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Abstract. Social information obtained from heterospecifics can enhance individual fitness
by reducing environmental uncertainty, making it an important driver of mixed-species group-
ing behavior. Heterospecific groups are well documented among fishes, yet are notably more
prevalent among juveniles than more advanced life stages, implying that the adaptive value of
joining other species is greater during this developmental period. We propose this phenomenon
can be explained by the heightened ecological relevance of heterospecifically produced cues
pertaining to predation risk and or resources, as body-size uniformity inherent in early onto-
geny yields greater overlap in predator and prey guild membership across juveniles of disparate
taxa. To evaluate the putative role of information in shaping juvenile fish assemblages, we
employed a joint species distribution model (JSDM), identifying nonrandom relationships
among fishes collected in 785 seine hauls within the shallow littoral zones of a subtropical
island. After accounting for species–environment relationships, which explained 39% of
observed covariation in the abundance of 11 taxa, we detected high rates of positive associa-
tion (84% of significant correlations) predominantly between mutual foraging guild members,
consistent with assemblage patterns predicted to evolve under widespread interspecific infor-
mation use. Affiliations occurred primarily between species characterized by neutral (i.e., non-
interacting) or negative (i.e., predator–prey) relationships in later life stages, supporting the
notion that heightened niche overlap due to body size homogeneity acted to increase the perti-
nence of information among juveniles. Taxa exerted varying degrees of influence on assem-
blage structure; however Eucinostomus spp., a gregarious generalist with exceptional
information-production potential, had an effect several times that of all other species com-
bined, further evidencing the likely role of information in motivating observed relationships.
Co-occurrence and qualitative behavioral data inferred from remote underwater video surveys
reinforced these conclusions. Collectively, these results suggest that positive interactions linked
to information exchange can be among the principal factors organizing juvenile fish assem-
blages at local scales, highlighting the role of ontogeny in mediating the relevance and exploita-
tion of information across species.
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INTRODUCTION

Despite an established bias towards the importance of
competition in structuring organismal assemblages,
there is growing recognition that positive species interac-
tions can be equally consequential in shaping communi-
ties, ameliorating environmental stress and facilitating
coexistence among competitors (Bertness and Callaway

1994, Bruno et al. 2003). Concurrently, a heightened
awareness of the extent to which biotic interactions can
act across scales to affect community structure has
prompted recent calls for their integration into species
distribution models, to improve predictions of the way
ecosystems will respond to accelerating environmental
change (Ara�ujo and Luoto 2007, Kissling et al. 2012,
Wisz et al. 2013).
One form of interaction with broad implications for

community structure is participation in mixed-species
groups (Goodale et al. 2017), members of which gener-
ally profit from the foraging and antipredator
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advantages associated with monospecific groups (Krause
and Ruxton 2002) while also avoiding some of their pit-
falls, such as intraspecific competition. Although the
benefits of group participation have historically been
attributed in large part to risk dilution, predator confu-
sion, and other intrinsic properties of being among high
densities of individuals (Hamilton 1971, Foster and Tre-
herne 1981, Landeau and Terborgh 1986), there is
increasing acknowledgment that these mechanisms do
not adequately account for patterns of heterospecific
association observed in nature (Wolters and Zuberb€uh-
ler 2003, Schmidt et al. 2010); for example, the dispro-
portionately large effect exerted by certain taxa, often
referred to as “nuclear” or “sentinel” species, on the for-
mation and cohesion of groups (Goodale and Kotagama
2005, Srinivasan et al. 2010).
Rather, a growing consensus indicates that access to

socially acquired knowledge about one’s surroundings,
procured by observing others and their interactions with
the local environment, is among the primary drivers of
grouping behavior (Sepp€anen et al. 2007, Goodale et al.
2010, Gil et al. 2017). This “social” or “public” informa-
tion, typically inferred from deliberate or more com-
monly inadvertent behavioral or chemical cues, can
improve decision making by reducing uncertainty about
basic ecological variables such as the distribution of
resources or the risk of predation (Dall et al. 2005, Blan-
chet et al. 2010), ultimately enhancing individual fitness
(McNamara and Dall 2010). Although it has proven dif-
ficult to isolate the respective roles of information-re-
lated and intrinsic mechanisms in generating the fitness
benefits that incentivize grouping (Dehn 1990, Beau-
champ 2017), quantitative theoretical models have
shown that access to social information augments fitness
across a wide variety of ecological contexts, elevating it
to levels significantly above those attained through
numerical benefits alone, with extensive implications for
grouping and individual vigilance behavior (Gil et al.
2017).
It therefore is not likely by coincidence that the attri-

butes typifying many attractive nuclear or sentinel spe-
cies (Goodale and Kotagama 2005, Srinivasan et al.
2010) correspond closely with the characteristics that
confer a high capacity for information production
(Goodale et al. 2010), intimating that the attractiveness
of these animals is related to their efficacy as informants
(Goodale and Kotagama 2008, Hetrick and Sieving
2012). For example, several birds and fishes improve
their foraging success by affiliating with species whose
sensory physiology makes them particularly efficient at
locating resources (Buckley 1996, Sazima et al. 2006).
Meanwhile, many birds and mammals reduce their vul-
nerability to predation by “eavesdropping” on risk-re-
lated cues produced by heterospecifics whose ecology or
morphology makes them uncommonly adept at identify-
ing approaching threats (Goodale and Kotagama 2005,
2008), seemingly valuing the vigilance of these species
over that of conspecifics (Schmitt et al. 2016).

However, the procurement of social information is not
without costs, and the application of unreliable or
incompatible information can precipitate maladaptive
decisions (Giraldeau et al. 2002, Searcy and Nowicki
2005, Magrath et al. 2015). The ultimate value of infor-
mation reflects a trade-off between the expense of acqui-
sition and its relevance or salience for the receiver, which
is inversely related to the ecological and spatiotemporal
distance between individuals (Sepp€anen et al. 2007).
Accordingly, the most valuable and thus attractive infor-
mants should be functionally or phenotypically similar
neighbors sharing mutual resources and/or predators—
that is, species occupying similar niches. In turn, the
transfer of information across taxa should bring about
predictable patterns of assemblage at local scales, distin-
guished by high frequencies of co-occurrence among
ecologically similar species, as animals aggregate near
others that produce cues they can exploit (Sepp€anen
et al. 2007, Sridhar et al. 2012, Hua et al. 2016)—a struc-
ture effectively the inverse of that expected in communi-
ties governed by competition (Dayan and Simberloff
2005).
Of the traits that define an individual’s phenotype or

ecological niche, body size may be the most fundamen-
tal, with sweeping ramifications for physiology, mobility,
and trophic position (Peters 1986, Hildrew et al. 2007).
Heterogeneity in body size is often regarded as a means
of niche differentiation, promoting coexistence by reduc-
ing overlap through size-dependent controls on resource
utilization (Wilson 1975, Basset 1995); conversely, size
homogeneity can heighten congruency in resource use
and in the threat posed by predators (Woodward and
Hildrew 2002, Leyequi�en et al. 2007). As such, body-size
differential is routinely used to approximate niche over-
lap and to infer the types and strengths of pairwise inter-
actions in size-structured communities (Wissinger 1992,
Gravel et al. 2013). For most animals, body size is inex-
tricably linked with developmental stage, and in few taxa
is this relationship more striking than it is among fishes,
for whom ontogenetic changes in body size can span sev-
eral orders of magnitude. Thus, in the strongly size- or
stage-structured trophic webs characteristic of aquatic
environments, ontogeny can be of even greater impor-
tance than phylogeny in defining a fish’s functional role
or ecological niche (Kohda et al. 2008, Rudolf and Ras-
mussen 2013a), impacting the applicability and subse-
quent profitability of socially acquired information.
Interspecific information transfer occurs among fishes

in the context of both foraging (Coolen et al. 2003, Kar-
plus et al. 2007) and predator avoidance (Mathis and
Smith 1993, Mirza 2003), and is likely a key factor moti-
vating mixed-species groups of coral reef inhabitants,
which decide when to feed and/or flee approaching
predators based on the behaviors (e.g., patch entries or
departures) and perceived densities of heterospecifics
(Gil and Hein 2017, Hein et al. 2018). Although
heterospecific association in fishes occurs throughout
ontogeny, it is notably more prevalent between juveniles
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(Lukoschek and McCormick 2000, Overholtzer and
Motta 2000, Moland et al. 2005), whose small body sizes
are intrinsically more uniform and less variable when
contrasted with those of more advanced developmental
stages, whose sizes vary widely across species and are
often plastic (Gust et al. 2002). We propose that the rela-
tive preponderance of mixed-species grouping behavior
among juvenile fishes can be explained by the height-
ened adaptive significance of heterospecifically derived
social information use during this life stage, when inher-
ent homogeneity in body size correlates with ecological
niche convergence, increasing the relevance of risk and
resource-related cues between distinct taxa and expand-
ing the pool of species from which pertinent knowledge
may be obtained.
To evaluate the putative influence of information use

on heterospecific associations among juveniles empiri-
cally, we examined the structure of fish communities in
subtropical inshore habitats, where a diverse array of
fishes utilize shallow littoral zones during early ontogeny
(Parrish 1989, Nagelkerken et al. 2000). Spanning a
range of trophic guilds, from piscivorous apex predators
to benthic invertivores and pelagic planktivores, these
fishes vary greatly in size and in habitat use as adults, yet
exhibit a high degree of overlap in space, time, and body
size as juveniles (Serafy et al. 2003, Mateo and Tobias
2004, Newman et al. 2007). Therefore, while interactions
between adults of these taxa are typically negative (e.g.,
predator–prey) or nonexistent, the potential exists for
the exchange of ecologically relevant information among
juveniles, likely entailing: (1) threat-related behavioral
cues, in the form of patch entries/departures or alarm
responses, communicating the riskiness of a patch or
providing advance warning of predator attack; and (2)
resource-related cues or public information inferred
from the foraging behavior or performance of others,
telegraphing the location of prey or the quality of a
given patch.
Species’ co-occurrence or correlations in abundance are

frequently used to identify pairwise associations and pat-
terns of community assemblage (Gotelli and McCabe
2002, Ulrich and Gotelli 2010); however, deducing the
nature of underlying relationships is a complex task,
because species associations can arise through distinct
mechanisms that are often hard to disentangle (Kissling
et al. 2012, Morueta-Holme et al. 2016). Although posi-
tive correlations in abundance may signify facilitative
interactions, they can also exist in the absence of interac-
tion, as animals with analogous traits occupy the habitats
to which they are best adapted (Keddy 1992, Webb et al.
2002); hence the inference of interactions from raw corre-
lations can be misleading. The emerging statistical
approach of joint species distribution models (JSDMs;
Pollock et al. 2014) offers a means of discriminating
between these different drivers of association, permitting
more accurate assessment of species interactions by con-
trolling for correlation induced by environmental filtering
(Golding et al. 2015, Ovaskainen et al. 2017).

We employed a JSDM to identify associational pat-
terns among several species of juvenile fishes, deter-
mining whether observed assemblage structure was
consistent with that predicted to arise under ecologi-
cally extended social information use. Following
Sepp€anen et al. (2007), we expected that comparatively
high rates of interspecific information transfer would
be evidenced by a correspondingly elevated incidence
of positive nonrandom correlations in species abun-
dance, with these relationships being stronger or more
frequent between mutual guild or functional group
members. Likewise, if ontogenetic constraints on body
size acted to enhance the relevance of information
among juveniles relative to more mature life stages, we
anticipated that positive associations would be evident
between taxa that were unlikely to exhibit such rela-
tionships as adults. Finally, we postulated that if access
to information was among the key factors stimulating
heterospecific association, then species exerting an
exceptionally large influence on assemblage structure
(i.e., acting in a nuclear role) would display traits con-
sistent with high information-production potential, fol-
lowing Goodale et al. (2010).

METHODS

Data collection

Community abundance data.—Data on the composition
of juvenile fish assemblages were collected at 21 distinct
stations situated within the shallow littoral zones of
Eleuthera Island in The Bahamas Archipelago (Fig. 1).
Spanning approximately 40 km along the windward and
leeward coasts, sampling stations represented a diverse
mosaic of habitat types including beaches, sandflats, sea-
grass beds, and mangrove creek systems, capturing a
broad range of variation in physical and biological con-
ditions. Stations were sampled repeatedly between Jan-
uary 2012 and April 2013, using a 15.2 9 1.2 m, 3.2 mm
mesh bagless beach seine hauled roughly parallel to
shore for 20 m, constituting a total sweep area of
approximately 210 m2 per sample. Upon the completion
of each haul, the proportion of swept area comprising
moderate-to-dense benthic vegetation, as defined by
Harborne et al. (2008), was estimated and recorded, as
were the minimum and maximum depths encountered
and the proximity to the mangrove fringe (up to 100 m).
Ambient water temperature was measured with a hand-
held thermometer, and the location of each seine haul
was recorded using a portable GPS unit. Following each
sampling event, captured specimens were identified to
the lowest possible taxon (genus or species) and enumer-
ated before being released. Individuals exceeding
�150 mm in total length (TL) were noted and immedi-
ately released on site. For smaller specimens (<150 mm
TL), a representative subsample of up to 30 individuals
of each taxon was retained from a subset of seine hauls
and sacrificed to permit more precise identification and
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measurement. Additional details on sampling methodol-
ogy and the study area can be found in Haak et al.
(2019).

Environmental covariates.—To accommodate the diver-
sity of fishes collected, and the likelihood that species
with varying ecologies and functional roles may be influ-
enced by distinct environmental factors, we considered
an extensive array of independent predictors quantifying
variation in biotic and abiotic habitat characteristics
over a range of scales. Physical covariates included basic
parameters such as water temperature and depth, as well
as several measures of flow-related environmental stress
arising because of incident waves and tidal currents,
obtained from hydrodynamic models as outlined in
Haak et al. (2019). Biological predictors reflected both
microhabitat characteristics and the arrangement of the
broader seascape, comprising the coverage of benthic
vegetation within the sampled area and its proximity to
adjacent mangrove and coral reef habitats. Temporal
fluctuations in species abundance were accounted for via
the inclusion of a seasonal covariate. The complete suite
of explanatory environmental variables is defined in

Table 1, and additional information detailing their mea-
surement or estimation, as well as the rationale for their
inclusion, is provided in Appendix S1.

Statistical analysis

Joint species distribution model.—The present study
employs a JSDM in the form of a latent variable model
that approximates correlation in species’ abundances via
their associations with underlying “latent” gradients,
treated as random variables (Hui et al. 2015, Warton
et al. 2015). By explicitly modeling this correlation and
estimating relationships with environmental predictors
for multiple species concurrently, JSDMs permit the par-
titioning of observed correlation into that which can be

FIG. 1. Map depicting the locations of 21 stations on
Eleuthera Island, The Bahamas, where community abundance
data were obtained by beach seine sampling. Gray shading sig-
nifies land, and the color gradient ramp represents log10-trans-
formed bathymetry (m), truncated to a maximum depth of
100 m. The 10 and 100-m isoclines are included for reference.

TABLE 1. Summary of the environmental predictors that were
included as covariates in the joint species distribution model
(JSDM). Details on the selection and measurement of
predictors are available in Appendix S1.

Environmental predictors

Umax Long-term (4 yr) near-maximal (99th
quantile) wave bottom orbital velocity,
estimated by hydrodynamic models
described in Haak et al. (2019)

Uanom24 Wave bottom orbital velocity anomaly, or
the instantaneous departure from long-
term (4 yr) mean conditions in the 24 h
prior to sampling, estimated by
hydrodynamic models described in Haak
et al. (2019)

Utide Maximum tidal flow velocity associated
with the M2 (principal diurnal) tidal
constituent at a height of 5 cm above the
seabed, estimated by hydrodynamic models
described in Haak et al. (2019)

Water depth Mean water depth (cm) sampled by each
seine haul, approximated by averaging the
minimum and maximum depths
encountered at the time of sampling.

Mangrove
proximity

Minimum distance to adjacent fringing
mangrove habitats (up to a maximum of
100 m), estimated at the time of sampling.

Coral reef
proximity

Minimum swimming distance from the
geographic centroid of each seine haul to
the nearest coral reef habitat as depicted
by the United Nations Environment
Program coral reef database (UNEP-
WCMC et al., 2010), estimated using a
geographic information system (GIS).

Water
temperature

Ambient seawater temperature in the
vicinity of each seine haul, measured with a
handheld thermometer (to the nearest
0.1°C) at the time of sampling.

Benthic
vegetation
cover

Proportion of swept area comprising
moderate to dense benthic vegetation
(primarily seagrass) cover as defined by
Harborne et al. (2008), visually assessed at
the time of sampling following Mumby
et al. (1997).

Season Time of year that a seine haul was
conducted, following the common wet
season (May–October) and dry season
(November–April) convention.
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explained by species responses to known environmental
covariates (environmental correlation), and that which
remains unexplained (residual correlation) and conse-
quently may reflect biotic interactions. While species’
relationships with latent variables, quantified through
their respective coefficients, might ideally be presumed
to represent the outcome of interactions, they may also
reflect species’ responses to additional, missing or
unknown environmental covariates (Kissling et al. 2012,
Warton et al. 2015, Ovaskainen et al. 2016). To limit the
effects of unmeasured environmental heterogeneity on
the estimation of species interactions, we assumed that
residual variation displaying correlation within sampling
stations was environmental in nature, and a random
intercept at the level of station was included for each
species to account for this, precluding its influence on
latent variables and thus residual correlations.
Inferring biotic interactions from species abundance

data is again complicated by the fact that observed cor-
relations can reflect the results of indirect interactions,
potentially masking the true nature of relationships
(Harris 2016, Popovic et al. 2019). For example, two
noninteracting species that share a negative relationship
with a third “mediator” species may outwardly appear to
exhibit a positive relationship with one another. To over-
come this challenge, several authors have proposed the
use of partial correlations to detect direct or “condi-
tional” pairwise interactions by controlling for the
effects of the remaining species pool (Harris 2016, Ovas-
kainen et al. 2016, Popovic et al. 2019). We therefore
employed partial correlations, obtained through inver-
sion of the residual correlation matrix, in addition to
raw residual correlations when evaluating species rela-
tionships.
We fitted the JSDM outlined above using the R pack-

age boral (Hui 2016), which employs Monte Carlo Mar-
kov chain methods executed in JAGS (Plummer 2003) to
estimate parameters (see Appendix S2 for supplemental
details on the model, including its functional form). To
maximize parsimony given the presence of 11 taxa, spe-
cies correlations were approximated through two latent
variables (testing with additional latent variables found
little difference from the results obtained here). Further-
more, due to the overdispersed nature of count data for
many species, a negative binomial error distribution was
employed. All covariates were centered and standardized
prior to model fitting. We specified uninformative nor-
mal and uniform (when appropriate, e.g., for dispersion,
or variance of the random intercept for station) priors
for the hyperparameters of the model. Three MCMC
chains were run for 300,000 iterations each, with a burn-
in period of 10,000 iterations and a thinning factor of
30. Model convergence was assessed using the Gelman–
Rubin statistic (Gelman and Rubin 1992, Brooks and
Gelman 1998), the Geweke diagnostic (Geweke 1992),
and visual examination of the trace plots. Dunn–Smythe
residuals were inspected for evidence of violation of
model assumptions following Hui (2016). After fitting,

terms were deemed to be significant when their corre-
sponding 95% highest posterior density (HPD) intervals
did not encompass zero. Analysis was limited to include
only fully metamorphosed, postlarval juveniles less than
150 mm fork length (FL), and rare taxa occurring in less
than 1% of hauls were omitted from consideration.
Finally, the power of environmental predictors (includ-
ing random station effects) to explain covariation in
observed species abundances was estimated by compar-
ing the trace of the residual covariance matrix of the full
model (including environmental predictors and random
station effects) to that of a model containing only the
two latent variables, following Warton et al. (2015) and
Hui (2016).
To visualize relationships between taxa (as quantified

by residual and partial correlations), and to evaluate
each taxon’s overall influence on assemblage structure, a
network approach was utilized. Because correlations do
not inherently reflect the often-unbalanced nature of
interspecific relationships, the residual and partial corre-
lations between each pair of taxa were weighted by an
asymmetrical association index (Ara�ujo et al. 2011, Srid-
har et al. 2013). The index is based on the simple premise
that the relative influence of one taxon (A) on another
taxon (B) is equivalent to the proportion of occurrences
of taxon B that coincided with taxon A, and vice versa.
The resulting compositional effects of each species (or
node) upon the other were then applied as edge weights
in a directed network. The overall influence of each spe-
cies on assemblage structure, depicted by node size, was
approximated following Sridhar et al. (2013) as the nor-
malized sum of the absolute value of the weights of each
node’s outgoing edges, or normalized weighted out-de-
gree (nwDout; Wasserman and Faust 1994). Because of
the wide range of values, this metric was square-root
transformed for the purposes of plotting. Network
graphs were generated using the R package qgraph (Eps-
kamp et al. 2012).

RESULTS

Community sampling

A total of 785 seine haul samples were conducted
across the 21 stations between January 2012 and April
2013. Environmental parameters recorded or estimated
across seine hauls are summarized in Appendix S1:
Table S1. Juvenile fishes collected in samples tended to
represent two distinctive functional groups: (1) bottom-
associated, largely benthivorous fishes and (2) pelagi-
cally oriented planktivores, with the mean size of indi-
viduals varying little across taxa (Table 2). The most
common taxa, in terms of frequency of occurrence, were
Eucinostomus spp. (mojarras; 61%), Atherinomorus stipes
(hardhead silversides, 41%), and Sphyraena barracuda
(great barracuda, 21%). As might be expected, these also
tended to be among the most abundant overall, with
atherinids comprising the greatest number of all
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individuals (54%), followed by eucinostomids (42%) and
the rarer but highly gregarious Harengula spp. (herrings,
2%). Raw patterns of co-occurrence, which disregard the
effects of environmental filtering, suggested strong rela-
tionships in the presence/absence and abundance of sev-
eral taxa (Appendix S3: Table S1).

JSDM

All environmental covariates were significant predic-
tors for at least two taxa, and all fishes displayed a sig-
nificant relationship with one or more environmental
predictors (Appendix S3: Table S2). Among these vari-
ables, benthic vegetation coverage exerted a significant
effect on the greatest number of taxa (n = 7), although
as might be expected it had little influence on more
pelagically oriented fishes such as atherinids and clupei-
ds. Basic physical parameters, such as water depth and
temperature, were significantly related to the abundance
of assorted demersal and pelagic fishes, as were hydrody-
namic variables reflecting variation in wave and tidally
driven water velocities. Swimming distance to coral reef
habitats was a significant predictor for several fishes with
reef-associated adult life stages, and proximity to man-
groves was likewise linked to the abundance of species
known to exploit fringing mangrove habitats. Seasonal
shifts in abundance were also detected for some fishes.
Significant positive and negative environmental corre-

lations were detected between several community mem-
bers (Fig. 2a; Appendix S3: Table S3a), indicating that
similarities and disparities in species-specific responses
to explanatory variables (i.e., environmental filtering)
acted in part to produce observed raw correlations in
abundance. Collectively, environmental covariates,
including random station effects, accounted for approxi-
mately 39% of the covariation in abundance among spe-
cies. Environmental correlations tended to segregate
along the lines of functional differences, with positive
correlations occurring largely between fishes character-
ized by similar patterns of water-column utilization or

foraging modes. For example, environmental preferences
of the two most abundant and frequently occurring taxa,
Eucinostomus spp. (a demersal benthivore) and A. stipes
(a pelagic planktivore), were negatively correlated with
one another, but were positively correlated with mem-
bers of their respective functional groups (Albula vulpes
or bonefish, and Harengula spp., respectively). Eucinos-
tomus spp. showed the greatest number of positive envi-
ronmental correlations, which may be attributed to its
habitat-generalist nature. Several negative environmental
correlations were observed for Trachinotus falcatus (per-
mit), likely related to its unusual positive relationship
with wave-driven water velocities.
Strong residual correlations were present between taxa

after accounting for environmental preferences (Fig. 2b;
Appendix S3: Table S3b). Of the 19 significant relation-
ships identified, 16 (84%) were positive, occurring pri-
marily among fishes within a single functional group, the
demersal benthivores. The strongest residual correlation
was present between Eucinostomus spp. and A. vulpes,
which is not surprising given that all but a single A. vulpes
specimen co-occurred with mojarras. These two taxa also
displayed the greatest number of significant residual cor-
relations with other fishes (n = 8 for both), followed by
S. barracuda and Bothus spp., or lefteye flounders (n = 4
for both). The high number of significant residual corre-
lations observed for A. vulpes was unexpected consider-
ing the species’ relative rarity and its infrequent co-
occurrence with taxa other than eucinostomids; it there-
fore seems likely that these relationships arose as an indi-
rect result of A. vulpes having a near-obligate association
with Eucinostomus spp. Trachinotus falcatus was the only
species to exhibit negative residual correlations, which it
sharedwith three taxa.
Partial correlations revealed a considerably reduced

set of significant interspecific associations (Fig. 2c;
Appendix S3: Table S4), with only four significant rela-
tionships remaining, all but one of which involved Euci-
nostomus spp. Foremost among these in terms of
magnitude was a pronounced positive correlation

TABLE 2. Summary statistics describing the mean catch per unit effort (CPUE), conspecific group size, frequency of occurrence,
total numerical abundance, and mean size of juvenile fishes collected by seine sampling efforts. Lengths are reported as fork
length (FL), with the exception of Bothus spp. andHalichoeres bivitattus, for which total lengths (TL) are presented.

CPUE � SD
Individuals per occur-

rence � SD
Total occurrences (%

of total)
Total individuals (%

of total)
Length � SD

(mm)

Albula vulpes 0.3 � 1.4 3.6 � 3.8 57 (7.26) 205 (0.26) 58 � 25
Albula goreensis 0 � 0.3 1.7 � 1 15 (1.91) 26 (0.03) 51 � 10
Eucinostomus spp. 42.2 � 121.6 68.8 � 149.3 482 (61.4) 33,147 (42.34) 50 � 19
Sphyraena barracuda 0.5 � 1.6 2.5 � 2.6 167 (21.27) 423 (0.54) 62 � 23
Atherinomorus stipes 53.9 � 189.9 131.4 � 279.1 322 (41.02) 42326 (54.07) 33 � 10
Bothus spp. 0.2 � 1.1 2.6 � 3.1 61 (7.77) 156 (0.2) 43 � 20
H. bivitattus 0.1 � 0.4 1.7 � 1.5 31 (3.95) 54 (0.07) 35 � 4
Harengula spp. 1.9 � 20.8 43.6 � 90.3 35 (4.46) 1,527 (1.95) 37 � 7
Caranx spp. 0.1 � 0.9 2.7 � 3.1 40 (5.1) 106 (0.14) 79 � 14
Haemulon spp. 0.2 � 2.1 5.3 � 9.6 29 (3.69) 153 (0.2) 45 � 11
Trachinotus falcatus 0.2 � 2.6 8.8 � 15.1 18 (2.29) 158 (0.2) 56 � 28
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between A. vulpes and Eucinostomus spp. Likewise,
Bothus spp. and S. barracuda both displayed comparably
strong positive correlations with eucinostomids. Follow-
ing expectation, save for a somewhat weaker positive

correlation between A. vulpes and S. barracuda, the rela-
tionships of these two species with other taxa were no
longer significant after controlling for their close corre-
spondence with eucinostomids. Despite significant

FIG. 2. Graphical representation of environmental (a), residual (b), and partial (c) correlation matrices estimated by the joint
species distribution model (JSDM). Environmental correlations reflect covariation in species’ abundance linked to habitat variabil-
ity, whereas residual correlations represent the covariation that remains after controlling for the effects of habitat, putatively evi-
dencing species interactions. Partial correlations, obtained by inversion of the residual correlation matrix, control for indirect
effects and are thus more reliable indicators of direct pairwise interactions. The size and shading of circles in the upper triangle con-
veys the strength and direction of correlations, with asterisks denoting significant relationships (i.e., 95% HPD intervals did not
encompass zero). Correlation coefficients are displayed in the lower triangle, with significant relationships bolded. Taxa are identi-
fied on the diagonal, abbreviated as follows: A.v = Albula vulpes, A.g = Albula goreensis, A.s = Atherinomorus stipes,
Bot = Bothus spp., Car = Caranx spp., Eu = Eucinostomus spp., Hae = Haemulon spp., Har = Harengula spp., H.b = Halichoeres
bivittatus, S.b = Sphyraena barracuda, T.f = Trachinotus falcatus.
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residual correlations and high rates of co-occurrence
between several other fishes and Eucinostomus spp. (such
as Haemulon spp. or grunts, and Albula goreensis), par-
tial correlations for these taxa were not significantly dif-
ferent from zero.
The influence of taxa in pairwise relationships was

often heavily skewed or one-sided for both residual and
partial correlations (Appendix S3: Table S5). For exam-
ple, in the case of the strongest estimated residual corre-
lation, the effect of Eucinostomus spp. on A. vulpes was
nearly 10 times the reciprocal effect of A. vulpes on euci-
nostomids. This pattern was consistent across all taxa
that shared significant residual correlations with Euci-
nostomus spp., with eucinostomids exerting a much lar-
ger effect than their counterparts in any given species
pair. Asymmetric relationships were also apparent in the
case of other taxa such as S. barracuda, but to a consid-
erably lesser degree. Therefore, despite several fishes
sharing similar numbers of significant residual correla-
tions of generally comparable strength, the total esti-
mated influence of distinct taxa on community structure
(as measured by nwDout) varied greatly, spanning sev-
eral orders of magnitude (Fig. 3). Eucinostomus spp.
exerted a disproportionately large overall effect in the
residual correlation network (Fig. 4a), roughly four
times that of the next most influential species, S. bar-
racuda, and substantially greater than (about twice) that
of all other significantly correlated species combined.
Analogous patterns emerged in the partial correlation
network (Fig. 4b), with Eucinostomus spp. exhibiting by
far the largest net effect on assemblage structure, on the
order of four times that of S. barracuda and approxi-
mately 2.5 times that of the other three taxa combined.

DISCUSSION

This study is, to the authors’ best knowledge, among
few to examine the social structure of juvenile fish
assemblages in wild communities while accounting
explicitly for the confounding effects of habitat filtering,
accomplishing this through the application of an innova-
tive statistical approach. In so doing, this work advances
our understanding of the factors that act to shape fish
assemblages during a pivotal and often enigmatic devel-
opmental stage, revealing the central but underrecog-
nized importance of positive heterospecific associations.
Simultaneously, this research presents a rare empirical
examination of heretofore mainly theoretical predictions
about the influence of social information on the organi-
zation of mixed-species groups, suggesting that ontogeny
may play an important role in mediating its significance.
The patterns of association elucidated by our analysis

are in close agreement with those theorized to arise in
the presence of heterospecific information use (Sepp€anen
et al. 2007, Goodale et al. 2010, Gil et al. 2017), display-
ing a marked bias towards nonrandom positive associa-
tions that connote commensal or mutualistic
interactions. Following predictions, associations were
mostly limited to ecologically similar taxa, occurring
almost exclusively among species of the same functional
group (benthivores). Furthermore, most affiliations
occurred between fishes whose adult life stages were
characterized by sharply contrasting body sizes, trophic
positions, and patterns of habitat use, and therefore by
neutral, heavily asymmetric, or predator–prey relation-
ships. Finally, there were pronounced differences in the
number and strength of positive associations among

FIG. 3. Bar plots depicting the relative influence of distinct taxa on overall assemblage structure, as measured by their normal-
ized weighted out-degree (nwDout) in the residual (a) and partial (b) compositional networks, as depicted in Fig. 4. Error bars repre-
sent uncertainty incorporated through the 95% highest posterior density intervals of pairwise correlations. Taxa are identified using
the abbreviations described in Fig. 2, and those with no significant correlations have been omitted.
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fishes, with assemblage structure affected inordinately
by a single taxon (Eucinostomus spp.) whose traits imply
an exceptional capacity for information production (as
discussed below). Collectively, these findings offer strong

support for the hypotheses that (1) interspecific informa-
tion transfer, and its consequent effects on fitness, were
key factors driving the high rates of heterospecific
grouping observed; and (2) the increased exploitation of
information across species likely arose due to increased
niche overlap linked to body size congruency in early
ontogenetic stages.
Although a common practice, inferring interactions

from compositional data can be problematic, and thus
we took extensive measures to eliminate or mitigate pos-
sible sources of Type I error. For example, some individ-
uals captured in seine hauls may have represented
fractions of, or multiple and distinct fish shoals so that a
proportion of joint occurrences were likely coincidental,
resulting from species sharing habitats but not necessar-
ily interacting. In such a case, the positive correlations of
several fishes with Eucinostomus spp. might be inter-
preted simply to reflect this taxon’s ubiquitous nature.
However, we controlled for this contingency by explicitly
modeling and isolating correlation induced by such
chance events (Fig. 2a), preventing it from inflating the
significance of relationships between species whose over-
lapping habitat requirements yielded a high probability
of co-occurrence. Likewise, by accounting for covariance
in species abundance linked to unmeasured habitat vari-
ability, the inclusion of random station effects further
reduced the likelihood of identifying false relation-
ships. Despite this, it is still conceivable that unrecog-
nized habitat differences independent of station could
have influenced latent variables, though many such fac-
tors (e.g., benthic prey densities) were likely correlated
with measured covariates (Brind’Amour et al. 2005,
Bostr€om et al. 2006). Finally, partial correlations served
yet again to filter out spurious or indirect relationships
so that, compared to those obtained by traditional null-
model or purely probabilistic methods (Gotelli and
Ulrich 2010, Veech and Ara�ujo 2014), the pairwise asso-
ciations we infer here represent a conservative estima-
tion.
Although our statistical approach to identifying non-

random associations required no implicit assumptions
about shoal membership or the spatiotemporal scales of
interactions, the exchange of information to which we
accredit these relationships is nevertheless conditional
upon individuals occurring within close proximity in
time and space (Sepp€anen et al. 2007)—namely, in a
mixed-species shoal. Considering the extensive suite of
environmental factors that we controlled for and the rel-
atively small area sampled by seine hauls, there seems lit-
tle doubt that the relationships inferred from partial
correlations (and to a lesser degree residual correlations)
are indeed reflective of species interactions occurring at
local scales (Golding et al. 2015, Ovaskainen et al.
2017). This presumption is validated by in situ behav-
ioral observations obtained from remote underwater
video surveys, which not only produced incontrovertible
evidence of A. vulpes and S. barracuda juveniles com-
mingled among Eucinostomus spp. shoals, but also

FIG. 4. Compositional networks depicting assemblage
structure inferred from asymmetrically weighted residual (a)
and partial (b) correlations estimated by the joint species distri-
bution model (JSDM). Nodes (i.e., circles) represent taxa, and
edges (i.e., arrows) between nodes signify positive (black) or
negative (red) pairwise relationships. The widths and opacities
of outgoing edges are scaled by association strengths, reflecting
the influence of their originating node (i.e., taxon) on their ter-
minating node. Node sizes are scaled by the square root of the
taxon’s normalized weighted out-degree (nwDout), approximat-
ing their overall influence on assemblage structure. Taxa are
identified using the abbreviations described in Fig. 2, and those
with no significant correlations have been omitted.
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revealed organizational patterns paralleling those
inferred from the JSDM (Appendix S4 and Video S1).
In fact, related behavioral experiments demonstrate con-
clusively that A. vulpes juveniles elect to join Eucinosto-
mus spp. shoals over those of conspecifics and other
heterospecifics (Szekeres et al., unpublished manuscript).
Nearby individuals whose actions convey information

on the threat posed by shared predators almost inex-
orably serve as risk dilutors as well, and consequently
intrinsic numerical and information-related factors often
work in tandem to reduce an individual’s risk of preda-
tion (Dehn 1990, Rieucau et al. 2012), particularly when
group sizes are large (Beauchamp 2017). As such, one
might assert that the mixed-species groups described
here may be just as readily explained by the intrinsic
numerical benefits of joining others; however, this
hypothesis is not consistent with the organizational pat-
terns we detected. Given their distinctive phenotypes
and invariably low abundance compared to eucinosto-
mids (Table 2), the conspicuity of associate taxa (i.e., A.
vulpes, S. barracuda, and Bothus spp.) could draw the
attention of predators, largely negating the advantages
of risk dilution (i.e., “the oddity effect,” Wolf 1985, Lan-
deau and Terborgh 1986), and instead favoring con-
specifics as shoal partners if numerical benefits were the
main drivers of association (Mathis and Chivers 2003,
Rodgers et al. 2011). Moreover, if mixed-species shoal
participation served mainly to permit larger group sizes
among fishes for whom the availability of conspecifics
was limited (Ogden and Ehrlich 1977), those most clo-
sely associating with heterospecifics should be among
the rarer or less frequently encountered taxa; yet con-
versely, these were among the more commonly occurring
or abundant fishes.
Likewise, neighboring individuals whose foraging

activities reduce uncertainty about mutually exploited
resources are also likely to be competitors, inflicting
penalties that can offset grouping benefits (Sepp€anen
et al. 2007). Therefore, the positive fitness effects of
social information tend to be greatest when resources
are abundant and/or the costs of competition are low
(Gil et al. 2017). The benthic infauna and epifauna
upon which most of the closely associated fishes feed
occur in very high densities (Alongi 1989, Dittmann
2002) and are thought to be only modestly impacted
by fish predation (Henry and Jenkins 1995), suggesting
that prey resources are typically not limiting in such
systems (DeFelice and Parrish 2003, De Raedemaecker
et al. 2011). Moreover, despite sharing superficial simi-
larities in foraging mode, the most strongly affiliated
benthivores displayed clear differences in functional
morphology and corresponding prey-capture strategies
indicative of considerable niche complementarity, as
has been described among other soft-bottom benthi-
vores (Sazima 1986, Labropoulou and Eleftheriou
1997, Labropoulou and Papadopoulou-Smith 1999).
Accordingly, the likelihood of strong resource competi-
tion between associating fishes appears low, a notion

further supported by the absence of discernable ago-
nistic interactions in remote video surveys
(Appendix S4).
In light of the above considerations, we conclude

that while likely acting in conjunction with intrinsic
numerical mechanisms (or more complex iterations of
them; e.g., Tosh et al. 2007, Rodgers et al. 2013), inter-
specific information transfer provides the most plausi-
ble explanation for the organization of observed
assemblages.This assessment aligns with studies in ter-
restrial systems, which have determined that, setting
aside food-related gains, the antipredator benefits of
collective detection were the principal driver of group-
ing behavior (Schmitt et al. 2014, van der Marel et al.
2019). Potential support for this inference may also be
found in the theoretical models of Gil et al. (2017),
which despite neglecting the penalties incurred through
phenotypic oddity, showed that the proportional fit-
ness contributions of social information can rival or
even exceed those of intrinsic benefits in many situa-
tions. Moreover, because the increased probability of
predator attack due to oddity directly counteracts the
advantages of risk dilution but has little effect on the
benefits of social information, the relative importance
of information should be all the greater in the pres-
ence of an oddity effect.

Ontogenetic constraints on body size affect the relevance
of information across taxa

Of the ways that ontogenically imposed body size limi-
tation may enhance the fitness benefits obtained by
mixed-species group participation in early life, the most
universally applicable to the fishes studied here may be
via its convergent effects on predation risk (Anderson
1988, Sogard 1997), which arise because of strong meta-
bolic and size-dependent constraints on trophic interac-
tions (Christensen 1996, Scharf et al. 2000). Adult body
sizes range roughly an order of magnitude among these
species, implying large asymmetries in their respective
vulnerabilities to a given predator. For example, the
threat posed by a 500-mm FL young-of-year lemon
shark (Negaprion brevirostris) is logically much greater
for a typical Eucinostomus spp. adult (FL � 125 mm)
than for an A. vulpes adult (FL � 450 mm). Because of
this incongruity, social cues conveying the threat per-
ceived by adults of one taxon may constitute an over- or
underestimation of risk for the other, precipitating nega-
tive fitness consequences in the form of unnecessary
energetic expenditures, lost foraging opportunities, or
predation mortality (Lima 1998, Searcy and Nowicki
2005). In contrast, the same predator should pose a
more symmetrical threat to comparably sized juveniles
of these two fishes, reducing the potential for such
incompatibilities and their associated costs.
It is worth noting that although others have posited

that the heightened risk of predation concomitant with
small body size may drive increased grouping propensity
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among small individuals (Thiollay and Jullien 1998,
Sridhar et al. 2009), the principal mechanism we propose
to be at work here is fundamentally different. We suggest
that it is not the elevated absolute level of predation risk
faced by juveniles per se, but instead the greater homo-
geneity in vulnerability experienced across species that
acts primarily to amplify the adaptive significance of
heterospecific grouping during this period of ontogeny,
as body size uniformity yields greater overlap in shared
predators (i.e., convergence in prey guild membership)
and consequently increases the mutual pertinence of
threat-related social cues among various taxa. Prece-
dents for this idea can be found in mixed-species groups
of birds and mammals , where experimental studies have
shown that the strength of a species’ response to
heterospecific alarm cues is correlated with body size
similarity (Hua et al. 2016, Meise et al. 2018), likely
explaining the positive relationship between size homo-
geneity and association strength that has been docu-
mented in avian flocks (Sridhar et al. 2012).
Developmental constraints on body size can also

change the basic nature of interspecific relationships, so
that taxa typically regarded as predator and prey may in
fact occupy similar trophic positions and prey guilds as
juveniles (Werner and Gilliam 1984, Olson et al. 1995).
Ontogeny can thus have direct repercussions not just for
the relevance of information between individuals but for
the way in which it is exploited, determining whether
heterospecific cues elicit a defensive (i.e., antipredator)
or aggressive (i.e., feeding) response (Brown et al. 2001,
Elvidge et al. 2010). Such a phenomenon may be exem-
plified in the relationship between S. barracuda and
Eucinostomus spp.; although essentially absent from the
diet of S. barracuda in the size classes we considered,
eucinostomids are an important food source for larger
juveniles and subadults (De Sylva 1963, Hammerschlag
et al. 2010). Hence, juvenile S. barracuda appear to
undergo an ontogenetic shift in their response to the
social cues of Eucinostomus spp., using them to identify
low-risk areas in which to forage or to evade predators
as early juveniles, but mean while exploiting the same
cues to preys upon their originators later in life, in a pat-
tern not unlike that described for Centropomus spp., an-
other shallow-water piscivore that associates closely with
eucinostomids (Sazima 2002).
The functional group-specific nature of associations,

which occurred predominantly among benthic inverti-
vores, implies that access to food-related social informa-
tion also acted in part to motivate the observed
relationships, a notion made all the more likely by the
unique prey-detection abilities of Eucinostomus spp. (dis-
cussed in detail below). Indeed, theoretical models indi-
cate that in most contexts the fitness gains accrued
through socially acquired information on resources out-
weigh those obtained from risk-related information,
even when trophic niche overlap is relatively low (Gil
et al. 2017). Thus, despite their considerable niche com-
plementarity, the associated benthivores may have

obtained valuable knowledge about the distribution of
trophic resources by monitoring the foraging activities
of heterospecifics (Valone and Templeton 2002), possibly
through patch-scale area copying or local enhancement
processes (Pitcher and House 1987, Ryer and Olla 1992).
Moreover, the pervasiveness of facilitative interactions
among intertidal soft-sediment invertebrates promotes
strong positive covariation in their abundances (Thrush
et al. 1992, Dittmann 1996, Thrush et al. 2008), suggest-
ing that social information pertaining to food may have
been profitable even between fishes exploiting altogether
distinct prey taxa.
Accordingly, the same mechanisms that produce con-

vergence in prey guild membership among juvenile het-
erospecifics should also give rise to increased
congruency in predator guild association, as disparate
species subject to similar size-related constraints on
resource use are forced to occupy narrowed and overlap-
ping trophic niches (Scharf et al. 2000, Woodward and
Hildrew 2002). In fact, although several of the taxa
exhibiting significant positive correlations are chiefly
piscivorous as adults (e.g., Bothus spp., Caranx spp., and
S. barracuda), all but a single species (S. barracuda) can
be classified principally as invertivores during the devel-
opmental period we considered (Randall 1967, Layman
and Silliman 2002). Whereas the feeding advantages to
be gained by the piscivorous S. barracuda are less evi-
dent, early juveniles often consume small epibenthic
fishes such as gobiids and cyprinodonts (De Sylva 1963,
Schmidt 1989) and thus may benefit by preying upon
these taxa as they are attracted to (or flushed by) the
activities of foraging eucinostomids, as has also been
documented for Centropomus spp. (Sazima 2002).

Role of information-producing species

The strong association with Eucinostomus spp. shared by
avariety of fishes suggests that this taxon acted in a nuclear
role, a phenomenon that can be ascribed to their embodi-
ment of several key traits, which together imply a singular
potential to detect and produce information on both
resources and predators reliably; qualities that are consis-
tently offered to explain the attractiveness of nuclear or
sentinel species across diverse taxa and ecosystems.
Eucinostomus spp. possess specialized sensory physiol-

ogy comprising a direct physical connection between the
inner ear, swim bladder, and ventrally oriented anal fin
spines, providing remarkably high otic sensitivity that is
used to discern, acoustically, the location of cryptic or
buried prey within benthic substrates (Green 1971, Par-
mentier et al. 2011). Not only does this adaptation
impart a seemingly unmatched ability to locate other-
wise imperceptible resources, but it permits Eucinosto-
mus spp. to maintain an upright posture conducive to
antipredator awareness while concurrently searching for
prey, circumventing the myopic focus on benthic sub-
strates that makes visually oriented benthivores particu-
larly vulnerable to predation (Krause and Godin 1996).
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These attributes probably account for the extended
pauses in locomotion that typify the distinctive intermit-
tent or saltatory foraging strategy of eucinostomids
(Sazima 2002, Parmentier et al. 2011), a behavioral trait
that in itself implies a high capacity for antipredator vig-
ilance (McAdam and Kramer 1998, Kramer and
McLaughlin 2001).
Among the more common constituents of shallow sub-

tropical systems, Eucinostomus spp. are highly social, for-
aging in large conspecific or congeneric shoals over an
expansive array of habitats (Kerschner et al. 1985, Serafy
et al. 2003, Newman et al. 2007), basic aspects of their
ecology that may further magnify the efficacy of this
taxon as an informant. Perhaps the most oft-cited trait of
nuclear species (Goodale and Beauchamp 2010), the
intraspecific gregariousness of eucinostomids serves not
only to increase collective detection ability and the accu-
racy of decisions, but also to amplify any resultant cues,
increasing the likelihood they will be observed by others
(Goodale et al. 2010, Ward et al. 2011). Moreover, their
generalist nature implies that any information produced
by eucinostomids is both relevant and accessible to a
diversified heterospecific audience (Goodale et al. 2010).
As such, the presence, density, or activity of Eucinosto-
mus spp. shoals may simultaneously convey both risk and
resource-related information, indicating relatively pro-
ductive and low-risk areas in which to feed. In this way,
eucinostomids may function as “keystone informants”
for more vulnerable benthivores that are inefficient at
locating concealed prey and that may also exploit the vig-
ilance of others to reduce their own risk of predation
(Thiollay and Jullien 1998, Sridhar et al. 2009).

Broader relevance

The outcome of this research can be seen as providing
empirical support for recent theoretical works on the role
of information transfer in shaping animal groups
(Sepp€anen et al. 2007, Gil et al. 2017), highlighting the
extensive influence that “informant” species may exert on
community assemblage (Hetrick and Sieving 2012,
Magrath et al. 2015). The predominance of positive inter-
actions uncovered here contradicts several previous stud-
ies, which have found that competition, principally for
structural predation refugia, is among the most influen-
tial interactions organizing juvenile fish communities in
tropical marine waters (Hixon and Beets 1993, Hixon
and Jones 2005). This discrepancy may be explained by
fundamental differences in the nature of the benthic habi-
tats we studied; compared to the structurally complex
coral reefs where most prior works were conducted, the
shallow littoral zones we surveyed were more open and
topographically homogenous. Thus, the relative lack of
fine-scale antipredator refuge in our system may have
prompted a greater reliance on social mechanisms to
avoid predation, in keeping with other empirical and
experimental observations (Auster and Lindholm 2008,
Orpwood et al. 2008).

Our findings also suggest that ontogenetic similarity
may supersede phylogenetic relatedness in determining
the relevance of information in size-or-stage-structured
communities, offering a parsimonious explanation for
the high incidence of heterospecific association among
juvenile fishes. Although it is well-recognized that onto-
genetic niche shifts can fundamentally alter interspecific
relationships, turning competitors into predator and
prey and vice versa (i.e., “intraguild predation”; Polis
and Holt 1992, Woodward and Hildrew 2002), our work
implies that developmental shifts can likewise effectuate
mutualistic or at least commensal relationships among
competitors (“intraguild mutualism”; Crowley and Cox
2011), and even between predators and their prey. In the
absence of stage-based considerations, socially acquired
information and the positive relationships that arise
through its use can have complex and widespread impli-
cations for population-level and community dynamics
(Gross 2008, Assaneo et al. 2013, Gil et al. 2018), facili-
tating coexistence but also introducing theoretical insta-
bilities. Ontogenetic shifts in the exploitation of
information as described here have the potential to
induce stage-dependent demographic coupling and feed-
backs that may further complicate these dynamics, rein-
forcing the need to integrate ontogeny and demography
when modeling communities (De Roos et al. 2003,
Rudolf and Rasmussen 2013b).
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