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Abstract. Estuaries act as nurseries for a wide variety of fish species, potentially providing vital foraging
opportunities and refuge from predation for their juvenile residents. Yet, these dynamic environments are
comprised of a mosaic of habitat types that span gradients of both salinity and physical habitat structure.
Here, we present a novel use of size-spectra analysis to infer nursery habitat function across the estuary
habitat mosaic. Interpreting slope and intercept values of abundance against body mass size-spectra
regressions as indicators of predation risk and production, we constructed spectra for six distinct habitat
types across the entire tidal influence of an unindustrialized estuary in coastal British Columbia. Based on
catches of >200,000 individual fish representing 30 different species from April through September, the
estuary rockweed mudflat habitat had the lowest size-spectra slope and highest intercept, consistent with
lower predation risk and higher production. Size-spectra coefficients varied seasonally across the ecotone,
indicating spatio-temporal variation in key nursery functions. Size-spectra can provide insight into key
ecological processes of productivity and predation risk across dynamic aquatic habitats.
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INTRODUCTION

Coastal wetlands, such as estuaries, salt
marshes, mangroves, and seagrass meadows, are
some of the most productive and ecologically
significant ecosystems on the planet, yet they are
also among the most threatened (van den Belt
2011). Estuarine environments are notably
important to juvenile fishes, providing foraging
opportunities, reduced predation risks, and a
mosaic of habitats suitable for a variety of life
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stages (Dahlgren and Eggleston 2000, Peterson
2003, Nagelkerken et al. 2015). Juvenile fish
should seek out habitats where there is the best
potential to maximize growth and the lowest
potential for mortality (Werner and Gilliam 1984,
Dahlgren and Eggleston 2000, Cocheret de la
Moriniere et al. 2002). As such, estuaries have
been dubbed as nurseries by many scientists,
conservation groups, managers, and the public at
large (Beck et al. 2001). With nearly 60% of
humanity residing within 100 km of the coastline
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(Vitousek et al. 1997) and associated rapid, large-
scale development in coastal habitats (Hughes
et al. 2009), assessing fish nursery function
within estuary environments can help prioritize
protection and restoration (Beck et al. 2001,
Peterson 2003, Nagelkerken et al. 2015).

With the rising popularity of ecosystem-based
management, managers are asked to account for
a multitude of interacting biological and physical
factors while simultaneously uncovering the dri-
vers and pressures which cause ecological
change (Guiet et al. 2016). The increasingly com-
plex ecological models being employed by
ecosystem managers require rich datasets based
on extensive field sampling for sufficient param-
eterization (Guiet et al. 2016). This is particularly
challenging for estuaries where both the abiotic
and biotic components of the ecosystem are in
constant flux (Beck et al. 2001, Nagelkerken et al.
2015, Sheaves et al. 2015). Size distributions, so-
called size-spectra, can be employed to infer
ecosystem structure and function, while not
being overwhelmed by complexity and associ-
ated model uncertainty (Giacomini et al. 2016,
Guiet et al. 2016).

Size-spectrum theory is based upon the obser-
vation that in pelagic systems there are many
more small individuals than large ones, but that
total biomass is approximately equal across size
classes (Sheldon et al. 1972). By plotting either
biomass, abundance, or energy as a function of
individuals’ length, weight, or volume in loga-
rithmic space, size-spectra summarize a com-
plex suite of biophysical and trophic processes
with simple linear regressions (Kerr and Dickie
2001, Guiet et al. 2016). The coefficients of spec-
tra regressions, slope (A) and intercept (I'), can
be used to infer different properties of commu-
nity structure and ecosystem health (Kerr and
Dickie 2001, Guiet et al. 2016). Spectra slopes ())
measure the relative frequency of body sizes in
a community and depend upon predator-prey
dynamics and trophic transfer efficiencies (Platt
and Denman 1978, Kerr and Dickie 2001, Giaco-
mini et al. 2016, Perkins et al. 2018). When larger
individuals are removed from the population,
such as in the case of fisheries exploitation, spec-
tra slopes (L) decrease and the abundance of
smaller individuals increases, suggesting that
the smaller size classes experienced a release
from predation pressure (Gislason and Rice
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1998, Bianchi et al. 2000, Blanchard et al. 2005).
Thus, slope values can indicate the relative
degree of predation risk, with steeper, more neg-
ative slopes being associated with lower preda-
tion risk due to the high number of smaller size-
class fish relative to individuals in larger size
classes. Intercepts (I') correspond to ecosystem
production and are influenced by abiotic envi-
ronmental factors such as nutrient availability
and temperature (Boudreau and Dickie 1992,
Maury et al. 2007, Guiet et al. 2016). Highly pro-
ductive habitats, such as eutrophic lakes and
upwelling zones, exhibit higher spectra inter-
cept values than those with low overall produc-
tivity, such as oligotrophic regions (Bianchi et al.
2000, Guiet et al. 2016). That is, highly produc-
tive habitats would be expected to have higher
fish abundances than less productive habitats
which would be reflected in the spectra inter-
cept. Size-spectra analysis has been used to pro-
vide insight into a variety of ecological
processes, including predator—prey interactions
(Thiebaux and Dickie 1992, Blumenshine et al.
2000, Kerr and Dickie 2001), effects of fisheries
exploitation on community structure (Gislason
and Rice 1998, Bianchi et al. 2000, Blanchard
et al. 2005), and the effects of resource subsidies
on food-web structure (Hocking et al. 2013, Per-
kins et al. 2018).

Here, we apply size-spectra analysis across an
estuary to gain insight into the potential nursery
functions of different habitats across this ecotone.
We hypothesized that size-spectra along the estu-
ary gradient from freshwater to saltwater would
reflect spatial gradients of predation risk and
productivity. First, we predicted that predation
risk, as revealed by higher slopes (1), would
increase closer to the ocean due to the relation-
ship between habitat size and food chain length
(McIntosh et al. 2018). Second, we predicted that
production, as revealed by higher intercepts (I'),
would also increase in the seaward direction as
temperate latitude oceans are more productive
than their freshwaters (Gross et al. 1988). Thus,
young fish would face trade-offs in predation
risk and productivity across the estuary mosaic.
However, it is also possible that particularly
important nursery habitat areas break this trade-
off and have lower slopes and higher intercepts.
We produced spectra based on abundance and
body weight to describe the fish communities
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across the full tidal influence of an unindustrial-
ized estuary in the Great Bear Rainforest region
of British Columbia, Canada (Fig. 1). Given that
seasonal shifts in environmental conditions and
biotic community structure can alter size-spectra
(Pope et al. 1994, Maury et al. 2007, Guiet et al.
2016), we also examined how spectra coefficients
fluctuated through time across the mosaic.

SEITZ ET AL.

METHODS

The Koeye River estuary (51.7782° N, 127.
8737° W) is located on the Central Coast of Bri-
tish Columbia, Canada, ~50 km south of the
Heiltsuk village of Bella Bella (Fig. 1a). Sampling
sites spanned the entirety of the tidal influence,
ranging from the marine Fitz Hugh Sound to

Freshwater

log10(Mass)

Fig. 1. (a) Map of the Koeye River Estuary showing reach area designations (colored regions), the most fre-
quently used beach seine sites (red dots), and the general salinity gradient across the estuary. The gray shaded
area between reaches 2 and 3 is a narrow canyon with steep rock walls and swift currents that make beach sein-
ing nearly impossible and thus was not sampled. (b) A pictorial representation of the Koeye estuary size-spectra,
showing approximate abundances of typical fish species caught in each size class.
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~5 km upstream of the river mouth. We divided
the estuary into six reaches based on habitat
characteristics (Fig. 1a; Reshitnyk 2015): Reach 1
is typically fully saltwater with sandy beaches,
Reach 2 is highly saline with dense eelgrass (Zos-
tera marina) beds, Reach 3 has variable salinity
with muddy substrate and large expanses of
rockweed (Fucus spp.), Reach 4 has variable
salinity and is the mainstem salt marsh, Reach 5
has variable salinity and is side-channel salt
marsh, and Reach 6 is primarily freshwater with
classic  stream  riffle-pool  characteristics
(Appendix S1: Table S1). Depths and bathymetry
were variable across the estuary, with Reach 1
consisting of gentle slopes with a maximum sein-
able depth of ~3 m, Reach 2 had steeper slopes
with a maximum seinable depth of ~4 m, Reach
3 had very low gradient slopes with a maximum
seinable depth of ~2 m, and Reaches 4, 5, and 6
were characterized by steep, almost vertical
drops from the bank to a relatively flat river bot-
tom with a maximum seinable depth of ~1.5 m.
Lower estuary sites were typically sampled dur-
ing low tides to facilitate the effective seining of
structural habitat elements such as eelgrass beds
which grew in the midchannel and would not be
able to be reached with our nets from shore dur-
ing high tides. Middle and upper estuary sites
could be extremely shallow and have very little
wetted area during low tides, especially during
July and August when river flows were at a mini-
mum, so they were typically sampled during
high tides when sufficient water depth was avail-
able to use our skiff and the larger 30-m seine
rather than our small pole seine. Each reach had
three to four sampling areas for a total of 19 sites
across the estuary which were beach seined
every two weeks from mid-April until the end of
September 2018. In total, we performed 188 seine
sets over 10 rounds of sampling in 2018.

During each seine set, we measured water
chemistry parameters (temperature, salinity, dis-
solved oxygen, pH) using a YSI ProDSS multipa-
rameter water quality meter (YSI Incorporated,
Yellow Springs, Ohio, USA). The sensor was sub-
merged to the middle of the water column at the
deepest area of the seine and was calibrated prior
to the start of each sampling round
(Appendix S1: Table S1). Three different juvenile
beach seines were employed based on site-speci-
fic bathymetry in order to ensure equal sampling
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coverage of the water column at all sites: a
22 x 3.1 m net was used primarily for deeper
saltwater sites, a 30 x 1.8 m net was used for
most other sites when water levels were high
enough for boat operation, and a 13.7 x 1.2 m
pole seine was used in shallow/confined areas.
Seines were held on shore at one end, pulled out
to their full extent, curled around until the other
end was brought to shore forming a semi-circle,
and then, the two ends were pulled in simultane-
ously, capturing all fish in the water column
which was surrounded by the net. During each
set, we identified and enumerated all fish species
then measured the fork-length of up to ten ran-
domly selected individuals of each species. We
only measured a small subsample of each species
during each seine set due to time and logistical
constraints associated with the large variety and
abundance of fish caught and our tight sampling
schedule. With the exception of sand lance,
which occurred infrequently but in hyper-abun-
dance, we measured 22.7% of the individuals
representing the other 29 species comprising the
fish community (Appendix S1: Table S7). Most
sampled fish were measured without the use of
anesthetics, but larger individuals were briefly
anesthetized in MS-222 (0.05 g/L) and allowed to
recover in aerated water prior to release (Univer-
sity Animal Care Committee at Simon Fraser
University protocol number 1270B-14). Direct
mass measurements were not taken because of
difficulties in obtaining accurate measures under
variable field conditions.

To account for the wide variety of body plans
exhibited by fish species in our study, we calcu-
lated our size-spectra based on individuals” body
mass rather than length (Kerr and Dickie 2001,
Sprules and Barth 2016). To do this, we calcu-
lated the mass of sampled individuals of most
species from their fork-lengths using species-
specific Bayesian length — weight conversions
found on FishBase (Froese et al. 2014, Froese and
Pauly 2018). Exceptions were coho salmon
(Oncorhynchus kisutch), sockeye salmon (Oncor-
hynchus nerka), and Dolly Varden trout (Salveli-
nus malma) for which previously collected data
on lengths and mass from Koeye were used and
lingcod (Ophiodon elongatus) for which conver-
sions were found in Forrester and Thomson
(1969). Estimated masses were rounded up to the
nearest 0.1 g. Returning adult salmon were
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removed from the dataset at this point because
they do not feed during this life stage and thus
are essentially inert members of the estuary fish
community.

To produce accurate size-spectra, we needed a
sample set of body mass estimates equal to the
total catch collected during each seining event.
To do this, we sampled with replacement from
our measured individuals until we had a new
working sample set of measures equal to the
total number of fish caught. This was done for
each individual species for each individual sein-
ing event. To account for our different net sizes,
we corrected catch abundances from all sets to
the 30-m net size using the ratio of the surface
area seined which was estimated to be the area of
a semi-circle with the outer circumference equal to
the length of the net (net lengths = 30, 22, 13.7 m,
respectively; surface areas seined = 143.24, 77.03,
29.87 m?, respectively; catch abundance correction
ratio = 1:1.86:4.78). To produce our size distribu-
tions, body mass sample sets for all species were
combined for each reach during each sampling
round and individuals were sorted into logg
equal body size classes, or mass bins (0.1-0.9,
1.0-9.9, 10.0-99.9, 100.0-999.9, and 1000.0-
9999.9 g, respectively). Size-spectra were esti-
mated for each reach-round combination with a
simple linear regression relating the distri-
bution of abundance across size classes
(logio(n + 1) ~ logip(mass bin), with mass bins
represented as 0.1, 1, 10, 100, and 1000; Fig. 2a).
We then bootstrapped this process 1000 times to
reduce any random sampling bias, retaining
slope (A) and midpoint height (I'y) values for
each of the regressions and using the mean val-
ues of the size-spectra coefficients found for each
reach-round combination for the remainder of
the analysis. Midpoint height (I'y) values were
used instead of y-intercept (I') values to avoid
correlation of the spectra coefficients which pro-
duces the statistical artifact of increasing inter-
cept with decreasing slope (Daan et al. 2005,
Guiet et al. 2016). Following best practices, we
interpret these midpoint heights (I'y;) in the same
way as we would y-intercepts and so will refer to
them simply as intercepts for purposes of clarity
in the remainder of the paper.

To examine differences between habitat slope
(A) and intercept (I'yy) values across the six rea-
ches, we performed the non-parametric Kruskal-
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Wallis test followed by the Conover-Iman test
for stochastic dominance using the R package
conover.test (Appendix S1: Tables S3, 54; Kruskal
and Wallis 1952, Conover and Iman 1979, Con-
over 1999, Dinno 2017). We used these non-para-
metric tests because the relatively small sample
size (10 spectra regressions per reach), did not
allow consistent assessment of normality.

We also examined how size-spectra shifted
seasonally across the ecotone. We first con-
structed whole estuary models for both slope (%;
predation risk) and intercept (I'yy; productivity)
and compared six sequential polynomial models
to determine the polynomial orders which best
described the overall variation in coefficient
values over the season (Appendix S1: Table S5).
We then tested whether the different habi-
tats showed synchronous, Im(coefficient ~ poly
(week, order) + reach), or independent, Im(coef-
ficient ~ poly(week, order) x reach), variation in
spectra coefficients over time (Appendix S1:
Table S6). Models were compared using Akaike’s
information criterion for small sample sizes
(AIC,).

All analyses and graphics were produced in
the R statistical environment version 3.6.1 (R
Development Core Team 2019) using the pack-
ages conover.test, AlCcmodavg, dplyr, and

ggplot2.

REsuULTS

In total, we caught 216,691 fish of 30 different
species, sampling 3986 individuals for fork-
length (Appendix S1: Tables S2, S7). Sand lance
(Ammodytes hexapterus) made up the vast major-
ity of our total catch (199,853 individuals caught
or 92.2% of the total catch), most of which were
captured during a single seine set (150,000 on 16
July 2018), but only appeared in 24 of the 188
seine sets (Appendix S1: Table S7, Fig. S1). With
the exception of sand lance, we sampled 22.7% of
the individuals representing the other 29 species
comprising the fish community (Appendix SI:
Table S7, Fig. S1). Juvenile coho salmon (Oncor-
hynchus kisutch) were the next most abundant
(10,314 individuals caught or 4.8% of the total
catch) and were also the most ubiquitous species
across the estuary, appearing in 154 of the 188
seine sets (Appendix S1: Table S7, Fig. S1). Three-
spined stickleback (Guasterosteus aculeatus) and
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(Fig. 2. Continued)

SEITZ ET AL.

during each sampling round. Spectra are seen to vary between reaches, but also display temporal variation
within each. Boxplots of the (b) slope (L) and (c) intercept (I'yy) values found in each reach using mean values for
each reach-round combination the mass sample extrapolation. Using the Conover-Iman test, the mudflats were
found to be significantly different (P < 0.05) from all other reaches in slope (L) and intercept (I'yy), except for mar-
ginally non-significant results for the main marsh slope (P = 0.0614; Appendix S1: Table S3) and with the beach

intercept (P = 0.5788; Appendix S1: Table S4).

shiner perch (Cymatogaster aggregata) were also
major constituents of the catch (Appendix Sl:
Table S7, Fig. S1). The most abundant fish preda-
tors caught in the estuary were the staghorn scul-
pins (Leptocottus armatus), Dolly Varden (Salvelinus
malma), starry flounder (Platchthys stellatus), and
freshwater sculpins (Cottus asper/Cottus aleuticus),
with a few cutthroat trout (Oncorhynchus clarkii)
and resident rainbow trout (Oncorhynchus mykiss)
in the upper estuary.

Community structure and abundance varied
greatly across the estuary, with overall richness
and abundance increasing with salinity but
diversity and evenness peaking in the middle
estuary (Appendix S1: Table S2). For example, in
the marine beach habitat we caught a total of
194,559 individual fish comprising 24 species,
while in the tidal freshwater habitat, we caught a
total of only 2040 individuals from 10 different
species (Appendix S1: Table S2). The marine
reach also had the greatest number of species,
with five being found nowhere else in the estu-
ary, including a juvenile salmon shark (Lamna
ditropis; Appendix S1: Table S2).

Size-spectra varied across the estuary ecotone
(Fig. 2). Contrary to the prediction that there
would be contrasting spatial gradients across the
ecotone, the intermediate estuary habitat (mud-
flat and rockweed habitat, Reach 3) had the low-
est median slope (A; predation risk) and the
highest median intercept (I'y; productivity)
among the various habitat types (Fig. 2). The
Conover-Iman test revealed that the mudflat
reach was significantly different (P < 0.05) from
all other habitats in both slope (}; predation risk)
and intercept (I'y; productivity), with the excep-
tion of similar estimates of intercept (I'y) in the
beach habitat (Reach 1; P = 0.5788; Appendix S1:
Table S4) and a marginally non-significant
difference in slope (1) with the mainstem marsh
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habitat (Reach 4; P =0.0614; Appendix SI:
Table S3).

Size-spectra shifted seasonally across the estu-
ary (Fig. 3). AIC. comparisons of the whole estu-
ary models indicated that seasonal patterns for
slopes (A; predation risk) were best described by
a 4th order polynomial. Intercepts (I'y; produc-
tivity) were best described by a 2nd order poly-
nomial (Appendix S1: Table S5). Habitats varied
synchronously for slopes (A; predation risk),
decreasing from early spring to summer and
then rising again into the fall (Fig. 3a; App-
endix S1: Table S6). In contrast, size-spectra inter-
cepts (I'yp; productivity) exhibited different sea-
sonal patterns across the reaches, with the
marine reaches having more variable intercepts
representing more pulsed fish communities,
whereas freshwater reaches were more consistent
across the season (Fig. 3b; Appendix SI:
Table S6).

DiscussioN

Here, we applied size-spectra to examine
potential spatial gradients of predation risks and
productivity and provide insight into estuary
nursery function. Our analysis of size-spectra in
the unindustrialized Koeye River estuary
revealed that the middle of the estuary habitat,
Reach 3, characterized by muddy substrate and
large rockweed expanses, had size-spectra coeffi-
cients that indicated higher production (higher
I'yy) and lower predation risk (lower A) in the fish
community (Fig. 2). The combination of high
productivity and low predation risk has been
suggested as a key reason why estuaries function
as nurseries for so many species (Dahlgren and
Eggleston 2000, Cocheret de la Moriniere et al.
2002, Nagelkerken et al. 2015, Sheaves et al.
2015).
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Fig. 3. Model fits for the temporal variation associated with (a) slope (1), Im(A ~ poly(round, 4) + reach) (mul-
tiple R* = 0.6085, adjusted R* = 0.538, df = 50, P = 1.144 x 10~7), and (b) intercept (I'yy), Im(coefficient ~ poly
(round, 2) x reach) (multiple R* = 0.7823, adjusted R* = 0.6941, df = 42, P = 4.981 x 10~ °). Habitats were found
to vary synchronously in predation risk (slope [A]), but independently in productivity (intercept [I'y]). Model
selection results can be found in Appendix S1: Tables S5, Sé6.

Estuaries are comprised of a mosaic of habitat
types that vary in structure, extent, and abiotic
conditions (Peterson 2003, Nagelkerken et al.
2015), which likely contributes to the observed
patterns in size-spectra and inferred estuary
nursery function. For example, predator abun-
dance, size, and trophic position tend to increase
with habitat size and stability (Kushlan 1976,
McIntosh et al. 2018). Indeed, we observed the
overall largest fish (a juvenile salmon shark) as
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well as the highest abundance of upper size-class
individuals in the more spatially expansive mar-
ine sites, while the fish communities of the more
constrained, environmentally variable middle
and upper estuary reaches were almost exclu-
sively comprised of smaller size-class individuals
(Fig. 2a; Appendix S1: Table S1). Specifically, the
reach that had the highest slope and intercept,
the rockweed expanses of Reach 3, is extremely
variable. This variability may serve to exclude
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larger predatory fishes which may not be as
osmotically or thermally tolerant, might be at
risk of becoming stranded in the shallows as tide
waters recede. Intermediate reaches of estuaries
also may be particularly productive due to a mix-
ture of energy sources and local nutrient dynam-
ics (Peterson 2003, Nelson et al. 2015, David et al.
2016); indeed, we anecdotally observed that this
middle reach contained an abundance of benthic
invertebrates, such as isopods and amphipods,
and swarms of mysids providing a rich food
source for rearing juvenile fish such as coho fry.
Size-spectra are the emergent patterns that arise
from this complicated and dynamic nature of
fish communities and habitats in estuaries.
Spectra coefficients have been shown to reflect
changes in environmental conditions (Maury
et al. 2007, Guiet et al. 2016) and oscillate
through time in response to shifting ratios in
predator and prey size and abundance (Blumen-
shine et al. 2000, Law et al. 2009). In temporally
dynamic systems, fish size cohorts are thought to
track moving waves of productivity and preda-
tion risk, surfing the size-spectrum to maximize
their foraging opportunities while minimizing
their risk of predation (Pope et al. 1994). Seascape
studies have shown that animals move among
habitat patches daily, following tidal movements
in search of food and shelter, but also show onto-
genetic shifts in habitat use on longer time-scales
as their resource needs change with growth
(Dahlgren and Eggleston 2000, Cocheret de la
Moriniere et al. 2002, Peterson 2003, Nagelkerken
et al. 2015). For example, smaller-sized juvenile
salmon may use shallow water habitats than lar-
ger-bodied individuals (Munsch et al. 2016).
Here we present rare empirical evidence for sea-
sonal shifts in size-spectra across multiple habitat
types (Fig. 3), lending support to the surf-riding
and mosaic seascape nursery hypotheses (Pope
et al. 1994, Peterson 2003, Nagelkerken et al.
2015). Migration events, such as Pacific salmon
smolt outmigration, bring large influxes of small
size-class fishes to the estuary for a brief period,
saturating the ecosystem with prey and presum-
ably lowering the predation risk for any individ-
ual fish (May in Fig. 3a). Similarly, reproduction
events within the estuary, such as those of shiner
perch and sticklebacks, also create pulses in
small fish abundance which affect individual
predation risk (August in Fig. 3a). Such temporal
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dynamics in size-spectra are also likely linked to
seasonal patterns of plankton blooms, plant
growth, and macroinvertebrate abundance
across the estuary habitat mosaic (Fig. 3b). Thus,
estuary fish communities reveal spatially and
temporally dynamic patterns of productivity and
predation risk. Rather than consistent trade-offs
between productivity and risk, the habitat with
the least risk is not necessarily also the least pro-
ductive (Fig. 3). In autumn, it appears that many
fish move to overwintering habitats outside of the
estuary and the community shifts back to its pre-
growing season configuration, demonstrating the
seasonality of nursery function in temperate estu-
aries (Fig. 3). Examining temporal shifts in spec-
tra coefficients across the entire mosaic of estuary
environments, allows for not only the identifica-
tion of nursery function in discrete habitats (Beck
et al. 2001), but also the study of more spatially
and temporally dynamic processes shaping estu-
ary fish communities (Peterson 2003, Nagelk-
erken et al. 2015, Sheaves et al. 2015).

By integrating abundance and relative body size
frequencies, size-spectra analysis provides a relatively
easy to sample and statistically simple method for
studying the underlying ecological energetics and
inferring potential underlying ecological processes of
complex aquatic ecosystems (Kerr and Dickie 2001,
Giacomini et al. 2016, Guiet et al. 2016, Sprules and
Barth 2016). Thus, size-spectra analysis may prove to
be an important new tool for understanding estuary
fish ecology and habitat function. Here, we suggest
that complex mosaics of habitats in estuaries present
shifting trade-offs in predation risk and productivity
that support different sizes of fish, a combination of
intra- and inter-specific variation, across space, and
time.

ACKNOWLEDGMENTS

This project was the product of the collaboration
among SFU, the Hakai Institute, and the QQs Project
Society from the Heiltsuik Nation. Special thanks to
our Heiltsuk field technicians Richard Wilson-Hall, Jef-
ferson Brown, and Cecil Brown. Kyle Wilson, Emma
Hodgson, and Leithen M'Gonigle all provided key
inputs during analysis. Karl Seitz received funding
from the Tula-Mitacs Canada Grant IT09911, through
internships No. FR23017 and FR23025. This project
was supported by the Hakai Institute and Tula Foun-
dation, the Liber Ero Chair of Coastal Science and
Management, the Pacific Salmon Foundation

November 2020 ** Volume 11(11) ** Article e03291



Community Salmon Program, TIDES Canada, and the
McLean Foundation. Julian Heavyside’s participation
was funded jointly by the Hakai Institute and UBC
through a BRITE fellowship.

LiteraTURE CITED

Beck, M. W, et al. 2001. The identification, conservation,
and management of estuarine and marine nurs-
eries for fish and invertebrates. BioScience 51:633—
641.

Bianchi, G., et al. 2000. Impact of fishing on size com-
position and diversity of demersal fish communi-
ties. ICES Journal of Marine Science 57:558-571.

Blanchard, J. L., N. K. Dulvy, S. Jennings, J. R. Ellis, J.
K. Pinnegar, A. Tidd, and L. T. Kell. 2005. Do cli-
mate and fishing influence size-based indicators of
Celtic Sea fish community structure? Journal of
Marine Science 62:405-411.

Blumenshine, S. C., D. M. Lodge, and J. R. Hodgson.
2000. Gradient of fish predation alters body size
distributions of lake benthos. Ecology 81:374-386.

Boudreau, P. R., and L. M. Dickie. 1992. Biomass spec-
tra of aquatic ecosystems in relation to fisheries
yield. Canadian Journal of Fisheries and Aquatic
Sciences 49:1528-1538.

Cocheret de la Moriniere, E., B. J. A. Pollux, I. Nagelk-
erken, and G. van der Velde. 2002. Post-settlement
life cycle migration patterns and habitat prefer-
ences of coral reef fish that use seagrass and man-
grove habitats as nurseries. Estuarine, Coastal and
Shelf Science 55:309-321.

Conover, W. J. 1999. Practical nonparametric statistics.
Third edition. Wiley, Hoboken, New Jersey, USA.

Conover, W. ], and R. L. Iman. 1979. On multiple-com-
parisons procedures. Technical Report LA-7677-
MS. Los Alamos Scientific Laboratory, Los Alamos,
New Mexico, USA.

Daan, N., H. Gislason, J. G. Pope, and ]. Rice. 2005.
Changes in the North Sea fish community: evi-
dence of indirect effects of fishing? ICES Journal of
Marine Science 62:177-188.

Dahlgren, C. P, and D. B. Eggleston. 2000. Ecological
processes underlying ontogenetic habitat shifts in a
coral reef fish. Ecology 81:2227-2240.

David, V., et al. 2016. Estuarine habitats structure zoo-
plankton communities: implications for the pelagic
trophic pathways. Estuarine, Coastal and Shelf
Science 179:99-111.

Dinno, A. 2017. conover.test: Conover-Iman test of
multiple comparisons using rank sums. R package
version 1.1.5. https://cran.r-project.org/package=c
onover.test

Forrester, C. R., and J. A. Thomson. 1969. Length-
weight relationships in some marine groundfish.

ECOSPHERE ** www.esajournals.org

SEITZ ET AL.

Technical Report No. 135. Fisheries Research Board
of Canada, Nanaimo, British Columbia, Canada.
Froese, R, and D. Pauly, editors. 2018. FishBase.

www.fishbase.org

Froese, R., J. T. Thorson, and R. B. Reyes Jr. 2014. A
Bayesian approach for estimating length-weight
relationships in fishes. Journal of Applied Ichthyol-
ogy 30:78-85.

Giacomini, H. C., B. J. Shuter, and J. K. Baum. 2016.
Size-based approaches to aquatic ecosystems and
fisheries science: a symposium in honour of Rob
Peters. Canadian Journal of Fisheries and Aquatic
Science 73:471-476.

Gislason, H., and J. Rice. 1998. Modelling the response
of size and diversity spectra of fish assemblages to
changes in exploitation. ICES Journal of Marine
Science 55:362-370.

Gross, M. R.,, R. M. Coleman, and R. M. McDowall.
1988. Aquatic productivity and the evolution of
diadromous fish migration. Science 239:1291-1293.

Guiet, J., J. Poggiale, and O. Maury. 2016. Modelling
the community size-spectrum: recent develop-
ments and new directions. Ecological Modelling
337:4-14.

Hocking, M. D., N. K. Dulvy, J. D. Reynolds, R. A.
Ring, and T. E. Reimchen. 2013. Salmon subsidize
an escape from a size spectrum. Proceedings of the
Royal Society B: Biological Sciences 280:20122433.

Hughes, A. R,, S. L. Williams, C. M. Duarte, K. L. Heck
Jr., and M. Waycott. 2009. Associations of concern:
declining seagrasses and threatened dependent
species. Frontiers in Ecology and the Environment
7:242-246.

Kerr, S. R., and L. M. Dickie. 2001. The biomass spec-
trum: a predator-prey theory of aquatic produc-
tion. Columbia University Press, Chichester, New
York, USA.

Kruskal, W. H., and W. A. Wallis. 1952. Use of ranks in
one-criterion variance analysis. Journal of the
American Statistical Association 47:583-621.

Kushlan, J. A. 1976. Environmental stability and fish
community diversity. Ecology 57:821-825.

Law, R., M. J. Plank, A. James, and J. L. Blanchard.
2009. Size-spectra dynamics from stochastic preda-
tion and growth of individuals. Ecology 90:802—
811.

Maury, O., B. Faugeras, Y. Shin, J. Poggiale, T. B. Ari,
and F. Marsac. 2007. Modeling environmental
effects on the size-structured energy flow through
marine ecosystems. Part 2: simulations. Progress in
Oceanography 74:500-514.

McIntosh, A. R., P. A. McHugh, M. J. Plank, P. G. Jelly-
man, H. ]J. Warburton, and H. S. Greig. 2018.
Capacity to support predators scales with habitat
size. Science Advances 4:eapp7523.

November 2020 ** Volume 11(11) %* Article 03291


https://cran.r-project.org/package=conover.test
https://cran.r-project.org/package=conover.test
http://www.fishbase.org

Munsch, S. H., J. R. Cordell, and J. D. Toft. 2016. Fine-
scale habitat use and behavior of a nearshore fish
community: nursery functions, predation avoid-
ance, and spatiotemporal habitat partitioning. Mar-
ine Ecology Progress 557:1-15.

Nagelkerken, 1., M. Sheaves, R. Baker, and R. M. Con-
nolly. 2015. The seascape nursery: a novel spatial
approach to identify and manage nurseries for coastal
marine fauna. Fish and Fisheries 16:362-371.

Nelson, J. A,, L. Deegan, and R. Garritt. 2015. Drivers of
spatial and temporal variability in estuarine food
webs. Marine Ecology Progress Series 533:67—77.

Perkins, D. M., et al. 2018. Bending the rules: exploita-
tion of allochthonous resources by a top-predator
modifies size-abundance scaling in stream food
webs. Ecology Letters 21:1771-1780.

Peterson, M. S. 2003. A conceptual view of environ-
ment-habitat-production linkages in tidal river
estuaries. Reviews in Fisheries Science 11:291-313.

Platt, T., and K. Denman. 1978. The structure of pelagic
marine ecosystems. Rapports et Procés-Verbaux
des Réunions du Conseil International pour I
Exploration de la Mer 173:60-65.

Pope, J. G., J. G. Shepherd, and J. Webb. 1994. Success-
ful surf-riding on size spectra: the secret of survival
in the sea. Philosophical Transactions of the Royal
Society B: Biological Sciences 343:41-49.

R Development Core Team. 2019. R: a language and
environment for statistical computing. R Founda-
tion for Statistical Computing, Vienna, Austria.

SEITZ ET AL.

Reshitnyk, L. 2015. Koeye estuary habitat mapping
report. Hakai Beach Institute, Calvert Island, Bri-
tish Columbia, Canada.

Sheaves, M., R. Baker, I. Nagelkerken, and R. M. Con-
nolly. 2015. True value of estuarine and coastal
nurseries for fish: incorporating complexity and
dynamics. Estuaries and Coasts 38:401-414.

Sheldon, R. W.,, A. Prakash, and W. H. Sutcliffe Jr.
1972. The size distribution of particles in the ocean.
Limnology and Oceanography 17:327-340.

Sprules, W. G., and L. E. Barth. 2016. Surfing the bio-
mass size spectrum: some remarks on history, the-
ory, and application. Canadian Journal of Fisheries
and Aquatic Sciences 73:477—495.

Thiebaux, M. L., and L. M. Dickie. 1992. Models of
aquatic biomass size spectra and the common
structure of their solutions. Journal of Theoretical
Biology 159:147-161.

van den Belt, M. 2011. 12.01: Ecological economics of
estuaries and coasts. Pages 1-14 in E. Wolanski and
D. McLusky, editors. Treatise on estuarine and
coastal science. Volume 12. Elsevier, Amsterdam,
The Netherlands.

Vitousek, P. M., H. A. Mooney, J. Lubchenco, and J. M.
Melillo. 1997. Human domination of Earth’s eco-
systems. Science 277:494-499.

Werner, E. E,, and J. F. Gilliam. 1984. The ontogenetic
niche and species interactions in size-structured
populations. Annual Review of Ecology and Sys-
tematics 15:393-425.

SUPPORTING INFORMATION

Additional Supporting Information may be found online at: http://onlinelibrary.wiley.com/doi/10.1002/ecs2.

3291/full

ECOSPHERE % www.esajournals.org

11

November 2020 ** Volume 11(11) ** Article e03291


http://onlinelibrary.wiley.com/doi/10.1002/ecs2.3291/full
http://onlinelibrary.wiley.com/doi/10.1002/ecs2.3291/full

