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INTRODUCTION

Ecology and conservation are founded on natural
history. To guide management and research, we
must understand ‘how and where [organisms] live,
and the biotic and abiotic interactions that link them
to communities and ecosystems’ (Tewksbury et al.
2014, p. 300). In fish, this understanding is often in -
complete because their behavior is difficult to ob -
serve in situ (Able 2016). Two consequences of this
knowledge gap are that (1) we recognize that near-
shore waters provide nursery functions for fish (Beck
et al. 2001), but have an incomplete understanding of
the fine-scale processes and habitat features that
promote juvenile fitness (Sheaves et al. 2015), and (2)
studies in controlled settings suggest that context-
dependent be haviors are essential for fish to balance
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ABSTRACT: We have a limited understanding of habi-
tat use and behavior in nearshore fish communities be-
cause they are rarely observed in situ. Consequently,
ecologists recommend a process-based conceptualiza-
tion of nursery habitats, but lack knowledge of nursery
processes on fine scales along shore, and studies in
controlled settings suggest that context-dependent
behaviors allow fish to balance predation avoidance
with other objectives, but there is little observational
corroboration of these behaviors in situ. We used a
long-term dataset of underwater observations to quan-
tify the fine-scale habitat use and behavior of a shallow
estuarine fish community. We asked, ‘Within species,
how does behavior vary with habitat context and de-
velopmental stage?’ and ‘Do species partition habitats
in space and time?’ We found that smaller fish occupied
shallower depths where predators were less abundant;
smaller fish schooled in larger groups; pelagic fish
schooled in larger groups in deeper water; demersal
fish schooled in larger groups when occupying the wa-
ter column; and species partitioned habitats by depth
and season. Additionally, smaller fish were propor-
tionally less abundant along deep shorelines created
by intertidal armoring. Overall, habitat use was sug-
gestive of nursery functions, including ontogenetic
habitat shifts, provision of predator refuge, and appro-
priate food/predation risk tradeoffs. Additionally, fish
behaved in a manner consistent with adaptive decision-
making to avoid predation, and time and space may be
important axes on which transient juveniles partition
habitats. Some nursery functions appeared to be medi-
ated by a shallow depth gradient, which may be com-
promised by shoreline infrastructure and rising sea
levels along built shorelines.
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Nearshore waters support potentially adaptive ontogenetic
habitat shifts, which are disrupted by shoreline armoring
that eliminate shallows.
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predation avoidance with other life history objectives
(e.g. Hoare et al. 2004), but there are few in situ
observations to corroborate these behaviors occur-
ring in nature. Behavioral linkages between fish and
their shallow habitats are important to understand
be cause shallow areas have been modified globally
by anthropogenic activities (Doody 2004, Bulleri &
Chap man 2010, Temmerman et al. 2013) and their
ecological functions cascade to connected systems
(Sheaves et al. 2015). Thus, we can inform the con-
servation of aquatic ecosystems and basic fish ecology
by understanding the natural history of nearshore
communities.

Nearshore ecosystems provide nursery functions to
fish. Ecologists have long recognized that shallow
waters are often densely inhabited by juvenile fish,
highly productive, and low in predator densities
(Beck et al. 2001). Building on these observations,
nursery habitats were conceptualized as areas that
contributed substantial numbers of juveniles to adult
populations and were evaluated by their output of
juvenile biomass (Beck et al. 2001, Dahlgren et al.
2006). However, this model was criticized because it
did not account for dynamics of habitat use and the
functions that support them (Sheaves et al. 2006).
A recent, more sophisticated nursery concept has
shifted to a process-based perspective and included
habitat functions such as predictable ontogenetic
habitat shifts, appropriate food/predation tradeoffs,
and connectivity (Nagelkerken et al. 2015, Sheaves
et al. 2015). That is, nurseries facilitate the survival of
juveniles by providing access to resources or envi-
ronments at appropriate stages. Following this frame-
work, we can better understand how fish  benefit from
nearshore ecosystems by studying their fine-scale
habitat use and behavior.

Nearshore fish communities are typically studied
using physical capture (e.g. netting) rather than
observing behavior directly. As a consequence, it is
difficult to connect their fine-scale habitat use and
behavior to basic ecological theory. First, the behav-
ior of fish in nearshore waters may be driven by
tradeoffs between predation risk and other life
 history objectives (Lima & Dill 1990). Microhabitat
selection and schooling can reduce predation risk,
but at potential costs. Shallower habitats are thought
to offer relatively safe environments because larger
aquatic predators are uncommon or ineffective in
confined spaces (Paterson & Whitfield 2000), but
these areas also limit the search space of foragers,
and their prey fields (e.g. small invertebrates) may
become less preferable as juveniles grow (e.g. Duffy
et al. 2010). Likewise, structured areas offer camou-

flage and cover, but fish restricted to these areas may
experience limited foraging (Werner et al. 1983). In a
similar tradeoff, schooling reduces predation risk by
diluting the probability of capture, increasing vigi-
lance, and confusing predators (Pitcher & Parrish
1993), but increases competition for resources with
conspecifics (Alexander 1974, Grand & Dill 1999,
Hoare et al. 2004). Size is an additional determinate
of predation risk that may mediate habitat selection
and schooling because larger fish have fewer gape-
limited predators and greater escape capabilities
(Sogard 1997). Collectively, these factors may influ-
ence context-dependent behavior in nearshore com-
munities because fish employ behaviors that mini-
mize predation, while scaling these behaviors to
balance safety with the benefits of other objectives
(Dill 1983, Lima & Dill 1990, Hoare et al. 2004).

Next, nearshore fish communities may partition
habitats in time and space. Compared to space, time
is a less studied yet important axis on which con-
sumers partition habitats (Kronfeld-Schor & Dayan
2003). In nearshore waters, juveniles are often tran-
sient (Nagelkerken et al. 2015) and species occupy
variable depth distributions (e.g. Munsch et al. 2015b).
Fish may thus reduce competition by minimizing
overlap in time and space, but to understand this
requires fine-scale knowledge of when and where
they occur.

Here we used a long-term dataset of in situ ob -
servations to quantify the fine-scale habitat use and
behavior of a shallow estuarine fish community.
Our first, broader question was, ‘Within species, how
does fish behavior vary with habitat context and
the developmental stage of fish?’ We addressed this
question through a series of comparisons. First, we
compared the size of fish to the depth at which they
occurred. We hypothesized that smaller fish would
occupy shallower depths because smaller fish are
more vulnerable to predation (Sogard 1997) and shal-
low areas provide protection from predators (McIvor
& Odum 1988, Paterson & Whitfield 2000). Given
the anticipated relationship between fish depth and
length, we also compared the size distribution of
fish along shorelines with shallow habitat to shore-
lines where intertidal armoring (e.g. seawalls, riprap)
eliminated shallow waters directly adjacent to shore.
We hypothesized that small fish would be propor-
tionally more abundant along shores with  low-
gradient, shallow habitat. Second, we compared the
size of fish groups to the length of fish in these
groups. We hypothesized that smaller, more vulnera-
ble fish would occur in larger groups because (1)
schooling reduces risk of predation (Pitcher & Parrish
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1993) and (2) for some species, smaller individuals
are most abundant and fish school with conspecifics
of similar size (Hoare et al. 2000). Third, we com-
pared the group size of fish using the water column,
to water depth. We hypothesized that these fish
would occur in larger groups when they were in
deeper waters because (1) deeper waters do not pro-
vide spatial refuge from larger predators and deeper
waters provide predators vantage points to detect
backlit fish in the water column; and (2) school size is
spatially limited in shallow areas. Finally, we com-
pared the school size of demersal fish to the portion
of the water column they occupied. We hypothesized
that these fish would occur in larger groups when
they were away from camouflaging substrate and
algae on the bottom and presumably more conspicu-
ous to predators. Our second, more specific question
was, ‘How do species partition habitats in space and
time?’ We described spatiotemporal habitat partition-
ing by examining how the composition of the fish
assemblage varied by depth and month.

MATERIALS AND METHODS

Study system

Fish were observed in nearshore waters of Puget
Sound, Washington, USA; a 31 440 km2 fjordal estu-
ary with cold-temperate waters. The bottom struc-
ture of shallow areas is comprised of mixed sedi-
ments, including sand, gravel, and large rocks. In
addition, seawalls and riprap (angular boulders) are
commonly used as shoreline armoring in Puget Sound,
especially around urban centers. Brown, green, and
red macroalgae are common on bottom substrates.
The middle and top of the water column lacks struc-
ture, with the exception of beds of bull kelp Nereo-
cystis luetkeana buoyed by pneumatocysts. Pilings
that support piers are also common along shore and
add structure to the water column; however, we ex -
cluded observations of fish under piers in this analy-
sis because pier shading can influence fish behavior
(e.g. Able et al. 2013, Munsch et al. 2014).

Abundant fish in the nearshore waters of Puget
Sound include surfperches (family Embiotocidae),
juvenile Pacific salmon (Oncorhynchus spp.), and
 forage fish (e.g. Pacific herring Clupea pallasii, surf
smelt Hypomesus pretiosus), which we refer to in
functional groupings (see Table 2) based on similari-
ties in morphology, life history, and habitat use.
These fish primarily consume small invertebrates
and are potential prey for larger fish, marine mam-

mals, and birds (Buchanan 2006, Duffy & Beauchamp
2008, Lance et al. 2012, Munsch et al. 2015a). They
are mobile and in some cases migratory; thus, it is
unlikely to observe the same individuals in replicate
surveys. The salmon were almost entirely age-0
 transients migrating through the estuary to marine
habitats. Puget Sound is also inhabited by demersal
predatory fish such as lingcod Ophiodon elongatus
and larger sculpins (family Cottidae) that utilize rela-
tively deep nearshore waters (Toft et al. 2007, 2013,
Munsch et al. 2014, 2015b). In addition, larger life
stages of salmonids (e.g. cutthroat trout O. clarkii,
Chinook salmon O. tshawytscha) are the primary
predatory fish in the water column.

Surveys

We assembled a long-term dataset of underwater
fish surveys to quantify fine-scale habitat use and
behavior of the nearshore fish community (original
studies: Toft et al. 2005, 2007, 2009, 2013, Southard et
al. 2006, Munsch et al. 2014, 2015b). Snorkel surveys
occurred between 2003 and 2013 at 20 sites, and
scuba surveys occurred in 2012 at 6 sites (Fig. 1).
Snorkel and scuba surveys were conducted by
observers at the surface and bottom of the water
 column, respectively. A total of 817 snorkel and 103
scuba surveys took place April to August to coincide
with peak fish presence. Surveys occurred through-
out daylight hours, ranging from sunrise to late after-
noon (earliest: 05:15 h, latest: 19:40 h).

Surveys followed the same general protocol with
minor variations tailored to the original studies. First,
observers would swim to a starting position in the
water and measure underwater visibility. Surveys
only occurred when visibility exceeded 2.5 m to max-
imize the accuracy of observations and minimize
effects of observers on fish behavior (Toft et al. 2007).
Next, observers recorded the depth of the water
directly below them using a weighted measuring
tape. Observers then surveyed fish while swimming
a transect parallel to shore. Snorkel transects ranged
from 26 to 75 m in length and were swum in water
2.25 ± 1.04 m (mean ± SD) deep. Scuba transects
were 30 m in length and were swum in water 3.22 ±
0.75 m deep. Surveys were often conducted at prede-
termined distances from shore (typically 3 and 10 m),
and water depths thus varied by tidal height and
 bottom slope.

Observers quantified the fine-scale behavior and
habitat use of fish. The instant fish were encoun-
tered, observers recorded the species or finest identi-
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fiable taxon of the fish, the visually estimated length
of the fish to the nearest 2.5 cm, the number of indi-
viduals in the group, and the water column position
of the fish. That is, group size and water column posi-
tion are described as instantaneous metrics of be -
havior. Group size was estimated in especially large
schools by extrapolating counts from a portion of the
school and rounding (e.g. to nearest 100). Observers
would then continue swimming until the next fish
encounter. This set of data was referred to as an
observation and was the unit of replication (n) for our
study. When fish were not identifiable to the species
level, names of lower taxonomic resolution were
used to describe their identity (e.g. unidentified
salmon, chum/pink salmon). If there was a range of
fish lengths in a school, mean length was recorded.
For snorkel surveys, water column positions were
described in thirds: top, middle, and bottom. Scuba
surveys targeted fish near the bottom of the water
column and scuba divers described the water column

position of fish as >1 m from the bottom, <1 m from
the bottom, or touching the bottom. Fish depths were
estimated for snorkel surveys by multiplying the
depth of the water by 1/6, 1/2, and 5/6 for observa-
tions at the top, middle, and bottom of the water col-
umn, respectively (i.e. it was assumed that fish were
centered in the portion of the water column de -
scribed). Fish depths for scuba surveys were estimated
by calculating the water depth / 2, water depth −
0.5 m, and taking the entire water depth, for observa-
tions >1 m, <1 m, and at the bottom, respectively.

Analysis

Our analysis focused on a subset of the nearshore
fish community. The focal community was defined as
mid-trophic level species that occupied the water col-
umn and were observed by snorkelers a minimum
of 35 times. This included the vast majority of all fish
observed, and the most abundant taxa excluded were
flatfish (order Pleuronectiformes), gunnels (family
Pholidae), and sculpin. These taxa rarely occupied
the water column and often associated with substrata
or algae and may have been under-counted by visual
surveys. For some analyses, we included only species
that used habitats similarly based on the portion of
the water column that they occupied. We termed fish
observed at the top of the water-column in <5% of
snorkel observations as demersal and refer to the
remainder as ‘water-column-using’. Analyses were
conducted in R v.3.2.2 using the lme4, Matching,
merTools, and Vegan packages (Bates et al. 2015,
Oksanen et al. 2015, R Core Team 2015, Sekhon
2015, Knowles & Frederick 2016).

We examined habitat partitioning in time and
space by visualizing the fish community via non-
metric multidimensional scaling (NMDS). The NMDS
was constructed using a Bray-Curtis dissimilarity
matrix describing total density estimates (fish counts
/ [transect length × horizontal visibility]) for each
combination of species, month, and 1 m estimated
depth bin. We used snorkel data only for this NMDS
because snorkel surveys were replicated most, and
because the snorkelers’ field of view was more con-
ducive to surveying the entire water column.

Behavioral comparisons were made using linear
mixed effects models and generalized linear mixed
models (Zuur et al. 2009). The variables in these
models are defined in Table 1. Species were treated
as random effects so that models indicated within-
species trends. Site was also treated as a random
effect in models because the slope of the bottom var-
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Fig. 1. Study sites in Puget Sound, Washington, USA. Green
indicates sites surveyed by snorkelers and scuba divers. 

Yellow indicates sites surveyed by snorkelers only
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ied among sites, which may have influenced the
depth distribution of fish. Models examining the
response variable of group size always included the
fixed effect of fish length because we anticipated a
relationship between fish length and group size.
When making comparisons of school size among
water column positions (but not for fish depth com-
parisons), scuba observations of fish at the bottom
and <1 m from the bottom were binned into 1 cate-
gory because the focal community was rarely ob -
served in contact with the bottom. A linear mixed
effects model with a normal distribution and identity
link was used for models describing the response
variable of fish depth. A generalized linear mixed
model with a negative binomial distribution and log-
link function was used for models describing the
response variable of group size. We attempted to
build random slope and intercept models for each
comparison. If random slope and intercept models
did not converge, we constructed random intercept
models. As visual aids, we plotted model fit individu-
ally for each species using the same parameters as
the community models except omitting the species
terms. In rare cases, these models would not con-
verge and we plotted model fit omitting the random
parameters. We analyzed snorkel and scuba data
separately because depth estimations of fish may not
be quantitatively comparable between these methods.

We examined the influence of armoring on the size
distribution of fish in the shallowest available habi-
tats. We compared fish at armored sites where inter-
tidal seawalls and riprap created deep habitat adja-
cent to shore to fish at sites with low-gradient,
shallow waters. One of the low-gradient, shallow
sites was an artificial habitat bench that created slop-

ing habitat adjacent to an urban shoreline (further
details in Toft et al. 2013). Of observations along
armored shorelines, we only included surveys that took
place 3 m from shore. Of observations along unar-
mored shorelines, we only included observations that
took place in water equal to or shallower than the
mean depth of surveys 3 m from shore at armored
sites (2.39 m). We only included observations at high
tide because shoreline waters of armored sites were
deepest at high tides. Juvenile salmon, which were
only observed by snorkelers, were selected for this
comparison because they were known to occupy
waters directly adjacent to shore, including areas
modified by shoreline infrastructure (Toft et al. 2007).

Supplementally, we qualitatively compared the depth
distribution of piscivores to that of the focal community
to examine whether predators generally occupied
greater depths. Piscivores were uncommon and there -
fore coarsely defined as individuals ≥15 cm in length
and of species that consume fish. We chose this length
because cutthroat trout in Puget Sound begin feeding
on the focal community at 15 cm (Duffy & Beauchamp
2008). To our knowledge, this is the best information
available on the size at which a predator feeds on spe-
cies of the focal community. We regard this examina-
tion as supplemental because pisci vores constituted
a heterogeneous grouping of fish species, preventing
a rigorous quantitative ana lysis of their depth distri -
bution. While acknowledging this limitation, the data
were included to provide evidence that shallow waters
were inhabited by fewer predators.

RESULTS

Description of the fish community

The focal fish community consisted of 13 species
that included 99.7% and 98.9% of all fish observed
by snorkel and scuba divers, respectively (Table 2,
Fig. 2). Fish occasionally swam in schools that were
quite large, but the majority of groups were relatively
small (quartiles: 1, 2, and 9 individuals [snorkel], 1, 2,
and 12 individuals [scuba]). On rare occasions, fish
occurred in groups exceeding 1000 individuals
(0.57% of observations), and these schools are plot-
ted as 1000s in the figures so that trends among the
majority of the data are more interpretable. Forage
fish and salmon occurred mostly in the upper part of
the water column and were categorized as  water-
column-using. They swam constantly, often in rela-
tively large schools. Surfperch often occurred near
the  bottom next to substrate or macroalgae and were

5

Variable Definition Type

Fish depth Vertical distance between Numeric
fish and surface

Fish length Distance between mouth Numeric
and tail fork (salmonids) 
or caudal peduncle 
(non-salmonids)

Group size Number of fish swimming Numeric
together

Species Finest identifiable taxon Categorical
of fish

Water column Vertical portion of habitat Categorical
position occupied

Water depth Vertical distance between Numeric
surface and bottom

Table 1. Definitions of parameters used in linear models
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 categorized as demersal. They swam in punctuated
movements and, except for shiner perch, occurred in
small schools. Tubesnout were categorized as demer-
sal, occasionally occurred in relatively large groups,
and swam in punctuated movements. Stickleback
were categorized as water-column-using, occurred in

relatively small schools, and swam in punctuated
movements. In addition to these fish, 16 species of
piscivores were present. The piscivorous status for
most of these fish could be corroborated by literature
on their diets or the diets of closely related species
(greenling: Reisewitz et al. 2006; lingcod: Beaudreau

6

Method    Functional group     Species                                          Scientific name Observations Total count

Snorkel     Salmon                      Chinook salmon                            Oncorhynchus tshawytscha 564 5106
                                                   Chinook/coho salmon                  309 4012
                                                   Chum salmon                                Oncorhynchus keta 479 25399
                                                   Chum/pink salmon                       52 12512
                                                   Coho salmon                                 Oncorhynchus kisutch 52 230
                                                   Pink salmon                                  Oncorhynchus gorbuscha 106 24611
                                                   Unidentified juvenile salmon      62 3788
                 Forage fish               Pacific herring                               Clupea pallasii 61 27362
                                                   Surf smelt                                      Hypomesus pretiosus 35 9768
                                                   Sand lance                                     Ammodytes hexapterus 70 42757
                 Surfperch                 Kelp perch                                     Brachyistius frenatus 141 347
                                                   Pile perch                                      Rhacochilus vacca 1169 4020
                                                   Shiner perch                                  Cymatogaster aggregata 1121 142312
                                                   Striped seaperch                           Embiotoca lateralis 1925 4242
                                                   Unknown perch                            79 261
                 Other                        Three-spined stickleback            Gasterosteus aculeatus 73 893
                                                   Tubesnout                                      Aulorhynchus flavidus 296 9349

Scuba       Surfperch                 Kelp perch                                     Brachyistius frenatus 101 196
                                                   Pile perch                                      Rhacochilus vacca 13 21
                                                   Shiner perch                                  Cymatogaster aggregata 88 1941
                                                   Striped seaperch                           Embiotoca lateralis 171 281
                 Other                        Tubesnout                                      Aulorhynchus flavidus 227 7529

Table 2. Observations (n) and total counts of fish species observed by snorkel and scuba divers, separated by functional group. 
Total counts are approximate because the sizes of large schools were estimated

Fig. 2. (a,b) Nonmetric multidimensional scaling plots of the fish assemblage. (a) Each point indicates a unique combination of
depth bin (color bar) and month of the year (4: April to 7: July). Polygons are shaded to connect observations at the same depth
observed over time. (b) Vectors indicate increasing gradients of species densities in ordination space. The outline color of fish 

illustrations corresponds to the functional grouping of the fish (Table 2)



& Essington 2007; ratfish and sculpin: Reum & Ess-
ington 2008; rockfish: Brodeur et al. 1987; sal monids:
Duffy & Beauchamp 2008). Piscivores were distrib-
uted in deep waters relative to the focal community
(see Fig. S1 & Table S1 in the Supplement at www.
int-res.com/articles/suppl/ m557p001_ supp. pdf).

Context-dependent behavior and habitat partitioning

Snorkel observations indicated that larger fish oc -
cupied significantly greater depths (Table 3, Fig. 3).
A positive or neutral trend of fish size relative to
depth was detected in all species except stickle-
back and tubesnout, and the most positive trends
occurred in salmon and surfperch. Scuba divers also
observed larger fish with increasing depths, but
this was not statistically significant (Table 3, Fig. 3).
As observed by scuba divers, larger surfperch tended
to occupy greater depths, but larger tubesnout did
not.

The size distribution of juvenile salmon was signif-
icantly different along armored shorelines compared
to shorelines with low-gradient, shallow waters (Fig. 4;
bootstrap Kolmogorov-Smirnov test, p < 0.0001). At
sites with low-gradient shallow waters, the size dis-
tribution was skewed toward smaller fish, whereas
larger fish were proportionally more abundant along
armored shorelines.

Snorkel and scuba observations indicated that
larger individuals occurred in significantly smaller
group sizes (Table 3, Fig. 5). This trend was consis-
tent for most species, except coho salmon and pink
salmon observed by snorkelers, and kelp perch and
pile perch observed by scuba divers. A decline in
school size with increasing fish size was most appar-
ent in species that occurred in a range of sizes and
had large maximum school sizes.

Snorkel observations of water column-using spe-
cies indicated that significantly larger schools of fish
occurred in deeper waters (Table 3, Fig. 6). We
observed this trend for most species, excluding surf
smelt and stickleback. Salmon in particular were
often observed in shallow waters and exhibited a
strong positive relationship between school size and
water depth.

Snorkel and scuba observations of demersal spe-
cies indicated that these fish occurred in significantly
larger schools when they were away from the bottom
of the water column (Table 3, Fig. 7). This trend was
consistent among all species except pile perch, and
was most apparent in shiner perch and tubesnout.

Fish partitioned nearshore waters in space and
time. There was separation of habitats among species
by depth and month (Fig. 2). Surface waters were
occupied predominantly by chum and pink salmon in
April and May, and by Chinook salmon, coho salmon,
forage fish, and stickleback in June and July. There

Munsch et al.: Nearshore fish habitat use and behavior 7

Response       Method      Fish group         Parameter              Estimate            SE                    p                  Random effect
variable

Fish depth      Snorkel      All                      Intercept 0.772955 0.161139 3.99 × 10−5       Length | Species
                                                                     Fish length 0.032932 0.008184 0.000704          Length | Site
                       Scuba        All                      Intercept 2.39506 0.14086 4.28 × 10−5       Length | Species
                                                                     Fish length 0.01797 0.01513 0.306                Length | Site
Group size      Snorkel      All                      Intercept 4.48705 0.61696 3.52 × 10−13      Length | Species
                                                                     Fish length −0.14803 0.03512 2.50 × 10−5       Site
                       Scuba        All                      Intercept 3.32411 1.0276 1.22 × 10−3       Length | Species
                                                                     Fish length −0.11428 0.04484 0.0108              Site
                       Snorkel      Water-                Intercept 4.74119 0.49120 2.00 × 10−5       Water depth | Species
                                          column-using    Water depth 0.35854 0.08854 5.13 × 10−5       Site
                                                                     Fish length −0.19559 0.01739 2.00 × 10−16

                       Snorkel      Demersal           Intercept 2.455709 0.623607 8.22 × 10−5       WCP | Species
                                                                     WCP (baseline: 0.518641 0.172526 2.65 × 10−3       Site
                                                                     bottom)
                                                                     Fish length −0.032743 0.005381 1.16 × 10−9

                       Scuba        Demersal           Intercept 2.15032 0.07217 2.89 × 10−3       WCP | Species
                                                                     WCP (baseline: 0.38036 0.15526 0.0143              Site
                                                                     bottom)
                                                                     Fish length −0.03614 0.02267 0.11096

Table 3. Parameter estimates and summary statistics of linear models. Vertical bars indicate random slope parameters sepa-
rating random terms (right) from their interacting fixed terms (left), otherwise random effects were treated as intercepts only. 

WCP: water-column position

http://www.int-res.com/articles/suppl/m557p001_supp.pdf
http://www.int-res.com/articles/suppl/m557p001_supp.pdf
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was little temporal variation in abundances of surf-
perch and tubesnout, which occupied greater depths.
Thus, there was seasonal variation in fish assem-
blage composition near the surface, but the assem-
blage remained stratified by depth.

DISCUSSION

We used a long-term dataset of in situ observations
to quantify in unprecedented detail the fine-scale
habitat use and context-dependent behavior of a
nearshore fish community. Our major findings were
documentation of (1) fine-scale patterns of habitat use
suggestive of process-based nursery functions directly
adjacent to shore, (2) context-dependent behaviors
consistent with decisions to balance safety from pre-

dation with other life-history objectives, and (3) sea-
sonality and fine-scale depth as simultaneous axes
of habitat partitioning. These findings have manage-
ment implications for protecting process-based nurs-
ery functions in shallow areas that have only recently
been appreciated (Sheaves et al. 2015). They also
fill empirical gaps in our understanding of in situ fish
ecology. Most fundamentally, our study underscores
the limited knowledge about complexity in aquatic
ecosystems, including systems facing considerable
anthropogenic threats. Thus, it supports current argu-
ments for a renewed focus on natural history in these
systems that will ultimately benefit ecology and
 conservation (Tewksbury et al. 2014, Able 2016).

Our observation that larger fish utilized deeper
habitats suggested that shallow sloping areas sup-
ported a continuum of habitat functions that bene-
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Fig. 3. Fish depth vs. fish size as observed by snorkelers (solid panels) and scuba divers (dashed panels). Within observation
method, panel axes are shown on the same scale. Boxplots: upper and lower hinges: first and third quartiles; mid-line: median;
whiskers: points within 1.5× interquartile range; dots represent data outside of 1.5× interquartile range. Red and blue lines 

indicate values predicted by models and 95% confidence intervals, respectively
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fited different fish sizes. Animals often utilize safe
habitats to the extent that avoiding predation is in
balance with other life history objectives (Lima & Dill
1990). Many studies have found that predation risk in
nearshore habitats increases with increasing depth
(e.g. McIvor & Odum 1988, Ruiz et al. 1993, Linehan
et al. 2001, but see Baker & Sheaves 2007) and that
fish length increases with depth (Macpherson &
Duarte 1991, Ruiz et al. 1993). This is thought to drive
Heincke’s Law (developed from Heincke 1913) where -
by smaller fish occupy shallower waters because they
are more vulnerable to predation (Sogard 1997, Line-
han et al. 2001), and was consistent with our observa-
tions of few potential piscivores in relatively shallow
water. In addition to lowering mortality, shallow
areas may also benefit fish through sublethal effects
of protected areas. For example, tethering experi-
ments found no relationship between depth and pre-
dation despite the focal fish aggregating in shallow
areas (Baker & Sheaves 2007). The authors discussed
that fish may utilize shallower areas so that they can
allocate less time and energy into antipredator be -
haviors (e.g. evasion, vigilance) rather than necessar-
ily to decrease probability of mortality. We observed
ontogenetic habitat shifts to greater depths that may
have allowed juveniles to balance the benefits of
feeding with the costs of predation risk (Sheaves et
al. 2015): small juveniles may benefit most from the
lack of predators at shallow depths whereas larger,
less vulnerable juveniles may trade this benefit for
larger foraging areas and different prey fields in

deeper waters. This is consistent with the develop-
ment of Chinook salmon that move from nearshore to
offshore habitats and shift prey from insects and
amphipods to crab larvae and fish (Duffy et al. 2010).
We also observed that stickleback, which are rela-
tively small as adults, utilized shallower areas at all
sizes, suggesting that shallow areas may benefit
smaller species throughout their life histories. Thus,
shallow sloping waters were a potentially critical
component of nearshore habitats, an important con-
sideration given losses of this habitat type in devel-
oped landscapes.

Ontogenetic habitat shifts occurred close to shore,
and shoreline armoring may compromise this nurs-
ery function. A relationship between fish length and
depth was only detected by snorkelers, who were
able to observe fish closer to shore than scuba divers.
Thus, a major portion of ontogenetic habitat shifts
may occur in the shallowest waters directly adjacent
to shore. In addition, shoreline armoring appeared to
alter the fish distribution in the shallowest available
habitats. Smaller salmon were proportionally more
abundant along shorelines with shallow habitat com-
pared to the deeper waters along armored shore-
lines, suggesting that smaller juveniles select shal-
lower habitats when they are available. Armoring
may compromise nursery functions by forcing smaller
juveniles to occupy deeper habitats that are danger-
ous or offer inappropriate prey sources, i.e. by dis-
rupting ontogenetic habitat shifts and providing
 suboptimal food/predation tradeoffs (Sheaves et al.
2015). Managers may therefore conserve nursery
functions of shallow ecosystems by protecting shal-
low sloping areas adjacent to shore.

Schooling may further mediate tradeoffs between
predation risk and other objectives. We observed
darker-colored demersal fish schooling in larger
groups when they occurred away from camouflage at
the bottom of the water column. Visual piscivores
typically rely on contrast to detect prey (Breck 1993),
and schooling may have allowed demersal fish to off-
set predation risk when they were away from camou-
flaging backdrops. We also observed that smaller fish
occurred in larger schools, and schooling may prima-
rily benefit smaller, more vulnerable fish through
diluting risk of capture, increasing predator vigi-
lance, or confusing predators (Pitcher & Parrish 1993,
Sogard 1997). We must also consider that this trend
may have been influenced by the size distribution of
species because fish tend to school with fish of the
same size (Hoare et al. 2000). Such an influence
would manifest most in chum and pink salmon: small
individuals were probably most abundant because
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these species immigrate over a short period of time,
grow rapidly, and suffer high mortality (Quinn 2005).
However, smaller tubesnout and surfperch in partic-
ular were comparatively rare and schooled in large
groups, consistent with these fish schooling to offset
vulnerability to predators. Overall, our observations
were consistent with schooling as a context-dependent
behavior that mediates predation risk.

Schooling may allow fish to maximize habitat bene -
fits. Water-column-using fish formed larger schools
in deeper water, potentially allowing them to occupy
patches where safety was lower but foraging po -
tential was greater. For example, schooling may
facilitate forays by planktivorous forage fish (Penttila
2007) or juvenile salmon (Munsch et al. 2015a) into
deeper waters where plankton are more abundant
and foraging spaces are larger. Others have demon-
strated an analogous scenario in aquaria whereby

fish in larger schools forgo predator refuge to occupy
exposed foraging patches (Magurran & Pitcher 1983).
We must also consider that relationships between
depth and school size may be influenced by the spa-
tial constraints of shallower water, in which case fish
may directly trade off the safety of shallow waters for
that of larger groups. Demersal fish may have also
benefited from schooling if it allows them to mitigate
risk when locating epibenthic prey patches from
more effective vantage points in the water column,
and because group sensing allows fish to locate
resources more quickly (Berdahl et al. 2013). These
fish may school when they risk predator detection by
searching for prey from the water column, and then
disperse to minimize competition when feeding on
epibenthos, similar to the behavior of fish exposed to
variable predator cues and food in aquaria (Hoare et
al. 2004). Overall, schooling appeared to be a con-
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text-dependent antipredator behavior, a concept that
has received considerable research attention yet has
rarely been examined in situ.

Schooling is typically investigated in pelagic envi-
ronments, but this behavior may be similarly bene -
ficial in shallow waters. Theoretically, an optimum
school size exists for fish in a given scenario that bal-
ances the costs and benefits of grouping (Rieucau et
al. 2015b). However, in massive pelagic schools, opti-
mum school sizes are probably rarely realized due
to complex dynamics of splitting and joining groups,
and because substantial sensory capabilities of fish
would be required to determine the exact size of

larger groups (Fernö et al. 1998, Rieucau et al.
2015b). In addition, an individual or undersized school
of fish may behave optimally by joining another
group regardless of its size; thus, groups may in -
crease to suboptimal sizes as others join to their own
benefit (sensu Sibly 1983). This choice is presumably
most constrained in environments where conspecific
encounters are rare and unpredictable, creating a
greater expected cost for an individual to forgo join-
ing a group of any size. We hypothesize that, in con-
trast to pelagic waters, relatively linear nearshore
waters benefit fish through predictable conspecific
encounters that allow fish greater choice over their
group sizes, ultimately resulting in maximal habitat
use. Results from our focal fish community support
this hypothesis: forage fish were the most pelagic of
the functional groups and formed the largest schools.
Thus, connectivity may be important in shallow habi-
tats to facilitate predictable conspecific encounters that
enable fish to school in more optimal school sizes.

We observed a spatiotemporal structure to the fish
community that was suggestive of broader ecological
concepts. The first concept was time and space as
simultaneous axes of habitat partitioning. Time is an
important axis of resource partitioning that may
allow species that use the same habitats to coexist by
minimizing competition (Kronfeld-Schor & Dayan
2003). For example, chum and pink salmon may min-
imize competition with other species that forage in
the water column by inhabiting nearshore systems
earlier in the year. Temporal habitat partitioning in
nearshore waters may be widespread given that
juveniles often use habitats temporarily as they
develop (Nagelkerken et al. 2015). One management
application of spatiotemporal habitat partitioning is
that artificial propagation programs may aim to
release juvenile fish at times that minimize overlap
with competing species. Furthermore, temporal
 habitat partitioning may enhance the stability of
water-column-using fish as a prey source. The  water-
column-using fish group was present longer and had
more stable abundances than the individual, tran-
sient species that comprised it (sensu Schindler et al.
2015). Thus, temporal habitat partitioning may bene-
fit predators through lower variation in overall prey
availability, and managers may conserve these bene-
fits by protecting species that partition similar habi-
tats in time as a unit. An additional ecological con-
cept was that these fish may be adapted to minimize
different parts of the predation process (sensu
 Heit haus & Dill 2006). Demersal species were slow,
deep-bodied, and colored similar to substrate and
algae backdrops. Species that occupied the water
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column were faster, spindle-shaped, and silvery. Thus,
demersal species may primarily be adapted to mini-
mize predator detection while species that used the
water column may be more adapted to evade cap-
ture. Overall, there was evidence that the fine-scale
depth distribution and seasonality of the nearshore
community were potentially important natural history
adaptations.

Limitations of our study should be considered in
the interpretation of our findings. First, we conducted
an analysis that combined observational studies and
did not measure predation risk directly. We infer fac-

tors that influence predation risk from other studies
(e.g. McIvor & Odum 1988, Sogard 1997), and our
work would benefit from further manipulative ap -
proaches that directly quantify how behaviors medi-
ate cost/benefit tradeoffs. We also inferred piscivory
from fish length using a study of diets in one preda-
tory species (Duffy & Beauchamp 2008), yet length−
piscivory relationships are likely to vary among spe-
cies. Further, smaller fish including species not con-
sidered major piscivores may exert great predation
pressure on juvenile fish if these predators are abun-
dant (Baker & Sheaves 2009). Thus, the focal commu-
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Fig. 7. Group size vs. water column position for demersal species as observed by snorkelers (solid panels) and scuba divers 
(dashed panels). See Fig. 3 for box plot and confidence interval definitions
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nity and their predators may overlap to a greater
extent than we present here, and our study would
have benefited from a greater understanding of the
diets of all species present. Next, our study was con-
ducted in an urbanized setting. Many sites had been
modified by shoreline development and their shallow
areas were truncated by shoreline armoring. Conse-
quently, our study may underestimate the magnitude
of ontogenetic habitat shifts from shallow to deep
waters because fish sometimes lacked accesses to
shallow areas. In addition, the animal assemblage
probably differed from historical conditions. Predator
encounters influence the decision-making of con-
sumers (Lima & Dill 1990), and potential changes
to the predator assemblage could have affected the
behaviors we observed. In addition, we surveyed fish
only during daylight hours, and diel cycles are well
known to influence the behavior of fish, including
sizes of schools in shallow waters (Rieucau et al.
2015a). Finally, we estimated some measurements
(e.g. fish length, school size), and thus trends in this
study are more appropriately interpreted in relative
rather than absolute terms. These factors are poten-
tial avenues for further research, but are beyond the
scope of our opportunistic study.

In conclusion, fish behaved in ways that would
maximize habitat use and avoid predation, and they
partitioned shallow habitats in time and space. Juve-
nile behaviors were indicative of their use of shallow
waters as nursery habitat, potentially reflecting the
habitat’s provision of predator refuge, ontogenetic
habitat shifts, and appropriate food/predation risk
trade offs (Beck et al. 2001, Sheaves et al. 2015).
These functions may be diminished by changes to
shallow ecosystems. It is of particular concern that
shallow waters and their associated nursery func-
tions (e.g. ontogenetic habitat shifts) are disappear-
ing globally due to shoreline armoring (Bulleri &
Chapman 2010) and coastal squeeze whereby rising
sea levels encroach on built shorelines (Doody 2004).
It is also concerning that the connectivity of shallow
habitats and their associated benefits (e.g. access to
appropriate habitats, frequent conspecific encoun-
ters) are threatened by habitat elimination and be -
havioral barriers such as shading from large piers
(Able et al. 2013, Munsch et al. 2014, Ono & Si -
menstad 2014). However, some of the functions of
degraded ecosystems can be repaired and the bene-
fits of habitat improvements need not be limited to
fish. For instance, conventional shoreline designs of
impervious surfaces place society at risk because
they are incompatible with a future of sea level rise.
It is therefore advantageous for city planners to pro-

tect flood-prone areas by creating or restoring shal-
low ecosystems rather than armoring shorelines
(Temmerman et al. 2013). Also, urban waterfronts
can be designed that provide corridors of sloping
shallow areas and reduce the shading impacts of
piers without sacrificing waterfront utility to people
(Toft et al. 2013, Cordell et al. in press). Ultimately, by
understanding the natural history of shallow-water
fish communities, we may identify and account for
critical habitat functions in order to manage shore-
line features that benefit fish and people.
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