to standard sensitivities 0.4/
0x, which quantify absolute responses].

In our model (Eqn 2), proportionate changes in zand §
have the same effect on adult density because they always
appear together as a product; as a result, their elasticities
are identical because, for example, a 10% increase in
density-independent survival (4) has the same effect on
adult density as a 10% increase in settler density (§). We
therefore treat them simultaneously and compare their
joint elasticity (e,5) with that associated with the density-
dependent term, & (g,). These two elasticities sum to one
(as T @, = 1). Table 1 provides the equations for these
elasticities based on Eqn 2.

Comparison to field dara. Armed with this quantitative
framework for Limitation and Elasticity, we now require
empirical data to (i) support our use of a particular form
of the recruitment function (i.e. Eqn 2); (ii) parameterize
the model (i.e. estimate 2 and b); and (iii) use the
framework and fitted parameters to estimate the magni-
tude of limitation and elasticity for a specific empirical
system. Thus, we conducted a field experiment to estimate
the recruitment function for a damselfish, and we also
estimated ambient settlement rates to assess the relative
importance of different processes in this system.

Empirical patterns

Fieldwork was conducted in lagoons of Moorea, French
Polynesia (17°30'S:149°50'W), and used a coral reef
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damselfish [the three-spot dascyllus, Dascyllus trimaculatus
(Ruppell)] as the model organism. This diurnal plankti-
vore has a planktonic larval stage of ~ 22 days; competent
larvae settle to sea anemones (Heteractis magnifica) where
they remain until sexual maturity (~9-12 months).
Sexually mature adults, which can reach 110 mm SL, do
not associate closely with anemones.

The settler—sub-adult relationship. We characterized the
relationship between settler density and the density of
these fish at a specified older stage through a field
experiment. Because adults no longer associate with
anemones (which precluded following settlers to adult-
hood), we instead focused on recruitment into a sub-adult
stage (6 months after settlement, but still associated with
anemones). Settler densities were manipulated among
naturally occurring anemones at an inshore section of
Moorea’s Haapiti lagoon where settlement rates of D.
trimaculatus were low, presumably because of low current
flow and therefore low delivery rates of larvae. Survivor-
ship to 6 months was estimated as a function of initial
settler density. One-hundred and thirty-seven isolated
anemones, each with an oral surface area of ~0.05 m?%
were measured and individually marked. Resident fish
were removed. Immediately following a large settlement
pulse, ~1400 new settlers were collected from anemones
in other lagoon areas, placed in running seawater tanks for
24 h, and then transplanted to the experimental anemones
(for details on fish handling, see Schmitt & Holbrook
1996, 1999a, c; Holbrook & Schmitt 1997, 1999). We
outplanted ~ 1050 fish. The remaining ~ 350 individuals
were returned to lab seawater tanks and held for a week to
estimate handling mortality (which was ~2%). Ane-
mones were assigned randomly to 11 density treatments:
1, 2,3, 5,7, 14, 25, 50, 75, 135 and 315 fish per 0.1 m?
surface area of anemone; the numbers of replicates per
treatment were: 63, 3, 8 8, 12, 12, 14, 6, 5, 4 and 2,
respectively. There was no statistical difference in average
anemone size among the density treatments (2 > 0.9). We
estimated recruitment to the sub-adult stage by counting
the number of settlers that survived 6 months.

Estimates  of natural settlement levels. 'The settlement
experiment provided data to estimate the recruitment
function, i.e. @ and 6 in Eqn 2. To estimate the relative
importance of different processes, we needed to also know the
natural settlement rate of D. trimaculatus and how it varied in
time and space. To estimate natural settlement patterns, 10
anemones were transplanted to each of 10 lagoon sites
distributed around the perimeter of Moorea. Resident fish
were removed just prior to a settlement pulse. The
number of settlers per anemone per site was estimated for
six settlement pulses between 1996 and 1997 (see Schmitt

& Holbrook 1999¢). The entire dataset (600 observations)
was used to construct a distribution of settlement rates,
which we used along with Eqn 2 and the definitions of
limitation and elasticity to quantify the contribution of
each process for D. trimaculatus in lagoons of Moorea.

RESULTS

The settler—sub-adult relationship. In the field experiment,
the density of sub-adults was a nonlinear function of the
initial density of settlers (Fig. 2). Fitting the data to a
three-parameter nonlinear model (Eqn 1) indicated that
sub-adult densities reached an asymptote, and that there
was no statistical evidence of overcompensation, at high
settler densities (4 = 1.14; not statistically different from
1). The fraction of settlers that survived 6 months
declined exponentially with increasing density of settle-
ment (72 = 0.84; 19 = 47.8; P < 0.001), confirming the
presence of strong density-dependent mortality.

The two-parameter saturation model (Eqn 2) matched
the data well (Fig. 2; # = 0.97), although deviations
between the data and model suggest the true asymptote
was slightly lower and approached somewhat more
quickly than indicated by the model. The model yielded
estimates (+1 SE) of 0.696 (£0.095) for the density-
independent survivorship rate, 4, and 9.79 (4 0.45) sub-
adults per 0.1 m” anemone for the asymptotic sub-adult
density, &. This value for 4 was quite similar to an
independent estimate (0.640 £+ 0.067) of density-indepen-
dent survivorship for naturally settled D. trimaculatus at
nearby locations (Schmitt & Holbrook 1999a). We
conclude that the two-parameter model was an appro-
priate function to describe the data.

SUB-ADULT DENSITY
(No. per 0.1m 2 anemone)

1 1 1 1 1 1
50 100 150 200 250 300

SETTLER DENSITY
(No. per 0.1m 2 anemone)

Figure 2 The experimentally estimated settler—sub-adult rela-
tionship for D. trimaculatus. The mean (+ 1 SE) density of sub-
adults (no. per 0.1 m? anemone) as a function of initial settler density
is given. The fit of the two-parameter saturation model (Eqn 2) to
the data is shown (# = 0.97; 2 = 0.696, b= 9.79 per 0.1 m?).
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Limitation. Using estimated values for « and b, we
explored the degree to which local populations of D.
trimaculatus were constrained by larval supply, density-
independent mortality, and density-dependent mortality.
Limitation depends on settler density (Fig. 3). Supply
Limitation is maximal and when expressed as an absolute
change, is equal to the saturation density of sub-adults
(Ls= b) when settler density is 0. As settler density
increases, Supply Limitation declines, approaching an
asymptote of 0. Obviously, limitation due to both sources
of mortality equals 0 when settler density is 0. Limitation
by density-independent mortality (Lp)) initially increases
with increasing settlement, but eventually declines in
importance and converges to zero (Fig. 3A). Limitation
imposed by density-dependence (Lpp) increases mono-
tonically as settlement increases. Settlement Limitation
and Density-Dependent Limitation vary in opposite
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Figure 3 Limitation functions for the empirical estimates of «
(density-independent survivorship) and & (saturation density) in
Eqn 2 as a function of settler density. Given are the absolute (A)
and percent relative (B) change in sub-adult density that results
from removing the constraint of a process (see Table 1 and Fig.
1). Ls denotes the Supply Limitation function, Lpp is the
Density-Dependent Limitation function and Lpy is the Density-
Independent Limitation function.
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directions [when limitation is expressed as a proportionate
change (Table 1), Supply Limitation varies inversely with
Density-Dependent Limitation: Lgy, = 1/Lppe,].

For the functional form of our model, Supply
Limitation always is greater than Density-Independent
Limitation (Ls > Lp;: Fig. 3). This arises because of
interactions between the processes. Saturating the habitat
with settlers increases sub-adult density to the maximum
(6), whereas the effect of removing all density-indepen-
dent mortality is constrained to be always < & (i.e. due to
density-dependence, removal of density-independence can
never yield more than & sub-adults, but because of
settlement limitation, often yields < b).

The relative importance of Density-Dependent Limita-
tion varies with settlement density. Settlement Limitation
exceeds Density-Dependent Limitation until §= 4/a, at
which point supply and density-dependence impose
equivalent constraints on sub-adult density (Fig. 3). At
higher settlement rates (S > 4/a), Density-Dependent
Limitation (Lpp) has the strongest influence. In our
graphical model (Fig. 1), this crossover between dom-
inance by Ls and Lpp is the intersection between Line 2
(supply limitation removed: 4, = ) and Line 4 (density-
dependence removed: App = 48). The crossover occurs at
S = bJa, which corresponds to a sub-adult density that is
half of the maximum (i.e. A= 4/2). Thus, the dominant
process is determined by how close the system is to
saturation; if A is within 50% of &, density-dependence
(Lpp) is strongest and if A < 50% of b, then Supply
Limitation (Ls) dominates. Therefore, given our estimates
of a and b, our damselfish system should be primarily
Supply Limited when settlement is < 14.1 per 0.1 m” and
primarily Density-Dependence Limited when settlement is
> 14.1 per 0.1 m?”. The relative importance of Density-
Independent Limitation and Density-Dependent Limita-
tion switches at an even lower settlement level, i.e. at
S=(bla)-b (Fig. 3). This crossover occurs at the
intersection of Line 3 [no density-independent loss:
Apr = §/(1 + §/b)] and Line 4 (density-dependence
removed: App = 48) in our graphical model (Fig. 1).
Based on our fitted recruitment function, this transition
from Density-Independent Limitation to Density-Depen-
dent Limitation occurs when settler densities are 4.3 per
0.1 m”.

Elasticity. Elasticities showed similar patterns as revealed
by the analysis of limitation, although here we focus on
only two processes: density-dependence and the combined
effects of settlement and density-independent mortality
(Fig. 4). Elasticities were always between 0 and 1,
indicating that increased settlement or survival (due to
relaxation of density-independent or density-dependent
mortality) always led to increased sub-adult density that
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Figure 4 Elasticities of sub-adult density A
with respect to settlement adjusted by density-
independent loss (e,s; dashed line) and to sub-
adult saturation density (a,; solid line) as a
function of adjusted settlement density, a5 (A)
and sub-adult saturation density, & (B). Because
the two elasticities sum to 1 (hence ¢, = 1—
¢,s), the functions are symmetrical around 0.5,
which is where A is equally sensitive to small
in 45 and in &
(es = @&,). The lower panels represent elasti-
cities with respect to & (a,) for systems where
the saturation density & (C) or adjusted
settlement rate aS (D) were varied system-
atically about the values observed for D.
trimaculatus [elasticities with respect to a§ are
not shown in (C) and (D); ¢, and e,s functions
cross at 0.5, where the horizontal dashed line
intersects each ¢, function].

proportionate changes

The vertical

was proportionately smaller than the proportionate
change in the model parameters. The elasticities also
varied in opposite directions from one another (recall that
e,s T a, = 1). As was also true for the Limitation analysis,
the results (Table 1, Fig. 4A, B) emphasize that these
processes interact and have nonlinear effects, e.g. the
effect of small changes in larval supply (or density-
independent mortality) depends upon the strength of
density-dependence. Similarly, the relative importance of
the two processes shifts as settlement increases. This shift
occurs at the same point as in the Limitation analysis: sub-
adult density is more sensitive to settlement (discounted
by density-independence) when § < b/a and more
sensitive to density-dependence when § > b/a, again
indicating that the dominant process is determined by
how close the system is to saturation. In our system this
transition should occur when settlement density is 14.1
per 0.1 m” (Fig. 4A, B).

We further explored the interactions between processes
by calculating the elasticities for systems in which the
saturation density (&) or adjusted settlement rate (aS) were
varied systematically about the values observed for D.
trimaculatus at Moorea (Fig. 4C, D). For a given level of
settlement (discounted by density-independent survival:
aS), changing b effectively moves the system closer to or
further away from saturation, which alters the relative
contributions of supply (discounted by density-indepen-
dent loss) and density-dependence. For example, if we use

dashed line in (C) is the adjusted settler
density at which &, = ¢, assuming & = 9.79.
The vertical dashed line in (D) is & = 9.79; the
curves for various levels of adjusted settler
density are based on 2= 0.696 and §= 14.1
(i.e. the settler density at which g, = ¢g given
the empirical estimates of # and ).

the observed value of density-independent survivorship
(a) and assume a settler density of 14.1 (which together
with the observed parameter values, yields ¢,5 = ¢,), then
doubling & (i.e. reducing the strength of density-
dependence) results in a system in which effects of supply
and density-independent mortality now dominate (i.e. ¢, is
reduced, so e, > g, Fig. 4C). Furthermore the resulting
relationships between elasticity and either &S (ot 6) depend
upon the level of & (or aS), demonstrating how the
processes interact (Fig. 4C, D, Table 1).

Natural settlement rates — where does the damselfish system lie?
The previous analysis (using estimates of 4 and &) can
reveal the strength of different processes at various settler
densities. What it does not reveal is where a specific
system actually lies with respect to settlement rates. If this
were known, we could then determine the relative
importance, for example, of Settlement Limitation vs.
Density-Dependent Limitation for the Moorea damselfish
system. The average density of settlers across the six
settlement events and 10 lagoon sites around the island
was 24.1 settlers per 0.1 m” Using this average leads to
the conclusion that the removal of Density-Dependent
Limitation would lead to an increase in sub-adult density
three-fold greater than could be achieved by removing
Settlement Limitation and 13-fold greater than could be
achieved by eliminating density-dependent mortality, i.c.
Lpopey, = 171%, Lsy, = 58%, Lo, = 13%. Similarly, the

©1999 Blackwell Science Ltd/CNRS
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elasticity associated with density dependence (¢, = 0.63) is
almost two-fold greater than the elasticity associated with
the other terms (¢,5 = 0.37). These conclusions, however,
could be misleading because they ignore variability in
settlement among anemones (Fig. 5). Because the func-
tions describing limitation and elasticity are nonlinear
with respect to settler density (Table 1, Fig. 3 & 4) and
because the mean of a nonlinear function is not equal to
the function of the mean, we need to consider explicitly
variance in settlement.

The supply of larval fish varied substantially through
time, among lagoons and among anemones, with settle-
ment on individual anemones ranging from 0 to 463 per
0.1 m* (Fig. 5). These settlement rates range from those
that yield complete Settlement Limitation (0 settlers) to
those in which there essentially is complete Density-
Dependent Limitation (463 settlers). The median was 10.7
per 0.1 m> with the middle 50% of the observations
falling between 3.5 and 25.1 settlers per 0.1 m”, Although
the mean settlement rate exceeded 14.1 (the settler density
equal to bfa), suggesting that Density-Dependent Limita-
tion exceeded Supply Limitation, 58% of the individual
observations were less than this value. Hence, the
production of sub-adults was more limited by supply
than by density-dependence on a majority of anemones.

We assessed the average degree of limitation and
elasticity in Moorea lagoons based on the distribution (not
mean) of 600 settlement observations (obtained across
both time and space). We estimated average limitation (on
an absolute or relative basis) and average elasticity as:
= _ Jo AL~ gon(91dS
L= = (32)

Jy £94ds
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where fS) is the frequency distribution of settlement

(3¢)

densities, g,,5(9) is the ambient recruitment function (i.e.
Eqn 2 using the empirical estimates of  and ), g(S) is the
function describing sub-adult density in the absence of
limitation (i.e. either Ag, Apy, or App in Table 1), and «5)
is the elasticity associated with Ssettlers (and the empirical
estimates of « and ). Hence, Eqns 3a and 3b yield the
average absolute or relative degree of limitation for the
three processes depending on how g($) is defined. Eqn 3¢
yields the elasticities (gs or e,). If the frequency
distribution is broad and spans a strongly nonlinear
portion of the limitation functions (Fig. 2), the answer
obtained using Eqn 3 will differ markedly from that
obtained using the mean settlement rate.

Despite the large variation in settlement rates, we
found that Limitation was only mildly affected by the
variance, e.g. based on the mean settlement rate,
Lpop = 10.6, Ls = 3.6, and Lp; = 0.8, whereas based on
Eqn 3a, Lpp = 12.8, Ls = 5.7, and Lp; = 0.6. Thus, for
the more accurate estimates, Density-Dependent Limita-
tion still was much stronger than Settlement Limitation.
Notice that the functions describing limitation (especially
Lpp and Lpy) are not severely nonlinear (Fig. 3).

Average elasticity, by contrast, was greatly affected by
the variance. Although the elasticity associated with
density-dependence was twice as strong as ¢,s when based
on the mean settlement rate [¢,(S) = 0.63, e,5(S) = 0.37],

Figure 5 Frequency distribution of 600 settle-
ment observations (across time and space) of
D. trimaculatus in lagoons of Moorea. The
lowest and highest settler densities observed
were 0 and 463 per 0.1 m?” anemone. Arrows
denote the locations of the median settler

density (10.7), 1st quartile (3.5) and 3rd
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0O 12 24 36 48 60 72 84 96 108 120 132 144 156 168 180 196 >200
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0= =00,

H quartile (25.1) of the distribution; mean settler
T density (24.1) is also indicated. Except for the
0 settler density category (which only contains

T 1

anemones that received no settlers), the bin
size of settler density categories is 4.
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this pattern was almost reversed when the variance in
settlement was taken into account: eT) =0.42, a = (.58.
Hence, the elasticity associated with supply (and density-
independent mortality) is considerably greater than the
elasticity associated with density-dependence. In other
words, a small proportionate change in settlement (or )
would yield a 40% larger change in sub-adult density than
would the same size change in the saturation density ().
The stronger nonlinearity in elasticities (Fig. 4) compared
to limitation (Fig. 3) is responsible for this difference in
the effect of variance.

DISCUSSION

Although it is recognized that several processes typically
act in concert to shape patterns of abundance for species
with demographically open populations, few approaches
have been developed that allow the contribution of each
process to be quantified. For example, the aim of many
experimental studies of reef fishes has been to test for the
existence or strength of density-dependence. Instead, we
need empirical work and conceptual frameworks to assess
the relative effects of multiple processes that simulta-
neously affect a system’s dynamics (e.g. that compare the
effects of density-dependence on local abundance to the
effects of larval supply and density-independent loss).
Here we developed and applied a general procedure for
addressing this challenging issue using a model system
(the damselfish D. #rimaculatus in lagoons of Mootea).

As a first step in this approach, the recruitment
function must be quantified and the parameters be well
estimated. This may require many low density sites to
permit good estimation of the density-independent
survival (4). It is also critical that there be a sufficiently
high range of settlement examined to ensure that adult
saturation (or peak) density is well estimated. This is
particularly important because we found that the relative
strength of different processes depended primarily on how
close the system was to saturation. Thus, even for a
system that incurs little density-dependence, it would be
valuable to know the maximum density of older age-
classes. This often may require the use of settler densities
that are well above the ambient settler density, and
perhaps even well above natural extremes.

The particular saturating recruitment function we
found for D. trimaculatus is just one of several
possibilities, although the Limitation and Elasticity
approaches are general and do not depend on the specific
form of settler—survivor relationship, nor on the para-
meters of that relationship. Some analysis detail could
change, especially in the case of overcompensation. For
example, a hump-shaped curve would alter the manner by
which Supply Limitation is estimated. When there is not a

true asymptote, the settler density that produced the peak
adult density could be used to quantify Supply Limitation
(i.e. evaluate L, relative to the settler density S that
produces the maximum adult density A,,,, which may not
be the adult density approached as §—00). While there is
not sufficient information in the literature to evaluate the
prevalence of functionally different relationships between
settler density and subsequent adult density, relationships
qualitatively similar to that we observed for D. trimacu-
latus have been reported for at least three other species of
reef fishes (Jones 1991a, b; Steele 1997b).

Based on the recruitment function, we quantified
Limitation and FElasticity. The mathematical expressions
and graphical representations for Limitation and Elasticity
(Table 1, Figs 2-4) demonstrate nonlinearities in the
relationships and the interactions among the processes,
thus highlighting one of the advantages of having an
explicit quantitative framework. For example, the effect of
increasing density-independent survival (4) is small when
settlement () is high (or maximum sub-adult density, b, is
low), because the system is near saturation. However,
when settlement is lower (or & is highet), increasing
density-independent survival can have a much larger
effect-the additional survivors do not greatly intensify
density-dependence and they therefore contribute signifi-
cantly to the older age-class.

The framework becomes a useful analytical tool when
quantification of the recruitment function is coupled with
estimates of intrinsic settlement rates for a species.
However, when settlement is highly variable (as in our
system), Limitation and Elasticity need to be assessed by
integrating across the range of settler densities (Eqn 3)
rather than by using the mean settler density. This is
because of the nonlinearities in the limitation and elasticity
functions. The integration method for our system yielded
qualitatively different results for Limitation and Elasticity,
which arose in part because of greater nonlinearity in the
elasticity than limitation functions. This result further
stresses that Elasticity and Limitation quantify strengths
of processes in different ways and therefore address
different questions. Limitation was defined as the
difference between the realized adult density (from a
given settler density) and that predicted when the
constraint from a process was completely removed (see
also Osenberg & Mittelbach 1996). By contrast, Elasticity
quantified proportionate change in sub-adult density (the
output) to small (infinitesimal) proportional changes in
settlement, density-independent, or density-dependent
mortality. Hence, Limitation and FElasticity represent
two ends of a spectrum defined by scale of the
perturbation applied to a system.

There are at least two caveats regarding our approach.
First, just as settler density can vary spatially and

©1999 Blackwell Science Ltd/CNRS
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temporally, so too can the strengths of density-indepen-
dence and density-dependence (Wilson 1998; Caselle
1999). Here, we have assumed that these processes are
fixed in their intensity and differ only through the effects
of settlement. However, sites (and times) could vary in a
and b, and this variation could be correlated with
variation in settlement (Wilson 1998). Understanding
and incorporating variation in density-dependence and
density-independence is an important next step in the
application of this conceptual approach.

Second, our approach focuses on cohort dynamics to
the exclusion of inter-cohort interactions. Settlement
pulses of D. trimaculatus occur about twice each lunar
month throughout the year (Schmitt & Holbrook 1999b),
so multiple cohorts generally co-occur on anemones. If
inter-cohort interactions are strong, which appears to be
the case for newly settled D. #rimaculatus (Schmitt &
Holbrook 1999a), additional approaches will be required
to estimate the strength of these other processes and to
extrapolate to longer-term dynamics (e.g. using structured
population modelling: DeRoos et al. 1992; McCauley et 4.
1993; also see Caswell 1989; Nisbet et 2/ 1989). In such
cases, our experimental approach could be modified to
estimate density effects among cohorts or species.

While we have developed and applied a cohort
framework in the context of reef fishes, it potentially is
a powerful tool for exploring the same issues for other
types of organisms whose local populations are demo-
graphically open. Extensive movement of early develop-
mental stages among subpopulations is a common feature
among marine, aquatic and terrestrial organisms, and
understanding the contributions of external input and
subsequent patterns of mortality to shaping local
abundance remains a substantial challenge. The applica-
tion of quantitative frameworks to achieve this goal will
be necessaty to resolve such fundamental issues as the
relative importance of the multiple processes that affect
local abundance or dynamics, where and how regulation
occurs, and the potential for compensation. By quantify-
ing effects of various processes in a range of systems, we
can begin to ask how the intensity of these processes (e.g.
Density-Dependent vs. Settlement Limitation) varies
among organisms that differ in trophic ecology, life
history traits, and occupy different types of environments
(e.g. by conducting meta-analysis: Osenberg er al. 1999).
More general theory about the effects of, and interactions
among, these processes can emerge from such syntheses.

ACKNOWLEDGEMENTS

We thank Keith Seydel, Craig Shuman and Steve Larson
for assistance in the field, Bonnie Williamson, William
Holbrook and Melissa Schmitt for additional logistical

©1999 Blackwell Science Ltd/CNRS

assistance, Colette St. Mary, Roger Nisbet, Allen Stewart-
Oaten, Steve Gaines and Jackie Wilson for discussions,
and an anonymous reviewer and especially Peter Chesson
for comments on an earlier draft. The research was
supported by the National Science Foundation (OCE 95—
03305) and this paper is Contribution 61 of the UC
Berkeley Gump South Pacific Biological Station.

REFERENCES

Caley, M.]., Carr, M.H., Hixon, M.A., Hughes, T.P., Jones,
G.P. & Menge, B. (1996). Recruitment and the local dynamics
of open marine populations. Ann. Rev. Ecol. Syst., 27, 477-500.

Caselle, J.E. (1999). Early post-settlement mortality in a coral
reef fish and its effect on local population size. Ecol. Monogr.,
69, 177-194.

Caswell, H. (1989). Matrix Population Models: Construction,
Analysis and Interpretation. Sinauer Associates, Massachusetts.

Chesson, P. (1998). Recruitment limitation: a theoretical
petspective. Aust. J. Ecol., 23, 234-240.

Connell, J.H. (1985). The consequences of variation in initial
settlement vs. post-settlement mortality in rocky intertidal
communities. /. Exp. Mar. Biol. Ecol., 93, 11-45.

DeRoos, A.M., Dieckmann, O. & Metz, J.A.]. (1992). Studying the
dynamics of structured population models: a versatile technique
and its application to Daphnia. Am. Nat., 139, 123-147.

Dobherty, P.J. (1981). Coral reef fishes: recruitment limited
assemblages? Proc. 4th Int. Coral Reef Symp., 4, 465—470.

Doherty, P.J. (1991). Spatial and temporal patterns in recruit-
ment. In Ecology of Fish on Coral Reefs, ed. Sale, P.F. Academic
Press, San Diego, pp. 261-292.

Doherty, P.J. & Fowler, A.]. (1994). An empirical test of
recruitment limitation in a coral reef fish. Science, 262, 935-939.

Forrester, G.E. (1995). Strong density-dependent survival
recruitment regulate the abundance of a coral-reef fish.
Oecologia, 103, 275-282.

Hixon, M.A. (1998). Population dynamics of coral-reef fishes:
controversial concepts and hypotheses. Aust. J. Ecol., 23, 192-201.

Holbrook, S.J. & Schmitt, R.]J. (1997). Settlement patterns and
process in a coral reef damselfish: in situ nocturnal observa-
tions using infrared video. Proc. 8th Inter. Coral Reef Symp., 2,
1143-1148.

Holbrook, S.J. & Schmitt, R.J. (1999). In situ nocturnal
observations of reef fishes using infrared video. In Proceedings
of the 5th Indo-Pacific Fish Conference, Noumea, 1997, eds. Séret
B. & Sire J.-Y. Soc Fr. Ichtyol, Paris, pp. 805-812.

Jones, G.P. (1991a). Postrecruitment processes in the ecology of
coral reef fish populations: a multifactorial perspective. In
Ecology of Fish on Coral Reefs, ed. Sale, P.F. Academic Press,
San Diego, pp. 294-330.

Jones, G.P. (1991b). The importance of recruitment dynamics
to the dynamics of a coral reef fish population. Ecology, 71,
1691-1698.

McCauley, E., Wilson, W.G. & deRoos, A.M. (1993). Dynamics
of age-structured, spatially structured predator—prey interac-
tions: individual based models and population level formula-
tions. Am. Nat., 142, 412—442.

Nisbet, R.M., Gurney, W.S.C., Murdoch, W.W. & McCauley,
E. (1989). Structured population models: a tool for linking



Local abundance of open populations 303

effects at individual and population levels. Biol. J. Linnean Soc.,
37, 79-99.

Olafsson, E.B., Peterson, C.H. & Ambrose, W.G. Jr (1994).
Does recruitment limitation structure populations and com-
munities of macro-invertebrates in marine soft sediments: the
relative significance of pre-and post-settlement processes. Ann.
Rev. Ocean. Mar. Biol., 32, 65-109.

Osenberg, C.W. & Mittelbach, G.G. (1996). The relative
importance of resource limitation and predator limitation in
food chains. In Food Webs: Integration of Patterns and Dynamics,
eds. Polis, G.A. & Winemiller, K.O. Chapman & Hall, New
York, pp. 134-148.

Osenberg, C.W., Sarnelle, O., Cooper S.D. & Holt, R.D. (1999).
Resolving ecological questions through meta-analysis: goals,
metrics, models. Ecology, 80, 1105-1117.

Robertson, D.R. (1992). Patterns of lunar settlement and early
recruitment in Caribbean reef fishes at Panama. Mar. Biol.,
114, 527-537.

Schmitt, R.]. & Holbrook, S.]J. (1996). Local-scale patterns of
larval settlement in a planktivorous damselfish-do they
predict recruitment? Mar. Fresh. Res., 47, 449—463.

Schmitt, R.J. & Holbrook, S.J. (1999a). Early mortality of
juvenile damselfish: implications for assessing the processes
that determine patterns of abundance. Ecology, 80, 35-50.

Schmitt, R.J. & Holbrook, S.]. (1999b). Temporal patterns of
settlement of three species of damsel fish of the genus Dascyllus
(Pomacentridae) in the coral reefs of French Polynesia. In
Proceedings of the 5th Indo-Pacific Fish Conference, Noumea,
1997, eds. Séret B. & Sire J.-Y. Soc. Fr. Ichtyol, Paris, pp.
537-551.

Schmitt, R.J. & Holbrook, S.J. (1999¢). Settlement and
recruitment of three damselfish species: larval delivery and
competition for shelter space. Oecologia, 118, 76-86.

Shepherd, J.G. (1982). A versatile new stock-recruitment

relationship for fisheries, and the construction of sustainable
yvield curves. J. Cons. Inter. Explor. Mer, 40, 67-75.
Sponaugle, S. & Cowen, R.K. (1996). Larval supply and
patterns of recruitment for two Caribbean reef fishes, Stegastes
partitus and Acanthurus babianus. May. Freshwater Res., 47, 433-447.
Steele, M.A. (1997a). The relative importance of processes affecting
recruitment of two temperate reef fishes. Ecology, 78, 129-145.
Steele, M.A. (1997b). Population regulation by post-settlement
mortality in two temperate reef fishes. Oecologia, 112, 64-74.
Underwood, A.]J. & Petraitis, P.S. (1993). Structure of intertidal
assemblages in different locations: how can local processes be
compared? In Species Diversity in Ecological Communities:
Historical and Geographical Perspectives, eds. Ricklefs, R.E. &
Schluter, D. University of Chicago Press, Chicago, pp. 38-51.
Wilson, J.A. (1998). Spatial and temporal variation and density-
dependence in the recruitment and survival of Gobiosoma
evelynae and G. prochilos. M.S. Thesis, University of Florida,
Gainesville, FL., USA.

BIOSKETCH

The research interests of Russell J. Schmitt, like those of his
coauthors, concern factors influencing the abundance,
dynamics and regulation of stage-structured, demographi-
cally open populations. He also explores consumer—resource
interactions and the responses of communities to environ-
mental forcing.

Editor, F. Boero

Manuscript received 15 February 1999
First decision made 29 April 1999
Manuscript accepted 7 June 1999

©1999 Blackwell Science Ltd/CNRS



