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Abstract Ecosystems are intricately linked by the flow of

organisms across their boundaries, and such connectivity

can be essential to the structure and function of the linked

ecosystems. For example, many coral reef fish populations

are maintained by the movement of individuals from spa-

tially segregated juvenile habitats (i.e., nurseries, such as

mangroves and seagrass beds) to areas preferred by adults.

It is presumed that nursery habitats provide for faster

growth (higher food availability) and/or low predation risk

for juveniles, but empirical data supporting this hypothesis

is surprisingly lacking for coral reef fishes. Here, we

investigate potential mechanisms (growth, predation risk,

and reproductive investment) that give rise to the distri-

bution patterns of a common Caribbean reef fish species,

Haemulon flavolineatum (French grunt). Adults were pri-

marily found on coral reefs, whereas juvenile fish only

occurred in non-reef habitats. Contrary to our initial

expectations, analysis of length-at-age revealed that growth

rates were highest on coral reefs and not within nursery

habitats. Survival rates in tethering trials were 0% for small

juvenile fish transplanted to coral reefs and 24–47% in the

nurseries. As fish grew, survival rates on coral reefs

approached those in non-reef habitats (56 vs. 77–100%,

respectively). As such, predation seems to be the primary

factor driving across-ecosystem distributions of this fish,

and thus the primary reason why mangrove and seagrass

habitats function as nursery habitat. Identifying the mech-

anisms that lead to such distributions is critical to develop

appropriate conservation initiatives, identify essential fish

habitat, and predict impacts associated with environmental

change.

Keywords Connectivity � Life history traits �
Predator–prey dynamics � Nursery �
Ontogenetic niche shifts

Introduction

Trade-offs between maximizing growth and minimizing

predation risk are one of the unifying themes in ecological

research (Stephens and Krebs 1986). Evidence of behav-

ioral strategies to minimize the ratio of mortality to growth

rate exists for a diverse suite of taxa (Lima and Dill 1990;

Dahlgren and Eggleston 2000; Heithaus et al. 2007;

Atkinson et al. 2008), and is commonly used in ecological

studies to yield insight on how organisms maximize their

fitness (Werner and Anholt 1993; Dahlgren and Eggleston

2000; Haywood and Kenyon 2009). Body size is one of the

primary factors regulating such trade-offs (Werner and

Gilliam 1984). Through ontogeny, foraging strategies and

vulnerability to predators can change, and thus the optimal

habitat or ecosystem to maximize an individual’s fitness

may shift dramatically. This well-developed body of
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ecological research focuses primarily on within-ecosystem

shifts among localized habitat types, e.g., the foundational

example of a fish shifting between littoral and pelagic

habitats through ontogeny (Werner and Hall 1988).

Ecosystems are intricately linked by the flow of organ-

isms across their boundaries (Polis et al. 1997; Post et al.

2006; Schreiber and Rudolf 2008), yet it is often difficult to

elucidate the mechanisms underlying across-ecosystem

movements. For instance, many coral reef fish populations

are purportedly supported by the movement of individuals

from spatially segregated juvenile habitats (i.e., nursery

habitats such as mangroves and seagrass beds; e.g., Ver-

weij et al. 2008), and such connectivity can be essential to

the structure and function of the linked ecosystems

(Mumby et al. 2004; Mumby and Hastings 2008). As with

other examples of broad-scale, across-ecosystem move-

ments by individuals through ontogeny, the underlying

mechanisms driving these patterns are difficult to isolate.

‘‘Nursery’’ is a term with a central place in the marine

literature, and generally refers to an ecosystem (or habitat)

that supplies a large proportion of individuals to a spatially

separated adult population (Adams et al. 2006). Following

the framework presented by Beck et al. (2001), the nursery

function of an ecosystem or habitat incorporates a combi-

nation of four factors (i.e., a higher density, growth, sur-

vival, and degree of movement to adult habitats). Although

definitions and applications of the nursery concept vary,

and are still emerging (Faunce and Layman 2009), the

interplay between growth and survival comprises a foun-

dation for assigning particular habitats as nurseries.

Cross-ecosystem linkages between purported nurseries

and coral reefs typically are inferred from distributional

patterns of constituent organisms. For example, Mumby

et al. (2004) provided compelling indirect evidence of

connectivity by comparing fish densities on coral reefs with

and without adjacent mangrove ecosystems. Other studies

likewise provided strong inferential evidence of such

linkages between purported nursery habitats and coral reefs

(Nagelkerken et al. 2000; Dorenbosch et al. 2005, 2006).

Such patterns may be due to the balance of growth and

predation risk for juveniles and adults. Juveniles may

increase their fitness in purported nursery habitats through

higher growth rates as a result of high densities of prey

(Fig. 1a; Cocheret de la Morinière et al. 2003; Nakamura

and Sano 2005; but see Grol et al. 2008), increased survival

due to a lower predation pressure (Fig. 1b; Shulman 1985;

Chittaro et al. 2005; Dorenbosch et al. 2009), or a com-

bination of the two (Fig. 1c; Beck et al. 2001). Or since

foraging strategies and vulnerability to predators can

change during ontogeny, habitat selection may also depend

on specific growth/predation trade-offs (Fig. 1d; Dahlgren

and Eggleston 2000). Typically, a combination of faster

growth and lower predation risk (Fig. 1c) is presumed to

underlie the importance of nursery habitats, but empirical

data supporting this model for reef fishes remains surpris-

ingly lacking.

In the present study, we examined potential underlying

mechanisms that give rise to distribution patterns of a coral

reef fish through ontogeny. Because of frequent (i.e., daily)

fine-scale movements of fishes among non-reef habitats

(Verweij and Nagelkerken 2007), it is often hard to isolate

predation risk, growth rates, and maturation of individuals

separately in mangroves and seagrasses. Our study location

provided an opportunity, however, to compare two spa-

tially segregated ecosystems that harbored several of such

habitats. For this purpose we studied: (1) a sheltered

shallow-water inland bay harboring adjacent and inter-

connected non-reef habitats, such as mangroves and seag-

rasses, which can be divided into a central part of the bay

and a long channel which connects the central part of the

bay with the open sea; and (2) a fringing coral reef located

outside of the bay proper. We hypothesized that fish spe-

cies utilize bay habitats as juveniles to maximize their

growth rates and to minimize predation risk (Fig. 1c). Our

model study organism was the French grunt, Haemulon

flavolineatum, a common Caribbean fish species that typ-

ically lives on coral reefs as adults. Our approach included

extensive surveys of H. flavolineatum, quantification of

growth rates and reproductive investment, and in situ

estimation of relative predation risk through ontogeny. The

end product is a detailed explanation of potential mecha-

nisms underlying across-ecosystem shifts, and thus
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Fig. 1 Conceptual models of underlying mechanisms that explain the

use of coastal nursery habitats by juvenile fish in terms of fish growth

(dashed lines) and survival (solid lines). a Growth rate is higher in

nursery habitats (i.e., the bay) while survival is equal among bay and

reef, b survival is higher in the bay while growth is equal among bay

and reef, or c both survival and growth are higher in the bay than on

the reef (the most commonly assumed scenario for coral reef fishes in

nursery habitats). d A potential trade-off between predation risk and

growth rates in the two ecosystems
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empirical data elucidating why nursery habitats play a

critical role in the life history of this coral reef fish.

Materials and methods

Study area

In the present study, fish density, growth, predation risk,

and reproductive investment of Haemulon flavolineatum

were studied in two spatially separated and distinct eco-

systems: non-reef habitats in an inland marine embay-

ment—Spanish Water Bay on Curaçao (12�040N,

68�510W)—and on the adjacent fringing coral reef (Fig. 2).

The mouth of this sheltered bay is *80 m wide and pro-

tected by a sill with a maximum depth of 6 m. A relatively

long (1.1 km) channel connects the open sea at the mouth

of the bay with the central part of the bay. For further

details on Spanish Water Bay, see Nagelkerken et al.

(2000). Throughout this study, a clear spatial distinction

was made (Fig. 2) among non-reef habitats located in the

central part of Spanish Water Bay (referred to as ‘bay’),

non-reef habitats located between the central part of the

bay and the mouth of the Spanish Water Bay (referred to as

‘channel’), and the fringing coral reef which is located

directly in front of Spanish Water Bay (referred to as

‘reef’). Seagrass beds (Thalassia testudinum) and stands of

fringing mangroves (Rhizophora mangle) are found along

the shorelines of both the bay and channel, while habitats

consisting of hard bottom substratum (i.e., rubble, boul-

ders, and notches) are only found in the channel. The

fringing coral reef in front of Spanish Water Bay runs

along the entire south-west coast of the island.

Distribution patterns

Density and total length (TL) of H. flavolineatum were

estimated along permanent belt transects (July–November

2005) in four different habitats throughout the three focal

areas (i.e., bay, channel, and reef) using SCUBA and

snorkeling gear (see Nagelkerken et al. 2000 for details on

census methodology). Transects were separated by at least

25 m, and each transect was 25 m long 9 4 m wide, where

possible. Per habitat type, 2–3 sites were selected, and per

site, 2–8 permanent transects were placed depending on the

size of the habitats. Transects were surveyed 6–8 times

during the study period, at least once every 10 days. The

estimated TL during visual surveys were converted to fork

lengths (FL) using a linear regression (y = 0.884x ?

0.147, R2 = 0.996) based on TL and FL of 481 H. flavo-

lineatum caught in the bay, channel, and reef (size

range 2.4–16.9 cm FL, 2.9–18.6 cm TL). Fish counts of

H. flavolineatum were then grouped for the bay, channel,

and reef separately and averaged over time, number of

transects, and habitats, and normalized to a 100-m2 census

surface area per 4-cm size class (i.e., 0.0–3.9, 4.0–7.9,

8.0–11.9, 12.0–15.9, and 16.0–19.9 cm FL). In total, 95

bay, 336 channel, and 76 reef transects were surveyed.

Growth rates

Haemulon flavolineatum were captured using hook and

line, fish traps, and beach seine nets in the bay, channel,

and reef. Fork length was measured, otolith sagittae were

removed and the left otolith used for age determination

under a dissecting microscope utilizing reflected light

(DeVries and Frie 1996). In total, otoliths of 72 bay, 123

channel, and 108 reef fish were analyzed. Ages were

determined blindly (e.g., with no knowledge of the sample

number or fish size) twice by an experienced reader, and

disagreements between reads one and two (4% of all sam-

ples) were settled using another experienced reader. Fish

growth was modeled using the Von Bertalanffy Growth

Function (Von Bertalanffy 1938), Lt ¼ L1 1� e�k t�t0ð Þ� �
,

where Lt length at time t, L? the theoretical maximum

length, k a growth coefficient (the rate at which length

approaches L?), t fish age in years, and t0 = theoretical

time at age 0. Likelihood ratio tests were used to evaluate

differences in Von Bertalanffy growth curves among the

bay, channel, and reef (Kimura 1980).
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0.0  - 3.9 cm
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8.0  - 11.9 cm

12.0  - 15.9 cm
16.0  - 19.9 cmChannel
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Water Bay
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Reef

 

Fig. 2 Distribution of Haemulon flavolineatum in the bay and

channel areas of Spanish Water Bay, and on the fringing coral reef

on Curaçao based on a 5-month census period. Gray indicates land,

white indicates sea, and the hatched area indicates coral reef. Relative

fish densities are represented based on 4-cm size classes (FL) in pie

charts
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Best-fitting Von Bertalanffy growth curves were calcu-

lated separately for bay, channel, and reef using mean

length at each age class. Then, a best fitting curve was

calculated by combining all individuals from the three

focal areas being compared (i.e., coincident curves). Von

Bertalanffy growth curve fits (analyzed by the residual sum

of squares; Kimura 1980; Haddon 2001) were sequentially

compared across bay, channel, and reef. If the improve-

ment in fit for each comparison was significant [relative to

the chi-squared (v2) distribution] then growth was consid-

ered to be significantly different between bay, channel, and

reef (Haddon 2001). Fish caught on the reef of 2 years and

older may consist of individuals that have spent their

juvenile stage in Spanish Water Bay and subsequently

migrated to the coral reef. In such case, their growth history

reflects a mix between growth in the bay, channel, and reef.

Thus, we compared growth among the bay, channel, and

reef using fish from the bay and channel and fish that likely

have only lived on coral reefs, i.e., those of 0 and 1 year

old. To test for differences in size-at-age for year 1 fish

among bay, channel, and reef, a one-way ANOVA fol-

lowed by a Hochberg’s GT2 post hoc comparison test was

performed. A Hochberg’s GT2 post hoc test was used

because data were homogenous (Levene’s test, P C 0.050)

and sample sizes unequal (Field 2005). For year 0 fish, only

one fish was caught in the bay, and therefore only two

study areas (i.e., channel and reef) could be compared

performing an independent samples t test (Field 2005).

Survival rates

Relative predation risk on tethered H. flavolineatum was

estimated in the bay, channel, and reef during the day at the

same locations where visual surveys were conducted.

Tethering trials were conducted for three life stages:

recently settled fish (2.4–4.5 cm FL), approximate size at

which fish start migrating to reefs (8.1–12.0 cm FL), and

adult fish commonly found on reefs (13.8–16.9 cm FL).

Tethering was used to measure relative predation risk

among bay, channel, and reef for different size classes. We

did not intend to measure absolute rates of predation, but to

assess the effect of location (bay, channel, and reef) and

prey size on predation risk. Although tethering experiments

can produce biases that can confound results (Peterson and

Black 1994), it is a widely used method to measure relative

predation risk on a diverse suite of fish and invertebrate

prey species (Shulman 1985; Pile et al. 1996; Dahlgren and

Eggleston 2000; Halpin 2000; Baker and Sheaves 2007;

Rypel et al. 2007; Dorenbosch et al. 2009; Hammerschlag

et al. 2010). In addition, tethering experiments were con-

ducted during daytime, while various studies suggest that

many piscivores are nocturnally active and/or piscivore fish

assemblages may change at night (Dorenbosch et al. 2009

and references therein). However, the same tethering

method was used across the bay, channel, and reef and for

the different size classes, and possible tethering artifacts

among treatments were expected to be relatively consistent

(e.g., Aronson and Heck 1995).

Individual fish were secured to a thin, monofilament,

tether line (50–80 cm length) using a small hook on one

end of the line which was threaded through the lower jaw

with the other end attached to an iron pole (*40 cm) that

was pushed into the substratum. Each fish was able to swim

and hide within surrounding vegetation (when present).

Tethering was conducted along the same transect sites in

the bay, channel, and reef as those for the visual surveys,

and lasted 90 min. The sequence of tethering was done

randomly across the different sites and size classes in the

bay, channel, and reef. Only fish that survived and were

alive (n = 145), or that had clearly been attacked or eaten

(i.e., hook and/or part of the line missing, n = 162) at the

end of the trial, were considered successful trials and were

included in the analyses; dead (n = 17) and possibly

detached fish (i.e., line and hook undamaged, n = 53) were

excluded. The total number of successful trials ranged from

10 to 17 fish per site for each of the two smaller size classes

and 6–7 fish per site for the largest size class. Percent

survival at the end of the experiment (at 90 min) was

averaged across replicates per size class per site, separately

for bay, channel, and reef. Differences in survival among

bay, reef, and channel were compared using logistic

regressions and post hoc v2 tests with survival (0 or 1) as a

dependent variable, and size class as an independent vari-

able. In total, 127 bay, 115 channel, and 65 reef trials were

included in the analysis.

Reproductive investment

Reproductive investment was determined on basis of the

relationship between body and gonad weight (Ntiba and

Jaccarini 1990; Kulmiye et al. 2002). Therefore, gonad pairs

were collected from fish caught in the bay, channel, and on

the reef. Wet weight of both fish gonads was weighed with an

accuracy of 0.001 g and was used to calculate the gonado-

somatic index (GSI), GSI = (GW/BW) 9 100, where GW

is the wet weight of both gonads and BW the eviscerated wet

body weight of the fish. In total, GSI of 77 bay, 323 channel,

and 200 reef fish were calculated. Mean GSI was calculated

per 4-cm size class (FL), separately per bay, channel, and

reef. To explore differences among the three focal areas per

size class one-way ANOVAs were performed followed by

Hochberg’s GT2 post hoc comparisons if data had homo-

geneous variances (Levene’s test, P C 0.050) and unequal

sample sizes (Field 2005). If variances were non-homoge-

neous (Levene’s test, P \ 0.050) a non-parametric Kruskal–

Wallis test followed by a Games Howell post hoc
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comparison was used (Field 2005). Note that for size class

0.0–3.9 cm FL, fish were only caught in the channel and on

the reef, but no statistics could be computed because

GSI = 0.0 for all fish captured.

All statistical analyses were performed using SPSS

(version 15.0), and differences were significant if P values

were B0.050.

Results

Distribution patterns

In Spanish Water Bay, smaller fish inhabited the bay and

channel, whereas larger-sized fish typically were found on

the reef (Fig. 2). In the channel, recently settled

(0.0–3.9 cm FL) and other small individuals (4.0–7.9 cm

FL) were most common. Within the bay, small to sub-adult

individuals were most common (4.0–11.9 cm FL). The

12.0–15.9 cm FL size class was most abundant on the reef,

and individuals of the largest size class (16.0–19.9 cm FL)

were only present on the reef.

Growth rates

Von Bertalanffy growth models (Fig. 3) showed

that Haemulon flavolineatum from the reef reached larger

sizes (L? = 18.7 cm FL) than fish in the other two areas,

with same-aged fish from the reef *1.3 times the maximum

size of fish from the bay (L? = 14.1 cm FL) or from the

channel (L? = 14.3 cm FL). Fish growth based on otolith

ageing of H. flavolineatum was significantly faster on the

coral reef than in the bay or channel (Fig. 3; likelihood ratio

test of coincident curves for bay–reef, v2 = 43.73,

P \ 0.0001, and channel–reef, v2 = 37.66, P \ 0.0001).

Furthermore, growth was significantly faster in the bay than

in the channel (bay–channel, v2 = 42.48, P \ 0.0001). Year

0 fish were significantly larger on the reef compared to the

channel (independent samples t test, t63 = -2.21,

P = 0.031). Year 1 fish differed in growth (one-way

ANOVA, F2,94 = 30.51, P \ 0.0001) and were significantly

larger on the reef compared to the bay (Hochberg’s GT2,

P \ 0.0001) and the channel (P \ 0.0001). Within Spanish

Water Bay, year 1 fish were significantly larger in the bay

than fish in the channel (P = 0.002).

Survival rates

On the reef, no small fish (2.4–4.5 cm FL) survived the 90-

min tethering trials, while in the bay 47%, and channel

24%, survived (Fig. 4). Survival differed for this size

class (Logistic R2 = 0.31, -2 log(likelihood) = 29.4, P \
0.0001) and was significantly higher in the bay compared

to the channel (v(1)
2 = 7.60, P = 0.006) and to the reef

(v(1)
2 = 6.76, P = 0.009). Between channel and reef, no

significant difference was found. Survival for tethered fish

between 8.1–12.0 cm FL (Logistic R2 = 0.20, -2

log(likelihood) = 18.0, P \ 0.0001) was significantly

lower on the reef compared to the bay (v(1)
2 = 12.48,

P \ 0.0001) and to the channel (v(1)
2 = 10.07, P = 0.002).

Between bay and channel there was no significant differ-

ence. Survival increased with size, and for fish

13.8–16.9 cm FL survival on the reef (56%) approached

those of non-reef habitats (channel 77% and bay 100%).

Survival (Logistic R2 = 0.32, -2 log(likelihood) = 15.2,

P = 0.001) after 90 min did not significantly differ

between the channel and reef and channel and bay, but was

significantly higher in the bay compared to the reef

(v(1)
2 = 3.91, P = 0.048).

Reproductive investment

Smaller fish (\12.0 cm FL) did not show a significant

difference for GSI among the three focal areas, but larger
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Fig. 3 Von Bertalanffy growth curves for Haemulon flavolineatum in

the bay (black boxes) and channel (gray boxes) areas of Spanish

Water Bay and on the reef (open boxes) on Curaçao. Box plots for

each age class are jittered for visibility. Note that the black box for

year 0 fish and the gray box for year 3 fish are absent as n = 1 in each

case. Von Bertalanffy parameters for H. flavolineatum were

L? = 14.1, t0 = -0.53, and k = 0.69 for the bay; L? = 14.3,

t0 = -1.05, and k = 0.39 for the channel; and L? = 18.7, t0 =

-0.64, and k = 0.52 for the coral reef. The number of otoliths

sampled per area per age class is provided above the graph
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fish (C12.0 cm FL) did (Fig. 5). Gonads of larger fish

(12.0–15.9 cm FL) residing on the reef were further

developed and GSI (Kruskal–Wallis H2 = 19.12,

P \ 0.0001) was higher on the reef compared to the

channel (Games Howell, P = 0.010) and to the bay

(P \ 0.0001). Within Spanish Water Bay, GSI of fish

residing in the channel was significantly higher than fish in

the bay (P = 0.012). The highest GSI was found for the

largest-sized fish on the reef (16.0–19.9 cm FL).

Discussion

It has become an accepted paradigm that mangroves and

seagrass beds in embayments are preferred settlement and

juvenile habitats, as they provide high food availability

(and thus purportedly faster growth rates) and lower pre-

dation risk (higher survival rates) for many coral reef fish

species (Fig. 1c; Beck et al. 2001; Adams et al. 2006). Yet,

empirical studies providing support for this well-accepted

paradigm are surprisingly rare, calling into question the

basic assumptions regarding nursery habitats for coral reef

fishes. In our study, juvenile grunts (\8 cm FL) were found

in the highest densities in the bay and channel where rel-

ative predation risk was apparently lower than on the reef.

The trade-off, however, was a reduced growth rate, body

size, and thus slower sexual maturation (Fig. 1d). Our data

provide strong support that predation intensity, not

increased growth potential, ultimately gives rise to the

apparent nursery function of mangroves and seagrass beds

in embayments for this species. Such empirical data is

critical to understanding the mechanisms that give rise to

across-ecosystem distribution patterns and ontogenetic

habitat shifts in marine organisms.

Although differences in growth and survival were most

obvious between the reef and Spanish Water Bay, these

factors also showed more subtle differences in the latter

system. Within Spanish Water Bay, the highest densities of

fish \8 cm FL were found in the channel, with the smallest

individuals (0.0–3.9 cm FL) mainly in the mouth of

Spanish Water Bay (Grol 2010). Thus, by settling in the

channel away from the reef, fishes increased their survival

rate considerably compared to the reef, but at the detriment

of growth. For larger individuals (C8 cm FL), relative

predation risk was similar between channel and bay, but

growth rate and density were higher in the bay. This sug-

gests that, once fish have entered a bay environment with

lower predation risk compared to reefs, other mechanisms

give rise to distribution patterns among nursery habitats

(e.g., food abundance, shelter quality, local physio-chem-

ical factors, etc.).

Larger Haemulon flavolineatum shifted from the bay

and channel to the reef at *12.0 cm FL, which could be

related to ontogenetic changes in vulnerability to predation
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Curaçao. Within each size class, different letters indicate significant

differences (P B 0.05) among areas based on a one-way ANOVA

followed by a Hochberg’s GT2 post hoc comparison or a non-

parametric Kruskal–Wallis test followed by a Games Howell post hoc

comparison. The number of fish sampled per area per size class is

provided above the graph
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(Werner and Gilliam 1984; Hixon 1991; Laegdsgaard and

Johnson 2001). Our data showed that predation risk was

similar between bay and channel and between channel and

reef for larger-sized H. flavolineatum. Despite higher

densities of potential predators on the reef, predator gape-

limitations may render H. flavolineatum less susceptible to

predation (Mumby et al. 2006). This is especially true for

overfished predator populations (as is the case on Curaçao)

where large, top predatory fishes have been removed over

time (Hoetjes et al. 2002). In addition, fish on the reef were

characterized by higher growth rates compared to the bay

and channel. Thus, by migrating from the bay and channel

to the reef, larger individuals may maximize their fitness by

minimizing the ratio of mortality to growth.

Other life history traits may drive movement of larger

fish from the bay and channel to the reef. For example,

examination of gonads revealed that larger fish on the reef

had a significantly higher GSI compared to the channel and

bay. Fish remaining in the bay and channel were rarely

sexually mature, whereas fish on the reef nearly always

were (Grol 2010). Fishes likely migrate to the coral reef to

further develop their gonads in order to reproduce and/or

release gametes in environments with strong water currents

which may serve to disperse larvae away from predator-

rich coral reefs (Johannes 1978; Roberts 1997). Thus, non-

reef habitats such as mangroves and seagrass beds tem-

porarily alleviate juvenile fish from high predation risk,

serving as ‘waiting rooms’ until they approach maturity

and move out of the bay proper to reproduce.

Large-scale, across-ecosystem movements are common

for many aquatic taxa, with salmon migrations between

freshwaters and the ocean perhaps the most well-known

example. As with mangrove and seagrass nurseries in the

case of coral reef fishes, freshwater rivers are assumed to

provide abundant food or reduced predation threat to sal-

mon parr (Gross et al. 1988; Gibson 1993; Klemetsen et al.

2003). Yet the relative balance of these two factors is

difficult to resolve because of the massive spatial scales

involved and the myriad factors which differ among the

systems. Curaçao provided a unique opportunity to isolate

specific mechanisms underlying such movements in a coral

reef fish. Replicating our study across species and locations

is necessary to evaluate the generality of this pattern, and

explore whether reduced predation threat typically is the

most important factor explaining the value of nursery

habitats for coral reef fishes. Our study showed for a single

species that juveniles tend to select habitats in an embay-

ment with lower predation risk over slower growth.

Although predation-growth trade-offs are a common phe-

nomenon for various taxa (Werner and Hall 1988; Lima

and Dill 1990; Dahlgren and Eggleston 2000; Heithaus

et al. 2007; Atkinson et al. 2008; Grol 2010), there are

large differences among species in habitat utilization,

behavior, or diet, and therefore it is critical to study species

with different life histories (review in Faunce and Layman

2009; Nagelkerken 2009). In contrast to the previous

studies which focus primarily on within-ecosystem shifts,

our species showed a broad-scale, across-ecosystem dis-

tribution pattern. Pelagic H. flavolineatum larvae did not

recruit directly to coral reefs were growth rates were

higher, but instead traversed a long distance which is time-

and energy-consuming (Stamps et al. 2005) to settle in

distinct ecosystems (i.e., embayments with mangroves and

seagrass beds) where predation risk was lower.

Elucidating specific mechanisms that give rise to across-

ecosystem distribution patterns of organisms has critical

implications for assessing how humans may impact eco-

logical and evolutionary dynamics. Collapse of marine

fisheries continues largely unabated, and large top preda-

tors usually are most affected (Pauly et al. 1998; Worm

et al. 2006). Continued alteration of large predator densities

in coastal ecosystems may lead to short-term behavioral

shifts in response to changing predation risk which may

influence current life history traits. Smaller sizes and lower

abundances of key top predators on reefs may lead to

increased settlement of juveniles directly onto reef habitat,

or earlier migration of sub-adult individuals to coral reefs.

Such simple behavioral-driven responses ultimately can

have profound effects on ecosystem structure and function

(Lima and Dill 1990; Heithaus et al. 2007). A recent

empirical example on coral reefs demonstrates how vary-

ing densities of a large-bodied top predator can trigger

trophic cascades solely through behavioral responses of

their potential prey (Stallings 2008).

Our data also emphasize the need to maintain connec-

tivity among coastal ecosystems and include effects of

seascape composition (Mumby 2006; Pittman et al. 2007;

Mumby and Hastings 2008; Munday et al. 2009). For

example, pelagic fish larvae which have settled in man-

groves and seagrass beds connect nurseries and reefs

through their final recruitment to the latter (Nakamura et al.

2008; Verweij et al. 2008), while seascape components

such as the amount and proximity of habitat types affect the

distribution of juvenile fish observed in mangroves (Pitt-

man et al. 2007) and the function of adjacent coral reef

ecosystems (Adams et al. 2006; Mumby and Hastings

2008). At the moment, coral reefs, mangrove forests, as

well as seagrass beds, are extensively degraded worldwide

as a result of continued human impacts to marine ecosys-

tems (Valiela et al. 2001; Duarte 2002; Gardner et al. 2003;

Hughes et al. 2003; Bellwood et al. 2004), leading to loss

of benthic structure (Graham et al. 2007; Wilson et al.

2006; Alvarez-Filip et al. 2009). This could dramatically

affect the distribution and abundance of fishes utilizing

these habitats (Jones et al. 2004; Graham et al. 2007;

Wilson et al. 2006; Paddack et al. 2009). Marine protected

Oecologia (2011) 165:79–88 85

123



areas are especially important in this context, as they can

provide a framework for protection against both overfish-

ing and habitat loss.

Our current understanding of organism movements that

link adjacent marine ecosystems remains rudimentary in

many ways, and knowledge of the mechanisms that lead to

such movements is even less well understood. Continued

efforts to identify causal mechanisms of organism move-

ment and ecosystem distribution patterns (e.g., identifica-

tion of essential fish habitat and predicting impacts

associated with environmental change) will provide a more

robust foundation for successful conservation and man-

agement of marine resources.
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well PG, Gall A, Gorczynska MI, Harborne AR, Pescod CL,

Renken H, Wabnitz CCC, Llewellyn G (2004) Mangroves

enhance the biomass of coral reef fish communities in the

Caribbean. Nature 423:280–283

Mumby PJ, Dahlgren CP, Harborne AR, Kappel CV, Micheli F,

Brumbaugh DR, Holmes KE, Mendes JM, Broad K, Sanchirico

JN, Buch K, Box S, Stoffle RW, Gill AB (2006) Fishing, trophic

cascades, and the process of grazing on coral reefs. Science

311:98–101

Munday PL, Leis JM, Lough JM, Paris CB, Kingsford MJ, Berumen

ML, Lambrechts J (2009) Climate change and coral reef

connectivity. Coral Reefs 28:379–395

Nagelkerken I (2009) Evaluation of nursery function of mangroves

and seagrass beds for tropical decapods and reef fishes: patterns

and underlying mechanisms. In: Nagelkerken I (ed) Ecological

connectivity among tropical coastal ecosystems. Springer, The

Netherlands, pp 357–399

Nagelkerken I, Dorenbosch M, Verberk WCEP, Cocheret de la

Morinière E, van der Velde G (2000) Importance of shallow-

water biotopes of a Caribbean bay for juvenile coral reef fishes:

patterns in biotope association, community structure and spatial

distribution. Mar Ecol Prog Ser 202:175–192

Nakamura Y, Sano M (2005) Comparison of invertebrate abundance

in a seagrass bed and adjacent coral and sand areas at Amitori

Bay, Iriomote Island, Japan. Fish Sci 71:543–550

Nakamura Y, Horinouchi M, Shibuno T, Tanaka Y, Miyajima T,

Koike I, Kurokura H, Sano M (2008) Evidence of ontogenetic

migration from mangroves to coral reefs by black-tail snapper

Lutjanus fulvus: stable isotope approach. Mar Ecol Prog Ser

355:257–266

Ntiba MJ, Jaccarini V (1990) Gonad maturation and spawning

times of Siganus sutor off the Kenya coast: evidence for

definite spawning seasons in a tropical fish. J Fish Biol 37:

315–325

Paddack MJ, Reynolds JD, Aguilar C, Appeldoorn RS, Beets J,

Burkett EW, Chittaro PM, Clarke K, Esteves R, Fonseca AC,

Forrester GE, Friedlander AM, Garcı́a-Sais J, González-Sansón
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wide declines in Caribbean reef fish abundance. Curr Biol

19:590–595

Pauly D, Christensen V, Dalsgaard J, Froese R, Torres F (1998)

Fishing down marine food webs. Science 279:860–863

Peterson CH, Black R (1994) An experimentalist’s challenge: when

artifacts of intervention interact with treatments. Mar Ecol Prog

Ser 111:289–297

Pile AJ, Lipcius RN, van Montfrans J, Orth RJ (1996) Density-

dependent settler-recruit-juvenile relationships in blue crab. Ecol

Monogr 66:277–300

Pittman SJ, Caldow C, Hile SD, Monaco ME (2007) Using seascape

types to explain the spatial patterns of fish in the mangroves of

SW Puerto Rico. Mar Ecol Prog Ser 348:273–284

Polis GA, Anderson WB, Holt RD (1997) Toward an integration of

landscape and food web ecology: the dynamics of spatially

subsidized food webs. Annu Rev Ecol Syst 28:289–316

Post DM, Doyle MW, Sabo JL, Finlay JC (2006) The problem of

boundaries in defining ecosystems: a potential landmine for

uniting geomorphology and ecology. Geomorphology

89:111–126

Roberts CM (1997) Connectivity and management of Caribbean coral

reefs. Science 278:1454–1457

Rypel AL, Layman CA, Arrington DA (2007) Water depth modifies

relative predation risk for a motile fish taxa in Bahamian tidal

creeks. Estuar Coasts 30:518–525

Schreiber S, Rudolf VHW (2008) Crossing habitat boundaries:

coupling dynamics of ecosystems through complex life cycles.

Ecol Lett 11:576–587

Shulman MJ (1985) Recruitment of coral reef fishes: effects of

distribution of predators and shelter. Ecology 66:1056–1066

Stallings CD (2008) Indirect effects of an exploited predator on

recruitment of coral-reef fishes. Ecology 89:2090–2095

Stamps JA, Krishnan VV, Reid ML (2005) Search costs and habitat

selection by dispersers. Ecology 86:510–518

Stephens DW, Krebs JR (1986) Foraging theory. Princeton University

Press, Princeton, USA

Valiela I, Bowen JL, York JK (2001) Mangrove forests: one of the

world’s threatened major tropical environments. Bioscience

41:807–815

Verweij MC, Nagelkerken I (2007) Short and long-term movement

and site fidelity of juvenile Haemulidae in back-reef habitats of a

Caribbean embayment. Hydrobiologia 592:257–270

Verweij MC, Nagelkerken I, Hans I, Ruseler SM, Mason PRD (2008)

Seagrass nurseries contribute to coral reef populations. Limnol

Oceanogr 53:1540–1547

Von Bertalanffy L (1938) A quantitative theory of organic growth.

Hum Biol 10:181–213

Werner EE, Anholt BR (1993) Ecological consequences of the trade-

off between growth and mortality-rates mediated by foraging

activity. Am Nat 142:242–272

Werner EE, Gilliam JF (1984) The ontogenetic niche and species

interactions in size-structured populations. Annu Rev Ecol Syst

15:393–425

Oecologia (2011) 165:79–88 87

123



Werner EE, Hall DJ (1988) Ontogenetic habitat shifts in bluegill: the

foraging rate–predation risk trade-off. Ecology 69:1352–1366

Wilson SK, Graham NAJ, Pratchett MS, Jones GP, Polunin NVC

(2006) Multiple disturbances and the global degradation of coral

reefs: are reef fishes at risk or resilient? Global Change Biol

12:2220–2234

Worm B, Barbier EB, Beaumont N, Duffy JE, Folke C, Halpern BS,

Jackson JBC, Lotze HK, Micheli F, Palumbi SR, Sala E, Selkoe

KA, Stachowicz JJ, Watson R (2006) Impacts of biodiversity

loss on ocean ecosystem services. Science 314:787–790

88 Oecologia (2011) 165:79–88

123


	Simple ecological trade-offs give rise to emergent cross-ecosystem distributions of a coral reef fish
	Abstract
	Introduction
	Materials and methods
	Study area
	Distribution patterns
	Growth rates
	Survival rates
	Reproductive investment

	Results
	Distribution patterns
	Growth rates
	Survival rates
	Reproductive investment

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


