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The blue crab (Callinectes sapidus) is ecologically and economically im-
portant in Chesapeake Bay. Nursery habitats, which disproportionately con-
tribute individuals to the adult segment of populations, are essential to blue
crab population dynamics. Spartina alterniflora salt marshes are productive
but fragmented intertidal nursery habitats which may serve as a refuge from
predation for juvenile blue crabs. However, the effects of various characteris-
tics of salt marshes on nursery metrics, such as survival, have not been quanti-
fied. Using mesocosm experiments, we examined the effects of shoot density
and water depth on juvenile blue crab survival using adult blue crabs as preda-
tors. Survival increased significantly with shoot density, whereas water depth
did not affect survival. Thus, in contrast to several previous studies, water
depth did not influence survival of juvenile blue crabs, possibly due to differ-
ent environmental conditions from prior studies. These findings indicate that
salt marsh structural complexity enhances juvenile survival, and that the ben-
eficial effect of shallow water on juvenile survival differs by environmental
conditions.
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Introduction. Survival is a key determinant of population structure and dynamics. Early develop-
ment stages (i.e., larvae, postlarvae, and young juveniles) typically exhibit the lowest survival rates
throughout ontogeny of marine fish and invertebrates (Gosselin and Qian, 1997). Predation pressure is
generally considered the dominant driver of juvenile mortality (Hoey and McCormick, 2004; McCormick
and Hoey, 2004; Hixon and Jones, 2005; Almany and Webster, 2006). Predation on early life stages can
therefore be a major bottleneck by limiting contributions to the adult segment of a population. Hence, es-
timating early life-stage survival associated with predation as well as quantifying effects of environmental
variables on early life-stage survival rates are important both ecologically and for management.

Estuarine research on juvenile survival has largely centered on the refuge role of structurally complex,
biogenic habitats such as submerged aquatic vegetation (e.g. seagrasses; Heck Jr, Hays and Orth, 2003;
Bromilow and Lipcius, 2017), emergent vegetation (e.g. salt marshes and mangrove swamps; Minello
et al., 2003; Sheridan and Hays, 2003), or reef-forming foundation species (e.g. coral reefs; Dahlgren
etal., 2006). Juvenile survival is positively related to habitat quality and quantity because it reduces preda-
tion efficiency (Beck et al., 2001; Heck Jr, Hays and Orth, 2003; Minello et al., 2003; Adams et al., 2006).
Specifically, physical habitat characteristics, such as structural complexity, modify a habitat’s refuge ca-
pacity by altering encounter or capture rates of predators with prey (Lipcius and Hines, 1986; Eggleston
et al., 1990; Lima and Dill, 1990; Seitz et al., 2001; Pirtle, Eckert and Stoner, 2012). However, not
all structure provides equally beneficial refuge. Variation in habitat characteristics may promote or in-
hibit juvenile survival both within specific habitats (e.g. salt marsh; Minello, Rozas and Baker, 2012) as
well as among habitats (e.g. among salt marshes, seagrass beds, and oyster reefs; Lipcius et al., 2005;
Whitfield, 2017; zu Ermgassen et al., 2021). Within-habitat differences in shoot density (Bromilow and
Lipcius, 2017) and patchiness (Hovel and Lipcius, 2001, 2002) can lead to vastly different survival rates
for refuge-seeking juveniles.

Water depth may also influence survival. Studies on juvenile abundance in habitats of simple structure
established that small juveniles were abundant in shallow water where larger predators were absent or
sparse (Ruiz, Hines and Posey, 1993; Baker and Sheaves, 2006) due to negative associations between
prey survival and water depth (Ruiz, Hines and Posey, 1993; Paterson and Whitfield, 2000; Ryer, Laurel
and Stoner, 2010). These observations led to the development of the *Shallow Water Refuge Hypothesis’
or ’Shallow Water Refuge Paradigm’, which posits that predation pressure is lower in shallow water
relative to deeper, adjacent waters and results in a refuge for small juveniles (Ruiz, Hines and Posey,
1993; Baker and Sheaves, 2007; Ryer, Laurel and Stoner, 2010).

Two mechanisms have been proposed which engender the Shallow Water Refuge Hypothesis. First,
foraging efficiency of large aquatic predators diminishes in shallow water because of physiological stress
either directly related to low water levels (i.e. exposure) or indirectly (e.g. increased thermal stress and
decreased dissolved oxygen relative to deeper waters; Hackney, Burbanck and Hackney, 1976). Second,
larger predators are vulnerable to piscivorous shorebirds and mammals and therefore avoid shallow wa-
ter habitats (Ruiz, Hines and Posey, 1993; Zanette and Clinchy, 2019). However, there have been few
attempts to experimentally test these proposed mechanisms (Baker and Sheaves, 2007).

Salt marshes are important, structurally complex habitats of estuarine ecosystems in North America.
Vegetative structure — dense Spartina alterniflora shoots and roots — along tidal marsh shorelines serves
as a refuge for a broad suite of prey species and corresponds with high secondary production (Craig and
Crowder, 2002; Minello et al., 2003). Access to salt marsh vegetation for aquatic organisms is controlled
by marsh flooding and tidal regimes. As a result, the importance of marsh structural complexity in govern-
ing survival is likely regulated by hydrology (Minello, Rozas and Baker, 2012). In mid-Atlantic estuaries,
tidal amplitudes render marsh surfaces exposed for longer intervals than microtidal systems in the Gulf
of Mexico. Aquatic organisms must either leave the vegetated marsh or seek shelter in residual tide pools
along the pitted marsh surface (Allen, Ogburn and Kenny, 2017). Prey survival is likely a function of both
structural refuge as well as shallow water refuge, with the relative importance of each determined by tidal
amplitudes, marsh surface inundation times and species characteristics (de la Barra et al., 2022).
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Several ecologically and economically important species, including the blue crab Callinectes sapidus,
utilize salt marsh habitats. Salt marshes serve as an alternative nursery habitat for juvenile blue crabs
in locations where seagrass — the blue crab’s preferred nursery habitat — is absent or declining (Jivoff
and Able, 2003; Bishop et al., 2010; Johnson and Eggleston, 2010). Salt marshes may also serve as high
quality nurseries even where seagrasses are present, particularly in microtidal locations with prolonged in-
undation intervals (e.g. the Gulf of Mexico; Thomas, Zimmerman and Minello, 1990; Rozas and Minello,
1998; Heck Jr, Coen and Morgan, 2001). Similar to other estuarine-dependent species, salt marshes afford
refuge to juvenile blue crabs through structurally complex shoots and rhizomes (Fitz and Wiegert, 1991;
Zimmerman, Minello and Rozas, 2002; Minello et al., 2003; Johnson and Eggleston, 2010; Isdell et al.,
2021) as well as through detrital material along erosional marsh shorelines (Etherington and Eggleston,
2000; Etherington, Eggleston and Stockhausen, 2003; Voigt and Eggleston, 2022). Blue crab secondary
production is enhanced by availability of fringing salt marsh edge (Zimmerman, Minello and Rozas, 2002;
zu Ermgassen et al., 2021; Hyman et al., 2022), especially in locations devoid of structurally complex,
submersed macrophytes (Johnson and Eggleston, 2010; Johnston and Caretti, 2017). However, the degree
to which salt marsh structural complexity promotes survival in juvenile blue crabs was contradictory in
mesocosm experiments using artificial S. alterniflora shoot densities. In one, mortality of post-larvae or
first-instar juveniles preyed on by Fundulus heteroclitus did not differ by shoot density (Orth and van
Montfrans, 2002). In another, high S. alterniflora shoot densities enhanced survival of similarly-sized
juvenile crabs cannibalized by larger conspecifics (Johnston and Caretti, 2017). These conflicting results
may be due to methodological differences or the choice of predator. Moreover, the results were likely
size-specific, as juvenile blue crabs reached a size refuge from F. heteroclitus at 12 mm carapace width
(Orth and van Montfrans, 2002).

Structural complexity and water depth in intertidal salt marshes may collectively provide high quality
refuge for juvenile blue crabs. In tethering studies, juvenile blue crab survival was inversely related to
water depth (Ruiz, Hines and Posey, 1993; Dittel et al., 1995; Hines and Ruiz, 1995). Thus, intertidal salt
marsh creeks may enhance survival across the tidal regime — in structurally complex S. alterniflora shoots
at flood tide and in adjacent shallow subtidal waters at ebb tide.

Despite the clear effects of shallow water on juvenile blue crab survival, the underlying mechanisms
driving this phenomenon remain uncertain. Juvenile blue crab survival and the proportion of damaged,
surviving juvenile crabs both increase in shallow water, suggesting that predator foraging efficiency is
reduced in these conditions (Hines and Ruiz, 1995). However, the primary predator of juvenile blue
crabs is conspecific adults (Hines and Ruiz, 1995; Moody, 2003; Eggleston, Bell and Amavisca, 2005;
Bromilow and Lipcius, 2017). Unlike piscivorous fish, adult blue crabs can withstand exposure to air
for prolonged intervals without incurring adverse effects (Batterton and Cameron, 1978). Therefore, it is
unlikely that shallow water alone would inhibit foraging of adult blue crabs.

In this study, we examined the effects of salt marsh structural complexity and water depth on survival
for juvenile blue crabs. Under controlled laboratory conditions, we experimentally manipulated artifi-
cial salt marsh shoot density and water depth using juvenile blue crabs as prey and adult conspecifics
as predators. Our objectives were to (1) ascertain the effects of increasing marsh structurally complex-
ity on survival, (2) determine whether previously observed patterns of shallow water refuge in juvenile
blue crabs are due to reductions in foraging efficiency, and (3) evaluate the extent to which structural
complexity and water depth interact to promote survival.

Logical framework. We employed mesocosms to determine the effects of water depth and salt marsh
shoot density on juvenile blue crab survival. Under an Information Theoretic framework (?) we devel-
oped multiple alternative hypotheses (H;) (Chamberlain et al., 1890). Herein we describe and justify the
hypotheses and corresponding independent variables.

H;: Water depth reduces survival, as predation pressure on juvenile fish and crustaceans is increased in
deeper water because larger predators experience decreases in foraging success in shallow water (Ruiz,
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Hines and Posey, 1993; Dittel et al., 1995; Hines and Ruiz, 1995).

H,: Survival increases with marsh shoot density, based on juveniles having access to refuge from preda-
tion in structured habitats (Lipcius et al., 2001; Hill and Weissburg, 2013).

Hj: Survival is a function of both water depth and shoot density. These two variables may additively pro-
mote survival (Hs,) or may interact (Hsp) to synergistically promote survival. All subsequent hypotheses
will include an additive-only model (Hj,) and a model with a water depth-shoot density interaction (Hjp).
Hy: Survival is a function of water depth, shoot density, and predator size, such that survival is inversely
related to predator size because larger crabs may be restricted in movement more than small juveniles and
as a result less efficient when foraging for small juveniles (Arnold, 1984; Blundon and Kennedy, 1982;
Hill and Weissburg, 2013; Shakeri et al., 2020).

Hs: Survival is a function of water depth, shoot density, predator size, and prey size. As juvenile blue
crabs grow, they are less susceptible to predation as their carapace widens and becomes harder, spines
become more prominent, and aggressive behavior intensifies (Hines and Ruiz, 1995; Hovel and Lipcius,
2002; Lipcius et al., 2007; Bromilow, 2017).

Methods.

Experimental design. FEight 160-L recirculating cylindrical fiberglass tanks with a bottom area of
0.36 m?, aerated by an airstone, simulated an estuarine marsh. Juvenile blue crabs were caught weekly
using dip-nets in local seagrass and algal habitats. Prior to the experiment, juvenile blue crabs were set
into tanks without a predator and recovered 24 h later after draining the tank completely (n = 14). All
animals were found within 5 min of searching, which validated the assumption that missing animals
at the conclusion of a trial were eaten. In each tank, PVC aqueducts continuously supplied river-sourced
water at a constant flow rate. Tank water was changed completely after each trial (i.e. every 48 h) to reduce
buildup of ammonia, nitrates, and other waste compounds. Tank sand was similarly completely removed
from the tank following the conclusion of a trial and replaced as an additional precaution to ensure all
prey were collected. Before each trial, temperature, salinity, and dissolved oxygen (DO) were measured
in each tank with a YSI data sonde to account for natural fluctuations in the river-sourced flow-through
water.

Adult blue crabs were selected as model predators, as adult conspecifics are among the most important
predators of small juveniles (Moody, 2003; Eggleston, Bell and Amavisca, 2005; Hines, 2007; Lipcius
et al., 2007; Bromilow and Lipcius, 2017). Adult crabs were caught using crab traps in the York River.
Following capture, each crab was measured, tagged, placed in a holding tank, and fed juvenile blue crabs
to acclimate predators to prey. Holding tanks employed the same flow-through river water as experimental
tanks. If an adult crab molted, it was allowed to harden for at least 2 d prior to the next trial. Adult crabs
were acclimated to experimental conditions, in separate cages to deter antagonistic behavior, for 14 d prior
to a trial. Juvenile blue crabs (prey) were acclimated in a separate tank with individual compartments to
deter antagonistic behavior.

Shoot density and water depth were experimentally manipulated for each trial, while monitoring
physicochemical variables. Four shoot density treatments with 0, 64, 96, and 128 (corresponding to densi-
ties of 0, 388, 582, and 776 m2, respectively) were employed based on reported densities in S. alterniflora
salt marshes (Cranford, Gordon and Jarvis, 1989; Dai and Wiegert, 1996; Chaisson, Jones and Warren,
2022). Marsh shoot densities were simulated using wooden dowels (1 cm diameter, 30.8 cm height) placed
into a 40.6 cm x 40.6 cm plastic pegboard, which was buried 3-5 cm beneath sand from the York River. A
control treatment included a peg board without dowels. Water depth was controlled using pre-measured
PVC standpipes in the center of each tank (Fig. 1). Prior to each trial, tanks were randomly assigned to
one of five inundation treatments (0, 4, 6, 12, and 24 cm) and one of four shoot density treatments. The 0
cm inundation treatment included an inundated refuge for the predator which emulated the pitted marsh
surface used by adult blue crabs to forage at low tide (Johnson, 2022).
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Low water

High water

FI1G 1. Conceptual diagram depicting mesocosm experimental design and idealized tank setup for water depth-
shoot density experiment for 4 cm and 24 cm water depth treatments. Water levels for 0 cm, 6 cm, and 12 cm are
not shown for brevity. Shoot density and water depth treatments were randomized regularly to avoid tank-specific
bias.

For each trial, an adult blue crab (predator) was selected randomly from the holding tank and placed
into each experimental tank. After recording its carapace width, a juvenile blue crab was placed in the
center of each tank near the drainpipe. Each trial ran for 24 h, after which the adult crab was removed with
a dip net, placed in a separate tank, fed, and left to acclimate for 24 h before the next trial. Subsequently,
each tank was completely drained via a plastic siphon and searched for 10 min (i.e. twice the duration
estimated to recover surviving juveniles) for surviving juveniles or carapace fragments. The absence of
a juvenile crab or presence of carapace fragments was interpreted as a predation event. Then, tanks were
refilled. If an adult crab died or behaved abnormally, another adult was selected randomly from a holding
tank containing replacement crabs. The experiment was replicated for 17 trials (n = 136, Fig. 1).

Data analysis. After each trial, data were recorded digitally. All data analyses, transformations, and
visualizations were conducted using the R programming language for statistical computing (R Core Team,
2022). At the conclusion of each experiment, binary survival data were assessed using generalized lin-
ear regression mixed-effects models to evaluate effects of experimental treatments and water chemistry
variables. The response variable, juvenile survival or death, was modeled using a binomial distribution
and related to predictor variables using the logit-link (i.e. logistic regression). Predator ID, trial number,
and tank ID were initially included as random-intercept effects but discarded due to negligible resid-
ual variation explained in all cases. This effectively reduced the model structures to generalized linear
models.

The hypotheses for each experiment were translated into sets of statistical models (g;; Table 2) and
evaluated within an information theoretic framework (Burnham and Anderson, 2002; Anderson, 2008).
Salinity, temperature, and DO were initially included as fixed effects to ensure that variation in these
variables did not influence survival, and were subsequently eliminated each from consideration. For each
model set, AIC (Akaike’s Information Criterion) corrected for small sample size (AICc) was employed
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to evaluate the degree of statistical support for each model. Weighted model probabilities (w;) based on
A; values determined the probability that a particular model was the best-fitting model in a set. Models
with A; values within two points of the best fitting model were considered to have comparable sup-
port and were further evaluated using likelihood ratio X? tests to determine their importance (Burnham
and Anderson, 1998, 2002). When two models had comparable A; values and likelihood ratio X 2 tests
did not suggest significant differences in explanatory power, the simpler model was chosen as the more
appropriate model under the principle of parsimony.

Results. In total, we ran 136 tank-trial combinations, although four trials were expunged due to
outliers likely associated with erroneous equipment readings (e.g. extremely high dissolved oxygen).
Data and ranges for physicochemical variables (DO, temperature, and salinity) and sizes of prey and
predators are detailed in Table 1 and Figure 2.

TABLE 1
Summary statistics for physicochemical variables Salinity (Sal), Temperature (Temp), Dissolved Oxygen (DO),
Predator Width (Predator CW), and Prey Width (Prey CW). CW = carapace width.

Estimate  Sal Temp DO Predator CW  Prey CW

0 (mg/L) (mm) (mm)
Minimum 1708 2360  4.68 104.00 12.40
Mean 19.83 2621  6.09 132.00 2232
Maximum 2075 2790 771 155.00 35.70
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FIG 2. Histogram of all crab carapace widths used in the mesocosm study.

The best fitting model was gs, which posited survival solely as a function of shoot density. Models g2,
g3, and g5 possessed similar AICc scores (A; < 2, Table 2) and a log-likelihood ratio X 2 test indicated
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the predictive performance of these models were equivalent. However, the additional predictors in models
gs (water depth) and g5 (water depth and predator width), were not statistically significant (p > 0.05),
thus we chose model g2 as the best model. The odds of survival increased positively and asymptotically
with shoot density (Fig. 3) by 0.26% for every 1 unit increase in shoot density (Table 3).

TABLE 2
Information theoretic analysis (Anderson, 2008) of 8 logistic regression mixed-effect models (g;)
formulated using water depth (WD), shoot density (SD), predator width (P), and prey width (Sp) as
predictors of juvenile blue crab survival, where AIC. is the Akaike’s information criterion corrected for
small sample size, A; is the difference between any model and the best model in the set, and w; is the
weighted model probability that a given model is the best among the set considered.

Hypothesis Model: Formula AIC. A, w;
Hy 1: WD 160.71 1478 0.00
Hy go: SD 145.93 0.00 0.34
Hs, g3: WD + SD 147.55 1.62 0.15
Hgy g4: WD + SD + (WD x SD) 149.39 346 0.06
Hy, g5: WD +SD +P 146.64 0.71 0.24
Hyy, g6: WD + SD + (WD x SD) + P 148.71 278  0.09
Hs, g7: WD +SD +P+Sp 148.66 273 0.09
Hgy, 93: WD +SD+(WDxSD)+P+Sp 150.73 4.80 0.03
TABLE 3
Summary results of model g5 coefficients: SD denotes shoot density. Estimates are on the model (i.e. logit)
scale.

Estimate  Std. Error  z value P-value

Intercept -0.01 0.32 -0.03 0.98

SD 2.6e-3 0.7e-3 375 << 0.01

Discussion. This study examined relationships between juvenile blue crab survival and environmen-
tal variables in simulated salt marsh habitat. Our objective was to assess the relationship between varying
water depth/shoot density combinations in mediating survival of juvenile blue crabs. Multi-modal analy-
sis indicated a relatively simple model describing survival as a function of shoot density best explained
juvenile survival.

Effects of water depth. 'The major findings were that survival was unaffected by water depth and that
water-level effects were independent of marsh shoot density. This implies that even in areas of very shal-
low water, adult blue crabs experience minimal impediments to foraging. The refuge effects of shallow
water may be dependent on the predator-prey interaction, such that only piscine predators too large to
access shallow water are hindered (de la Barra et al., 2022). In contrast to piscine predators, adult blue
crab predators are unique in their ability to withstand exposure to air, such as when adult and subadult
blue crabs exploit shallow pools of muddy water at ebb tide to ambush prey when the marsh surface is
exposed (Johnson, 2022).

This suggests that the second mechanism proposed to drive the shallow water refuge hypothesis — that
predator behavior is inhibited by higher-level predators such as birds and mammals — underlies the ob-
served effects of shallow water on juvenile blue crab survival with respect to cannibalizing adults (Zanette
and Clinchy, 2019). For example, the presence of piscivorous shorebirds and mammals may discourage
fish and adult blue crabs from entering shallow or exposed salt marsh habitat, thereby decreasing en-
counter probabilities and enhancing survival of small juveniles (Ruiz, Hines and Posey, 1993).
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FIG 3. Logistic regression mean conditional effects of shoot density on survival based on estimates. Points depict
aggregated data; mean survival proportions across water depth treatments and shoot densities. Shaded regions
depict 95% confidence bands.

Effects of structural complexity. Increasing shoot density enhanced juvenile blue crab survival. This
effect is consistent with literature (Lipcius et al., 2001; Hovel and Lipcius, 2001, 2002; Long, Sellers
and Hines, 2013) and indicates that patch-level variation in structural complexity mediates survival of
juvenile crabs even at fine spatial scales and larger scales (Hovel and Lipcius, 2002). Although the effects
of salt marsh shoot density on juvenile blue crab survival have been examined for smaller size classes of
juveniles (e.g. 2 — 9.1 mm CW; Orth and van Montfrans, 2002; Johnston and Caretti, 2017), this is the
first study describing such relationships for larger juveniles (i.e. 12 — 35 mm CW).

In salt marshes, the relationship between structural complexity and juvenile survival is likely mediated
by both predator and prey size (Orth and van Montfrans, 2002; Johnston and Caretti, 2017; Hill and
Weissburg, 2013). Predators optimize foraging by optimizing tradeoffs between the benefits gained and
the costs incurred in obtaining prey (Hambright, 1991; Cachera et al., 2017). When prey size is too small
relative to the size of the predator, the costs of pursuing the prey item relative to larger, more palatable prey
items exceed the expected benefits. Hence, smaller juveniles — first-fifth instars 2.2 to 9 mm CW (Pile
et al., 1996) — are most likely predated upon by smaller predators compared to larger juveniles. Small
predators are less cumbered by salt marsh structural complexity because they can navigate within the
interstitial spaces between shoots (Orth and van Montfrans, 2002; Hill and Weissburg, 2013). However,
as juvenile outgrow the mouth-gape sizes of smaller predators, they become increasingly preferred prey
to larger predators can be inhibited by salt marsh shoots and rhizomes. Although we did not detect any
effect either of predator or prey size, the size ranges of both predator and prey in the present study likely
reflect the latter relationship, while previous studies focusing on smaller sizes classes of both prey and
predators reflect the former.

Shoot density is not the only aspect of structural complexity afforded by salt marsh habitats. Detritus
exported from the vegetated marsh surface accumulates off the marsh edge and in adjacent tidal marsh
creeks. This shallow detrital habitat associated with eroding peat can harbor high densities of juvenile
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blue crabs (Etherington and Eggleston, 2000). Shallow detrital habitats may similarly promote survival
relative to unstructured sand in shallow water as well as depths accessible by piscivorous predators (Voigt
and Eggleston, 2022). However, the degree to which shallow detrital habitats enhance survival in juvenile
blue crabs or other prey remains untested. Future studies are required to ascertain whether the associa-
tion between shallow detrital habitat and juvenile blue crabs reflects a top-down (survival) or bottom-up
(growth) process (Lipcius et al., 2005; Seitz, Lipcius and Seebo, 2005).

Relevance. Evaluating the capability of salt marshes to serve as alternative nurseries for small juve-
nile blue crabs has implications for blue crab population management both in the Chesapeake Bay and
elsewhere. In the past, seagrass meadows were emphasized as the preferred nursery for juvenile blue
crabs (Orth and van Montfrans, 1987; Perkins-Visser, Wolcott and Wolcott, 1996; Hovel and Lipcius,
2002; Ralph et al., 2013; Bromilow and Lipcius, 2017). Seagrass beds support disproportionately high
densities of small (i.e. < 20mm) juvenile crabs relative to other candidate habitats (e.g. Orth and van
Montfrans, 1987; Lipcius et al., 2005) and elevated survival relative to unstructured substrates (Hovel and
Lipcius, 2001, 2002; Bromilow and Lipcius, 2017). However, in many locations, such as the Chesapeake
Bay, seagrass meadows have been declining for decades due to anthropogenic stress Orth et al. (2010).
The dominant seagrass species in the Chesapeake Bay, Zostera marina (eelgrass), currently experiences
temperature-induced stress in summer months, giving rise to severe episodic die-offs followed by lim-
ited recovery (Moore, Shields and Parrish, 2014). These meadows are expected to continue to decline in
abundance and distribution in the Chesapeake Bay as summer temperatures rise; a direct result of climate
change (Waycott et al., 2009; Moore, Shields and Parrish, 2014; Wilson and Lotze, 2019). Comparisons
of salt marsh nursery function to that of habitats such as seagrass meadows is necessary to understand if
continued losses of Z. marina meadows can be compensated by salt marshes for juvenile blue crabs, as
occurs in the Gulf of Mexico (Minello et al., 2003). The present study informs management in prioritizing
and directing restoration and conservation efforts, as well as setting shoot density targets as metrics for
restoration success.

Caveats and future research. Inferences in this study are limited by the use of a single predator
species—adult blue crabs. While the ecology of juvenile blue crabs, and specifically the importance of
larger conspecifics in influencing survival, made this choice a logical first step, several piscine predators—
such as blue catfish Ictalurus furcatus, red drum Sciaenops ocellatus, and striped bass Morone saxatilis—
also consume juvenile blue crabs at high rates (Mosca III, Rudershausen and Lipcius, 1995; Hines, 2007;
Lipcius et al., 2007). Hence, future studies could expand inference via replicating these experiments with
a piscine predator. In relation to inundation, additional experiments could simulate tidal dynamics rather
than utilizing a static system.

Acknowledgments. The authors thank Michael Seebo for mesocosm setup and advice on captur-
ing, acclimating, and maintaining experimental animals. Authors also acknowledge the Virginia Institute
of Marine Science Research Experience for Undergraduates (VIMS REU) program. Funding for this
work was provided by the National Science Foundation (grant number NSF OCE 1659656), as well as
the National Marine Fisheries Service (NMFS)-Sea Grant Joint Fellowship Program in Population and
Ecosystem Dynamics.

Funding. Preparation of this manuscript by ACH was funded by a Willard A. Van Engel Fellow-
ship of the Virginia Institute of Marine Science, William & Mary, as well as the NMFS-Sea Grant Joint
Fellowship 2021 Program in Population and Ecosystem Dynamics.


https://doi.org/10.1101/2023.01.23.524977
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.23.524977; this version posted January 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

10

REFERENCES

ADAMS, A. J., DAHLGREN, C. P., KELLISON, G. T., KENDALL, M. S., LAYMAN, C. A., LEY, J. A., NAGELKERKEN, I. and
SERAFY, J. E. (2006). Nursery function of tropical back-reef systems. Marine Ecology Progress Series 318 287-301.

ALLEN, D. M., OGBURN, M. and KENNY, P. D. (2017). Nekton use of flooded salt marsh and an assessment of intertidal creek
pools as low-tide refuges. Estuaries and Coasts 40 1450-1463.

ALMANY, G. R. and WEBSTER, M. S. (2006). The predation gauntlet: early post-settlement mortality in reef fishes. Coral Reefs
25 19-22.

ANDERSON, D. R. (2008). Model based inference in the life sciences: a primer on evidence. Springer Science & Business
Media.

ARNOLD, W. S. (1984). The effects of prey size, predator size, and sediment composition on the rate of predation of the
blue crab, Callinectes Sapidus Rathbun, on the hard clam, Mercenaria mercenaria (Linné). Journal of Experimental Marine
Biology and Ecology 80 207-219.

BAKER, R. and SHEAVES, M. (2006). Visual surveys reveal high densities of large piscivores in shallow estuarine nurseries.
Marine Ecology Progress Series 323 75-82.

BAKER, R. and SHEAVES, M. (2007). Shallow-water refuge paradigm: conflicting evidence from tethering experiments in a
tropical estuary. Marine Ecology Progress Series 349 13-22.

BATTERTON, C. V. and CAMERON, J. N. (1978). Characteristics of resting ventilation and response to hypoxia, hypercapnia,
and emersion in the blue crab Callinectes sapidus (Rathbun). Journal of Experimental Zoology 203 403-418.

BECK, M. W., HECK, K. L., ABLE, K. W., CHILDERS, D. L., EGGLESTON, D. B., GILLANDERS, B. M., HALPERN, B.,
HAys, C. G., HOSHINO, K., MINELLO, T. J., ORTH, R. J., SHERIDAN, P. F. and WEINSTEIN, M. P. (2001). The identifi-
cation, conservation, and management of estuarine and marine nurseries for fish and invertebrates: a better understanding of
the habitats that serve as nurseries for marine species and the factors that create site-specific variability in nursery quality will
improve conservation and management of these areas. Bioscience 51 633—-641.

BisHop, T. D., MILLER, H. L., WALKER, R. L., HURLEY, D. H., MENKEN, T. and TILBURG, C. E. (2010). Blue crab
(Callinectes sapidus Rathburn, 1896) settlement at three Georgia (USA) estuarine sites. Estuaries and Coasts 33 688—698.
BLUNDON, J. A. and KENNEDY, V. S. (1982). Refuges for infaunal bivalves from blue crab, Callinectes sapidus (Rathbun),

predation in Chesapeake Bay. Journal of Experimental Marine Biology and Ecology 65 67-81.

BROMILOW, A. M. (2017). Juvenile blue crab survival in nursery habitats: predator identification and predation impacts in
Chesapeake Bay, PhD thesis, Virginia Institute of Marine Science, William & Mary.

BROMILOW, A. M. and LipcIus, R. N. (2017). Mechanisms governing ontogenetic habitat shifts: role of trade-offs, predation,
and cannibalism for the blue crab. Marine Ecology Progress Series 584 145-159.

BURNHAM, K. P. and ANDERSON, D. R. (1998). Practical use of the information-theoretic approach. In Model selection and
inference 75-117. Springer.

BURNHAM, K. P. and ANDERSON, D. R. (2002). A practical information-theoretic approach. Model selection and multimodel
inference, 2nd ed. Springer, New York 2.

CACHERA, M., ERNANDE, B., VILLANUEVA, M. and LEFEBVRE, S. (2017). Individual diet variation in a marine fish assem-
blage: Optimal Foraging Theory, Niche Variation Hypothesis and functional identity. Journal of Sea Research 120 60-71.
CHAISSON, C., JONES, C. C. and WARREN, R. S. (2022). Seasonal Stem Loss and Self-thinning in Low Marsh Spartina

alterniflora in a New England Tidal Marsh. Estuaries and Coasts 1-10.

CHAMBERLAIN, T. C. et al. (1890). The method of multiple working hypotheses. Science 15 92-96.

CRAIG, J. K. and CROWDER, L. B. (2002). Factors influencing habitat selection in fishes with a review of marsh ecosystems.
Concepts and Controversies in Tidal Marsh Ecology 241-266.

CRANFORD, P. J., GORDON, D. C. and JARVIS, C. M. (1989). Measurement of cordgrass, Spartina alterniflora, production in
a macrotidal estuary, Bay of Fundy. Estuaries 12 27-34.

DAHLGREN, C. P., KELLISON, G. T., ADAMS, A. J., GILLANDERS, B. M., KENDALL, M. S., LAYMAN, C. A.,LEY, J. A.,
NAGELKERKEN, I. and SERAFY, J. E. (2006). Marine nurseries and effective juvenile habitats: concepts and applications.
Marine Ecology Progress Series 312 291-295.

DAI1, T. and WIEGERT, R. G. (1996). Ramet population dynamics and net aerial primary productivity of Spartina alterniflora.
Ecology T7 276-288.

DE LA BARRA, P., SKOV, M. W., LAWRENCE, P. J., SCHIAFFI, J. I. and HIDDINK, J. G. (2022). Tidal water exchange drives
fish and crustacean abundances in salt marshes. Marine Ecology Progress Series 694 61-72.

DITTEL, A. 1., HINES, A. H., RU1Z, G. M. and RUFFIN, K. K. (1995). Effects of shallow water refuge on behavior and
density-dependent mortality of juvenile blue crabs in Chesapeake Bay. Bulletin of Marine Science 57 902-916.

EGGLESTON, D. B., BELL, G. W. and AMAVISCA, A. D. (2005). Interactive effects of episodic hypoxia and cannibalism on
juvenile blue crab mortality. Journal of Experimental Marine Biology and Ecology 325 18-26.

EGGLESTON, D. B., LipcIus, R. N., MILLER, D. L. and COBA-CETINA, L. (1990). Shelter scaling regulates survival of
juvenile Caribbean spiny lobster Panulirus argus. Marine Ecology Progress Series 79-88.


https://doi.org/10.1101/2023.01.23.524977
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.23.524977; this version posted January 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

WATER DEPTH AND SHOOT DENSITY IN SIMULATED MARSH 11

ETHERINGTON, L. L. and EGGLESTON, D. B. (2000). Large-scale blue crab recruitment: linking postlarval transport, post-
settlement planktonic dispersal, and multiple nursery habitats. Marine Ecology Progress Series 204 179-198.

ETHERINGTON, L. L., EGGLESTON, D. B. and STOCKHAUSEN, W. T. (2003). Partitioning loss rates of early juvenile blue
crabs from seagrass habitats into mortality and emigration. Bulletin of Marine Science 72 371-391.

Fi1TZ, H. C. and WIEGERT, R. G. (1991). Utilization of the intertidal zone of a salt marsh by the blue crab Callinectes sapidus:
density, return frequency, and feeding habits. Marine Ecology Progress Series 249-260.

GOSSELIN, L. A. and QIAN, P.-Y. (1997). Juvenile mortality in benthic marine invertebrates. Marine Ecology Progress Series
146 265-282.

HACKNEY, C., BURBANCK, W. and HACKNEY, O. (1976). Biological and physical dynamics of a Georgia tidal creek. Chesa-
peake Science 17 271-280.

HAMBRIGHT, K. D. (1991). Experimental analysis of prey selection by largemouth bass: role of predator mouth width and prey
body depth. Transactions of the American Fisheries Society 120 500-508.

HECK JR, K., COEN, L. and MORGAN, S. (2001). Pre-and post-settlement factors as determinants of juvenile blue crab Call-
inectes sapidus abundance: results from the north-central Gulf of Mexico. Marine Ecology Progress Series 222 163-176.
HECK JR, K., HAYS, G. and ORTH, R. J. (2003). Critical evaluation of the nursery role hypothesis for seagrass meadows.

Marine Ecology Progress Series 253 123—136.

HiLL, J. M. and WEISSBURG, M. J. (2013). Habitat complexity and predator size mediate interactions between intraguild blue
crab predators and mud crab prey in oyster reefs. Marine Ecology Progress Series 488 209-219.

HINES, A. H. (2007). Ecology of juvenile and adult blue crabs. The Blue Crab Callinectes sapidus. Maryland Sea Grant College,
College Park, Maryland 565-654.

HINES, A. H. and RuU1z, G. M. (1995). Temporal variation in juvenile blue crab mortality: nearshore shallows and cannibalism
in Chesapeake Bay. Bulletin of Marine Science 57 884-901.

HIXON, M. A. and JONES, G. P. (2005). Competition, predation, and density-dependent mortality in demersal marine fishes.
Ecology 86 2847-2859.

HOEY, A. S. and MCCORMICK, M. I. (2004). Selective predation for low body condition at the larval-juvenile transition of a
coral reef fish. Oecologia 139 23-29.

HOVEL, K. A. and Lipcius, R. N. (2001). Habitat fragmentation in a seagrass landscape: patch size and complexity control
blue crab survival. Ecology 82 1814-1829.

HoVEL, K. A. and Lipcius, R. N. (2002). Effects of seagrass habitat fragmentation on juvenile blue crab survival and abun-
dance. Journal of Experimental Marine Biology and Ecology 271 75-98.

HymaN, A. C., CHIU, G. S., FABRIZIO, M. C. and Lipcius, R. N. (2022). Spatiotemporal Modeling of Nursery Habitat
Using Bayesian Inference: Environmental Drivers of Juvenile Blue Crab Abundance. Frontiers in Marine Science 9 834990.

ISDELL, R. E., BILKOVIC, D. M., GUTHRIE, A. G., MITCHELL, M. M., CHAMBERS, R. M., LEU, M. and HERSHNER, C.
(2021). Living shorelines achieve functional equivalence to natural fringe marshes across multiple ecological metrics. PeerJ
9el1815.

JIvOoFF, P. R. and ABLE, K. W. (2003). Evaluating salt marsh restoration in Delaware Bay: the response of blue crabs, Call-
inectes sapidus, at former salt hay farms. Estuaries 26 709-719.

JOHNSON, D. S. (2022). Beautiful swimmers attack at low tide. Ecology ecy—3787.

JOHNSON, E. G. and EGGLESTON, D. B. (2010). Population density, survival and movement of blue crabs in estuarine salt
marsh nurseries. Marine Ecology Progress Series 407 135-147.

JOHNSTON, C. A. and CARETTI, O. N. (2017). Mangrove expansion into temperate marshes alters habitat quality for recruiting
Callinectes spp. Marine Ecology Progress Series 573 1-14.

LiMA, S. L. and DILL, L. M. (1990). Behavioral decisions made under the risk of predation: a review and prospectus. Canadian
Jjournal of zoology 68 619-640.

Lipcius, R. N. and HINES, A. H. (1986). Variable functional responses of a marine predator in dissimilar homogeneous
microhabitats. Ecology 67 1361-1371.

Lipcius, R. N, SEITZ, R. D., GOLDSBOROUGH, W. J., MONTANE, M. M. and STOCKHAUSEN, W. T. (2001). A deepwater
dispersal corridor for adult female blue crabs in Chesapeake Bay. Kruse GH and 8 643—-666.

Lipcius, R. N., SEITZ, R. D., SEEBO, M. S. and COLON-CARRION, D. (2005). Density, abundance and survival of the blue
crab in seagrass and unstructured salt marsh nurseries of Chesapeake Bay. Journal of Experimental Marine Biology and
Ecology 319 69-80.

Lipcrus, R. N., EGGLESTON, D. B., HECK JR, K. L., SEITZ, R. D. and VAN MONTRANS, J. (2007). Post-settlement abun-
dance, survival, and growth of postlarvae and young juvenile blue crabs in nursery habitats. The Blue Crab Callinectes
sapidus. Maryland Sea Grant College, College Park, Maryland 535-564.

LoNG, W. C., SELLERS, A. J. and HINES, A. H. (2013). Mechanism by which coarse woody debris affects predation and
community structure in Chesapeake Bay. Journal of experimental marine biology and ecology 446 297-305.


https://doi.org/10.1101/2023.01.23.524977
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.23.524977; this version posted January 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

12

McCoRrRMICK, M. 1. and HOEY, A. S. (2004). Larval growth history determines juvenile growth and survival in a tropical
marine fish. Oikos 106 225-242.

MINELLO, T. J.,ROzAS, L. P. and BAKER, R. (2012). Geographic variability in salt marsh flooding patterns may affect nursery
value for fishery species. Estuaries and Coasts 35 501-514.

MINELLO, T. J., ABLE, K. W., WEINSTEIN, M. P. and HAYS, C. G. (2003). Salt marshes as nurseries for nekton: testing
hypotheses on density, growth and survival through meta-analysis. Marine Ecology Progress Series 246 39-59.

Mooby, K. E. (2003). Predators of juvenile blue crabs outside of refuge habitats in lower Chesapeake Bay. Estuaries 26 759—
764.

MOORE, K. A., SHIELDS, E. C. and PARRISH, D. B. (2014). Impacts of varying estuarine temperature and light conditions on
Zostera marina (eelgrass) and its interactions with Ruppia maritima (widgeongrass). Estuaries and Coasts 37 20-30.

Mosca III, T. C., RUDERSHAUSEN, P. J. and Lipc1us, R. N. (1995). Do striped bass and blue crab abundances correlate in
Chesapeake Bay? Virginia Journal of Science 46 249-258.

ORTH, R. J. and VAN MONTFRANS, J. (1987). Utilization of a seagrass meadow and tidal marsh creek by blue crabs Callinectes
sapidus. Seasonal and annual variations in abundance with emphasis on post-settlement juveniles. Marine Ecology Progress
Series 41 283.

ORTH, R. J. and VAN MONTFRANS, J. (2002). Habitat quality and prey size as determinants of survival in post-larval and early
juvenile instars of the blue crab Callinectes sapidus. Marine Ecology Progress Series 231 205-213.

ORTH, R. J., WILLIAMS, M. R., MARION, S. R., WILCOX, D. J., CARRUTHERS, T. J., MOORE, K. A., KEMP, W. M.,
DENNISON, W. C., RYBICKI, N., BERGSTROM, P. and BATIUK, R. A. (2010). Long-term trends in submersed aquatic
vegetation (SAV) in Chesapeake Bay, USA, related to water quality. Estuaries and Coasts 33 1144-1163.

PATERSON, A. and WHITFIELD, A. (2000). Do shallow-water habitats function as refugia for juvenile fishes? Estuarine, Coastal
and Shelf Science 51 359-364.

PERKINS-VISSER, E., WOLCOTT, T. G. and WOLCOTT, D. L. (1996). Nursery role of seagrass beds: enhanced growth of
juvenile blue crabs (Callinectes sapidus Rathbun). Journal of Experimental Marine Biology and Ecology 198 155-173.

PILE, A. J., Lipcius, R. N., VAN MONTFRANS, J. and ORTH, R. J. (1996). Density-dependent settler-recruit-juvenile rela-
tionships in blue crabs. Ecological Monographs 66 277-300.

PIRTLE, J. L., ECKERT, G. and STONER, A. (2012). Habitat structure influences the survival and predator prey interactions of
early juvenile red king crab Paralithodes camtschaticus. Marine Ecology Progress Series 465 169—184.

RALPH, G. M., SEITZ, R. D., ORTH, R. J., KNICK, K. E. and LipcIus, R. N. (2013). Broad-scale association between
seagrass cover and juvenile blue crab density in Chesapeake Bay. Marine Ecology Progress Series 488 51-63.

RozaAs, L. P. and MINELLO, T. J. (1998). Nekton use of salt marsh, seagrass, and nonvegetated habitats in a south Texas (USA)
estuary. Bulletin of Marine Science 63 481-501.

Ruiz, G. M., HINES, A. H. and POSEY, M. H. (1993). Shallow water as a refuge habitat for fish and crustaceans in non-
vegetated estuaries: an example from Chesapeake Bay. Marine Ecology Progress Series 1-16.

RYER, C., LAUREL, B. and STONER, A. (2010). Testing the shallow water refuge hypothesis in flatfish nurseries. Marine
Ecology Progress Series 415 275-282.

SEITZ, R. D., LIPCIuS, R. N. and SEEBO, M. S. (2005). Food availability and growth of the blue crab in seagrass and unvege-
tated nurseries of Chesapeake Bay. Journal of Experimental Marine Biology and Ecology 319 57-68.

SEITZ, R. D., L1PCIUS, R. N., HINES, A. H. and EGGLESTON, D. B. (2001). Density-dependent predation, habitat variation,
and the persistence of marine bivalve prey. Ecology 82 2435-2451.

SHAKERI, L. M., DARNELL, K. M., CARRUTHERS, T. J. and DARNELL, M. Z. (2020). Blue crab abundance and survival in a
fragmenting coastal marsh system. Estuaries and Coasts 43 1545-1555.

SHERIDAN, P. and HAYS, C. (2003). Are mangroves nursery habitat for transient fishes and decapods? Wetlands 23 449—458.

R CoORE TEAM (2022). R: A Language and Environment for Statistical Computing R Foundation for Statistical Computing,
Vienna, Austria.

THOMAS, J., ZIMMERMAN, R. and MINELLO, T. (1990). Abundance patterns of juvenile blue crabs (Callinectes sapidus) in
nursery habitats of two Texas bays. Bulletin of Marine Science 46 115-125.

VOIGT, E. P. and EGGLESTON, D. B. (2022). Spatial Variation in Nursery Habitat Use by Juvenile Blue Crabs in a Shallow,
Wind-Driven Estuary. Estuaries and Coasts 1-15.

WAYCOTT, M., DUARTE, C. M., CARRUTHERS, T. J., ORTH, R. J., DENNISON, W. C., OLYARNIK, S., CALLADINE, A.,
FOURQUREAN, J. W., HECK JR, K. L., HUGHES, A. R. et al. (2009). Accelerating loss of seagrasses across the globe
threatens coastal ecosystems. Proceedings of the National Academy of Sciences 106 12377-12381.

WHITFIELD, A. K. (2017). The role of seagrass meadows, mangrove forests, salt marshes and reed beds as nursery areas and
food sources for fishes in estuaries. Reviews in Fish Biology and Fisheries 27 75-110.

WILSON, K. L. and LoTZE, H. K. (2019). Climate change projections reveal range shifts of eelgrass Zostera marina in the
Northwest Atlantic. Marine Ecology Progress Series 620 47-62.

ZANETTE, L. Y. and CLINCHY, M. (2019). Ecology of fear. Current biology 29 R309-R313.


https://doi.org/10.1101/2023.01.23.524977
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.23.524977; this version posted January 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

WATER DEPTH AND SHOOT DENSITY IN SIMULATED MARSH 13

ZIMMERMAN, R. J., MINELLO, T. J. and ROZAS, L. P. (2002). Salt marsh linkages to productivity of penaeid shrimps and blue
crabs in the northern Gulf of Mexico. In Concepts and controversies in tidal marsh ecology 293-314. Springer.

7U ERMGASSEN, P. S., DEANGELIS, B., GAIR, J. R., ZU ERMGASSEN, S., BAKER, R., DANIELS, A., MACDONALD, T. C.,
MECKLEY, K., POWERS, S., RIBERA, M., RozAs, L. P. and GRABOWSKI, J. H. (2021). Estimating and applying fish and
invertebrate density and production enhancement from seagrass, salt marsh edge, and oyster reef nursery habitats in the Gulf
of Mexico. Estuaries and Coasts 1-16.


https://doi.org/10.1101/2023.01.23.524977
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Introduction
	Logical framework
	Methods
	Results
	Discussion
	Acknowledgments
	Funding
	References

