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ABSTRACT: Red mangroves Rhizophora mangle and oysters Crassostrea virginica are foundation
species that co-occur in subtropical Florida, USA. In the Indian River Lagoon (IRL), oysters living
on prop roots and in isolated clumps on the ground (ground oysters) near mangroves comprise
most of the natural population. Overall mean and median densities on prop roots were 750 and
177.8 live oysters m−2 but only ~20 live oysters m−2 in ground oysters. We collected data on C.
virginica abundance and size, mangrove habitat, and physical and geographical variables (fetch,
sediment firmness, distances from inlet and nearest freshwater discharge source) and obtained
water quality data (salinity, chlorophyll a, turbidity) from long-term monitoring databases. Data
were analyzed using structural equation models (SEM), and we chose the best models by Akaike’s
information criterion (AIC). Oyster abundance (R2 = 0.74) and size (R2 = 0.60) on prop roots were
functions of mangrove habitat, salinity, sediment, and distance to freshwater discharges. Fetch
and distance to inlet affected sediment and thus had indirect effects on oysters. Inlet distance also
affected the 5 yr coefficient of variation of salinity. In a separate SEM, the abundance of ground
oysters near mangroves was strongly, positively, affected by abundance of oysters on prop roots,
in part because prop root oysters can break off and seed oyster clumps to the ground. However,
ground oysters were directly negatively affected by fetch and distance to inlet, which had no
direct effects on oysters living on prop roots. Red mangroves facilitate oysters by providing protection from sedimentation and offering a stable refuge during storms. However, increasing numbers
of mangroves near a site had negative effects on oysters on the ground, possibly because it provided an enhanced habitat for predators.
KEY WORDS: Facilitation · Foundation species · Oysters · Mangroves · Structural equation
modeling · Indian River Lagoon · Florida
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Foundation species define a community (Dayton
1972, Bruno & Bertness 2001) and typically promote
increases in diversity, food web complexity, and productivity. When foundation species from 2 different
communities co-occur, conceivably interactions between them may have broad, cascading effects
through one or both of the communities (Bishop et al.
2012). If one foundation species facilitates another,
then the potential exists for indirect effects of the

facilitator foundation species on the community of the
recipient foundation species. For example, Angelini
& Silliman (2014) have shown that interactions
among primary (oak) and secondary (epiphyte) foundation species can have important consequences on
trophic structure and other functions in the secondary system. Our preliminary field observations suggested that an analogous relationship might exist in
the case of oysters and mangroves, which are foundation species from 2 distinct habitat types that can
co-occur in subtropical settings. These species, and
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their associated communities, co-occur along a
strong intertidal stress gradient which may affect the
direction and strength of species interactions.
The marine and estuarine intertidal zone consists
of multiple stress gradients (e.g. desiccation, temperature, wave energy, food availability), all caused
directly by or correlated with exposure to air. Along
stress gradients in harsh environments, positive
interactions may be significant buffers to biotic and
abiotic stressors (Stephens & Bertness 1991, Bertness
& Shumway 1993). Bertness & Callaway (1994) proposed the stress gradient hypothesis (SGH), which
posits that competitive interactions among plants will
be dominant where stress is low, and facilitative
interactions will predominate at higher stress levels.
The SGH is not restricted to plant−plant interactions.
Bruno (2000) and Bruno & Kennedy (2000) showed
that the grass Spartina alterniflora Loisel facilitated
various invertebrate species by stabilizing the substrate habitat in the intertidal zone. A recent modification of the basic SGH predicts that competitive
effects will be dominant at both ends of the stress
gradient, and facilitation will be most important in
the middle of the gradient (Maestre & Cortina 2004).
Here, we explored the relationship between oysters
and mangroves, in the context of changes in oyster
size and abundance along multiple gradients to
which one or both species respond.
In the American and Caribbean tropics, the red
mangrove Rhizophora mangle L. is an important intertidal foundation species and ecological engineer. The
eastern oyster Crassostrea virginica Gmelin, 1791
performs analogous roles in intertidal and shallow
subtidal settings, especially at temperate latitudes
(Bahr & Lanier 1981). Both species form critical habitat for many other taxa, are important components of
estuarine food webs, and perform various ecological
functions (Krauss et al. 2008, Booth & Heck 2009,
North et al. 2010). When they co-occur, they form a
hierarchical foundation species community structure
that is regulated through facilitative effects of the red
mangroves (Angelini et al. 2011). In the Indian River
Lagoon (IRL), Florida (USA), red mangrove prop
roots provide an essential hard substrate for oysters
and may aid in oyster survival in more stressful portions of the intertidal zone through relief from desiccation by shading, stabilizing the sediment, and providing detritus to fuel the microbial populations on
which oysters feed. This interaction among oysters
and red mangroves, with the species described more
fully below, is the focus of our study.
In southern Florida, these 2 foundation species
often co-occur. In west coast estuaries adjacent to the

Gulf of Mexico, Crassostrea virginica often colonize
Rhizophora mangle prop roots but also form intertidal reefs of various sizes. Some of these reefs lie
immediately adjacent to mangrove shoreline, or
become colonized by mangroves secondarily. Oyster
densities on west coast reefs from the temperate Big
Bend region of Florida through Rookery Bay in the
south average 1544 oysters m−2, with a maximum
value on 1 reef in the Pine Island Sound area of Charlotte Harbor of 6722 oysters m−2 (Proffitt et al. 2012).
However, in the IRL south of Mosquito Lagoon on the
Atlantic coast, few locations exist with prominent
oyster reefs (our field observations). Instead, oysters
are found either on hard surfaces or as semi-isolated
clusters on the sediment surface (hereafter called
clumps or ground oysters). In the IRL and some other
subtropical Florida estuaries, a major natural habitat
for oysters is red mangrove prop roots. The specific
abundances and ecological features of C. virginica
assemblages attached to R. mangle prop roots have
not been quantitatively evaluated or compared to
oysters living in reefs on the ground. Subtidal oyster
reefs have been successfully created in the St. Lucie
River estuary, a conduit of freshwater released periodically from Lake Okeechobee. Over 100 species of
invertebrates were found to reside in the 2 yr old artificial reefs (Salewski 2011).
Crassostrea virginica on prop roots tend to extend
higher in intertidal elevation than those living on
nearby oyster reefs (P. Lara unpubl. data; our field
observations). This suggests possible facilitative effects of Rhizophora mangle on C. virginica in terms of
shading by the canopy, changes in the sediment
deposition regime, the provision of microbes as oyster food living on mangrove detritus, and buffering
from storm waves for prop roots not directly on the
seaward edge. Also, by being exposed to air longer
during a tidal cycle than reef oysters, it is possible
that living on prop roots establishes a refuge from
marine predators or parasites. Finally, the structure
that the oyster habitat takes affects not only the oysters themselves but also the abundance and diversity
of the assemblages (Lenihan & Peterson 1998). We
initiated the first quantitative study of the oyster−red
mangrove association in order to describe the population of C. virginica on prop roots and compared it to
oysters on the ground near mangrove sites. Our
specific objectives were to assess (1) what water
quality and physical gradients most influence oyster
abundance and size in the IRL and (b) whether R.
mangle variables per se (tree size, prop root density,
or the extent of mangrove habitat in the vicinity of a
site) had effects on C. virginica abundance or size
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and whether that varied along one or more of the
gradients.
Our approach was to collect observational data on
Rhizophora mangle and Crassostrea virginica variables at a number of sites in the central IRL that differed in key features such as distance from inlets, distance from sources of freshwater discharge, east−
west fetch, and sediment type. We also included
water quality data mined from the St. Johns River and
South Florida Water Management Districts from stations located near the sites. The complete dataset was
analyzed using structural equation modeling (SEM).
SEM is a data analysis technique that allows causeand-effect hypothesis testing of multivariate model(s)
formed a priori using observational data (Grace
2006). To be a valid cause-and-effect test, models
tested must be plausible in that they must have a basis in sound theory or be based on historic knowledge
gained from previous studies and logical reasoning
about the relationships among variables (Pearl 2010).
Alternative plausible models can be tested, and those
fitting the data can be compared by Akaike’s information criterion (AIC) to determine the best model.
Another strength of SEM when coupled with confirmatory factor analysis (CFA) is the ability to include
theoretical, unmeasured latent variables that increase the likelihood that results are indeed general
and not just an idiosyncrasy of the variables selected
for study. A latent variable is one that explains a substantial portion of the shared variance of a set of
measured ‘indicator’ variables (Grace 2006). Thus,
the latent variable can be considered as the theoretical variable that one is attempting to measure, albeit
incompletely, with any 2 or more variables that are
actually measured during the study.

MATERIALS AND METHODS
Foundation species
Crassostrea virginica tolerates a broad range of
environmental conditions (see review by Shumway
1996), but sedimentation, temperature extremes,
salinity, and other factors can reduce survival and
growth (Galtsoff 1964, Bahr & Lanier 1981). Predators, parasites, and disease also exert substantial
pressure on oyster populations in some locations.
Oysters have also been used as indicator species
because their presence and condition can be used to
infer the overall health of the estuarine ecosystem
(Volety et al. 2009). Additionally, oyster reefs can
influence the dominant form of primary production of
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an ecosystem by protecting attached benthic primary
producers (e.g. marsh, mangroves, and macroalgae)
from wave action and by increasing light penetration
through the water column (Booth & Heck 2009).
As with many plants, Rhizophora mangle, a lowintertidal dominant in many subtropical and tropical
estuaries, has both environmental and genetic factors
that influence growth and form (Proffitt & Travis
2010). R. mangle grows throughout a wide range of
salinities (see review by Krauss et al. 2008) and on
substrate ranging from soft, silty mud to rocky outcrops interspersed with sand (our field observations).
Seedlings begin to develop prop roots within 1 or 2 yr
(Proffitt & Travis 2010), and the rate of growth, and
perhaps prop root formation, is greater in frequently
flooded environments. Like other mangroves, R.
mangle modifies the sediment structure by leaf litterfall / leaf breakdown (Proffitt & Devlin 2005a,b),
belowground root formation, death, and decay, and
by trapping sediment carried by waves. Because the
IRL spans subtropical and south temperate latitudes,
cold temperatures and especially the frequency and
duration of prolonged frosts affect mangrove architecture and the degree of co-dominance with salt
marsh species.

Study estuary (IRL)
The IRL system is a shallow, narrow estuary
extending approximately 247 km from Ponce Inlet
south to Jupiter Inlet on the Atlantic coast of Florida.
For most of the year, the IRL, excluding Mosquito
Lagoon, has a tidal range of <10 to 35 cm, depending
on location (Smith 1987). In the late summer and fall,
the range is still restricted, but both high and low
tides are about 30 cm higher because of oceanographic and prevailing wind conditions of the region
(Smith 1987). Our study included the central IRL, and
extended from Melbourne Shores on the barrier
island in Brevard County (12.8 km north of Sebastian
Inlet), through Vero Beach and Ft. Pierce, and south
to Jensen Beach, Martin County (5.4 km north of St.
Lucie Inlet). The total extent of the IRL covered in
this study was approximately 88 km (Fig. 1). This
estuarine region receives tidal inputs of saline water
through the Sebastian, Ft. Pierce, and St. Lucie inlets.
There are several substantial sources of freshwater
discharges, which vary considerably in the volumes
of flow spatially and temporally (www.sfwmd.gov/
portal/page/portal/pg_grp_sfwmd_watershed/portlet
%20-%20coastal%20ecosystems/tab1806037/irlswim99/
appendixb.pdf).
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variation of salinity, turbidity, and
chlorophyll a (chl a). Physical variables included rank sediment grain
size, topographic slope in the forest at
a selected prop root, and flooding frequency. Geographic variables indicated position in the IRL relative to
the nearest inlet and discharge
source (e.g. canal or river). Flooding
frequency was measured as the relative seawardness of the prop root and
thus is in part a mangrove habitat
variable as well as a physical variable. The geographic variable ‘distance to inlet’ combined proximity to
saline water and potential larval
sources from outside the estuary. The
geographic variable ‘distance to discharge source’ measured the potential freshwater input and the contaminants contained in the waters being
discharged.
Our second primary hypothesis
was that oyster clumps on the ground
are in part a function of oysters on the
prop roots and that the environmental variables studied will have different effects on ground oysters than on
prop root oysters because these constitute distinct habitat types with differences in environmental drivers,
predator and competitor regimes, etc.
In support of this hypothesis, in
southwestern Florida’s Rookery Bay
we observed large clumps of oysters
Fig. 1. Indian River Lagoon (IRL) system in Florida, USA. Inlets and major dison prop roots that were rotting and
charge sources (e.g. C-54 canal, St. Lucie River) are indicated as well as 3
easily detached from the tree, and we
major segments of the IRL (southern, central, and northern; Mosquito Lagoon
found clumps on the ground that had
was not surveyed in this project)
holes through the middle similar in
size to the diameters of prop roots.
Conceptual meta-model
Also, we reasoned that oysters could simply break off
the root and fall to the ground during storms,
Our first primary hypothesis (the conceptual metaalthough we have not observed this directly. Both
model version illustrated in Fig. 2) was that abunmechanisms would essentially seed oysters in the
dance and size of oysters on Rhizophora mangle prop
form of smaller or larger clumps onto the ground in
roots are influenced by mangrove population varithe vicinity of red mangrove dominated shoreline.
ables, water quality, physical features of the immediThese clumps could then serve as nodes for further
ate environment, and geographic variables. Manlarval recruitment.
grove population and structure variables included
These 2 primary hypotheses were investigated
tree size, prop root size and density, and the extent of
using CFA to address appropriateness of the latent
mangroves in the immediate vicinity measured as the
oyster variables defined (see ‘Prop root oysters: mullength of mangrove shoreline within 1 km of a prop
tivariate SEM hypotheses’), and SEM employing the
root. Water quality included mean and coefficient of
variables mentioned above.
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abundance of oysters on the ground. GRNDOY was
measured by 2 variables, the number of oyster
clumps in a 2 × 2 m quadrat located 1 m immediately
seaward of the mangrove prop roots and the mean
number of live oysters per clump on the ground. CFA
and SEM results that include both prop root and
ground oysters are presented in the ’Results’ following the analysis of the prop root oysters alone.

Water
quality

Exogenous and endogenous explanatory variables
Oyster size
on prop
roo
oots

Physicall
stressors

Fig. 2. Conceptual model describing the basic relationships
we hypothesized among prop root oyster variables (shaded)
and water quality, physical, mangrove, and water source
variables. Mangrove variables initially tested included tree
height, tree diameter at breast height, prop root density,
prop root diameter, and the total length of mangrove shoreline within 1 km of a target root. Water quality variables
included the 5 yr mean and CV of salinity, chlorophyll a, and
turbidity. Physical variables included sediment firmness,
fetch, and slope of the elevation gradient at a site. The mixture of fresh and salt water was approximated by the distances to nearest inlet and major discharge source. Singleheaded arrows indicate hypothesized cause and effect, and
double-headed arrows in all figures signify hypothesized
correlations without cause and effect

Prop root oysters: measured and latent variables
The prop root oyster abundance variables measured and used in CFA to describe the latent variable
oyster abundance (OYABUN) included (1) the rank
abundance of oysters on prop roots along a 2 m
stretch of shoreline starting from target prop root, (2)
the number of live oysters on the bottom 15 cm segment of the target prop root, (3) the number of live
oysters on the middle 15 cm segment of the selected
(target) prop root, and (4) the maximum clump diameter on the prop root. The oyster size variables used
to describe the latent variable oyster size (OYSIZE)
were (1) the length of the longest shell (live or dead)
on a prop root, (2) the mean length of live shells along
the bottom 15 cm of the prop root, and (3) the mean
length of live shells along the middle 15 cm segment
of the prop root.
For our second primary hypothesis, we devised an
additional latent variable GRNDOY, which was the

Exogenous variables employed in alternative hypothetical SEMs included water quality, physical environment, and geographic location in the estuary variables. We selected salinity, turbidity, and chl a as the
water quality variables to test. For these, we calculated the means (designated MN in the models) and
coefficients of variation (CV) of monthly measures for
the 5 yr period (2005−2010) that immediately preceded our surveys. It is unlikely that any oysters that
were alive during our surveys were older than 5 yr
because they succumb to disease parasites (J. Scarpa
pers. comm.). We took the MN to describe the most
typical environmental condition at a site for that variable, while the CV was an estimate of the degree of
variability that biota would encounter. A high MN
salinity (at or near seawater strength) constituted
good environmental conditions for oysters but also
for stenohaline parasites such as Perkinsus marinus
(the causative agent of Dermo disease) and some
predators of oysters such as oyster drills. A high CV
was taken to be an indication of stressful conditions
to larval and perhaps other oyster life history stages
or size classes. Salinity, turbidity, and chl a are all
known to affect oysters (Shumway 1996, Carmichael
et al. 2012). We considered chl a as reflective of a
food source for oysters (Carmichael et al. 2012),
although this will depend on the actual type of dominant phytoplankton species, which could not be
identified from the data collected during monitoring.
Physical habitat variables included rank sediment
firmness (0 = soft mud to 6 = mostly shell with some
sand) estimated visually in the field, mangrove
aspect (north facing 0, south facing 180, etc.), minimum east−west fetch (measured from Google Earth),
and topographic slope (estimated from field data by
measuring the distance from the seaward edge that
the oysters extended back into the forest). Fetch and
aspect will affect wave action and exposure (varying
by season due to prevailing winds), respectively.
Sediment firmness reflects the effects of wave and
current movements of sediment and trapping of sed-
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iment by mangrove and seagrass vegetation. Very
fine sediments may include minute organic particles
and microbes that can serve as oyster food, although
extensive fine sediments can smother oysters. Very
course sediment is produced, in part, by wave action
or other water movements and may be affected by
the sediment topography.
Position of a prop root relative to important geographic variables (e.g. distances to inlet and major
discharge source) was hypothesized to potentially
have direct effects on oysters and indirect effects
through effects on water quality variables. Also, the
relative seawardness of a prop root affected the frequency of flooding, which affects microenvironmental conditions and the time available for oysters to
feed. The total length of shoreline dominated by red
mangroves within a 1 km radius of a target prop root
was used as a measure of mangrove habitat (including associated micro-environmental conditions) as
well as an estimate of the total oysters available on all
the mangrove prop roots along that shore. Shoreline

length has been shown to be a better measure of
mangrove habitat than area in determining association with fishery species (see review by Manson et al.
2005). We also employed the trunk diameter at 1.4 m
above ground (diameter at breast height, DBH), tree
height, and density of prop roots in 30 × 30 cm
quadrats as additional measures of mangrove
habitat.

Prop root oysters: multivariate SEM hypotheses
Our multivariate hypotheses were phrased as
SEMs composed of various exogenous predictor variables affecting the 2 latent response variables
OYABUN and OYSIZE. SEMs were considered to
constitute alternative hypotheses, and all SEMs that
fit the data were compared using AIC to determine
the relative goodness of fit. Fourteen primary models
tested and compared as alternative hypotheses are
listed in Table 1. Some other models were run that

Table 1. Compilation of 15 models tested separated by major category of mangrove habitat, water quality, geographic features
of the Indian River Lagoon, and more complex models that are combinations of the others (Combination). The first 2 rows give
the R-squares for the 2 oyster latent variables (OYABUN: oyster abundance, OYSIZE: oyster size). The next 7 rows present
model fit statistics: chi-square, root mean square error of approximation (RMSEA), Akaike’s information criterion (AIC), no. of
free parameters (#FreePrms). The remaining rows are predictor variables that if designated with an X were used in a particular model. All other models contained the base model that had only flooding frequency as a predictor. Several other combination models that were variants of COM-4 but with chl a or turbidity instead of salinity variables are not shown for space reasons but did not fit the data. Another group of habitat models using tree size as explanatory variables are not shown here for
similar reasons. AIC values in bold indicate the 2 best models
Variable

Base

OYABUN R2
OYSIZE R2

0.52
0.42

Chi-sq
Chi Sq DF
Chi Sq P
RMSEA
RMSEA p
AIC
#FreePrms:

8.67 15.01 28.9 23.3 50.82
14
24
31
24
24
0.852 0.92 0.573 0.503 0.0011
0
0
0
0
0.107
0.939 0.981 0.844 0.773 0.016
29
260.4 137 299.1 −107.4
28
32
37
39
39

FLOOD
SLOPE
KM_MANG
SEDIMENT
SAL_CV
SAL_MN
CHL_CV
CHL_MN
TURB_MN
TURB_CV
INLETD
DISCHD
FETCH

X

Habitat
Water quality
Geography
Combination
HAB-1 HAB-2 WQ-1 WQ-2 WQ-3 WQ-4 WQ-5 GEO-1 GEO-2 COM-1 COM-2 COM-3 COM-4 COM-5
0.67
0.44

X
X
X

0.67
0.5

X
X
X
X

0.48
0.47

X

0.62
0.46

X

0.48
0.42

0.64
0.52

0.48
0.47

0.58
0.48

0.51
0.43

53.88
24
0.0004
0.113
0.008
−66.7
39

68.35
36
0.0009
0.096
0.021
134.5
52

71.05
34
0.0002
0.105
0.007
−325.2
54

21.73
24
0.595
0
0.884
261.8
39

21.24 46.6 85.9 66.2 83.5
19
36
55
49
58
0.324 0.111 0.005 0.052 0.02
0.035 0.055 0.076 0.06 0.067
0.59 0.403 0.091 0.316 0.19
431.9 373
478 222.9 151.2
30
52
75
65
75

X

X

X

X

X
X

X
X
X
X

X
X
X
X

X

X
X

0.61
0.5

X

0.76
0.6

0.74
0.6

0.74
0.6

0.73
0.61
111.9
66
0.0004
0.085
0.024
401.4
81

X

X

X
X

X
X
X
X
X
X

X
X
X
X

X
X
X
X

X
X
X
X
X
X

X
X

X
X

X
X

X
X
X

X
X
X

X
X
X
X
X
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Fig. 3. Development of linkages in the structural equation models (SEMs), illustrated in 4 path diagrams. (A) The simplest
hypothesis shown as an SEM included the exogenous measured variable flooding frequency (FLOOD) and the 2 latent oyster
variables abundance (OYABUN) and size (OYSIZE). The measurement variables for the latents are not shown but are the
same as those given in the confirmatory factor analysis shown in Fig. 4. This model was used as the base model, and all other
SEMs included these terms. Double-headed arrows in all panels indicate correlations while single-headed arrows indicate
regression (cause and effect). (B) The hypothesis shown as an SEM that included the base model and the water quality variables (see ‘Materials and methods’ for descriptions of variables). Dashed lines illustrate negative relationships. Sal_MN: mean
salinity 2005–2010, Sal_CV: coefficient of variation of salinity 2005–2010. (C) The hypothesis shown as an SEM that included
the base model, salinity, and the geographic variables distance to inlet (INLET) and distance to nearest major discharge source
(DISCH). (D) The hypothesis shown as an SEM that included the base model and mangrove habitat variables (KM_MANG:
the km of mangrove shoreline within 1 km radius, TOPOGR. SLOPE: topographic slope)

included such factors as aspect, latitude, and tree
DBH and height did not fit the data at all and are not
shown. From these models, the 4 alternative SEMs
that were chosen are illustrated in Fig. 3. In our initial
analyses (Table 1), we included as a base model the
frequency of flooding which reflected the seawardness of the prop root (Fig. 3A). Frequency of flooding
(variable FLOOD in the models) was measured using
the proxy variable ‘distance above ground of the
highest live oyster on a prop root,’ as this is a function
of the water depth that can allow larval settlement.
Water quality was added to the base model as illustrated in Fig. 3B, and this illustration shows the MN
and CV of salinity over the 5 yr period just prior to
initiation of collection of oyster data as 2 variables.
We hypothesized that both the MN and CV of salinity
would affect oyster abundance and size and that

increasing MN salinity would decrease oyster abundance and size possibly because predators and disease organisms would be favored at higher salinities.
We posited that increasing the variability of salinity
fluctuations over the 5 yr period would have adverse
effects on both latent oyster variables. We further
hypothesized that MN and CV of salinity would be
inversely correlated (Fig. 3B). Actual SEM runs also
included other water quality variables such as chl a
(since phytoplankton are a food source for oysters)
and turbidity, which can be a stressor since high
abundances of small particles in the water can clog
oyster feeding and respiration apparatus. In Fig. 3C,
the base + water quality model illustrated in Fig. 3B
has the geographic variables ‘distance to inlet’
(INLET) and ‘nearest discharge source’ (DISCH)
added in. We hypothesized that INLET and DISCH
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would have direct effects on both oyster variables,
and indirect effects through their effects on salinity
variables. We posited that further from the inlet, the
MN salinity would decrease and the CV of salinity
would increase and that there would be a direct positive effect on OYABUN and negative direct effect on
OYSIZE if the inlet was a major source of larvae. We
hypothesized that increasing distance to freshwater
discharge source (DISCH) would reduce salinity CV,
increase salinity MN, and would have a positive
effect on OYSIZE and OYABUN if discharges were
important sources of food particles. Alternatively,
increasing distance from discharge could also have a
positive effect if discharge waters contain pollutants
that adversely affect oysters. Fig. 3D illustrates an
SEM in which physical environment variables (sediment type and intertidal slope) and a mangrove habitat variable (length of mangrove shoreline within
1 km) are added to the base model. We hypothesized
that a longer mangrove shoreline within a 1 km
radius would lead to increased abundance and size
of oysters because of more total oysters serving as a
local larval source and/or because of effects on local
environmental conditions by restricting wave energy, changing patterns of water flow, and secondary
effects on sediment grain size. We posited that
increasing sediment firmness (mud→shell+sand)
would lead to fewer and smaller oysters because of a
lack of oyster food associated with fine particles and
because sand scour during storms can stress or kill
oysters. In Fig. 3D, we postulated that increasing
topographic slope would have a negative effect on
oysters for similar reasons of increased wave energy
and that slope and sediment would be correlated.
Finally, we posited that sediment firmness would be
reduced by increasing mangrove shoreline because
shoreline contours will reduce water flow causing
fine sediments to be deposited and that production of
mangrove detritus would also contribute fine particles to the sediment.
For all model runs, model fit was assessed using a
chi-squared test, but as this is sensitive to the number
of data cases and latent variables, we also used the
root mean square error of approximation (RMSEA)
and the comparative fit index (CFI) and the TuckerLewis fit index (TLI) tests (Byrne 2012). Values of
RMSEA ≤0.06 or 0.07 indicate a very good model fit,
and like chi-squared, the RMSEA test also provides
p values. Values of CFI > 0.9 indicate an acceptable
fit, and > 0.95, a very good fit (Hatcher 2005, Byrne
2012). Values of TLI are similar to CFI. All SEM and
CFA analyses were carried out using the software
Mplus (Muthen & Muthen 2010).

Field methods
At each site, 1 prop root was selected haphazardly.
The 2 prop roots on other trees nearest to points 10 m
to either side of the first root were also selected, and
these 3 roots constituted the target prop roots for all
further field data collections. This ensured that prop
roots came from different trees. Oyster abundances
and sizes were measured on these 3 roots. Each of
the 3 prop roots was divided into 3 vertical sections:
bottom 15 cm, the middle 15−30 cm, and 30−45 cm.
These 3 sections encompassed nearly all of the live
oysters seen on roots (our field observations). In each
15 cm section, we counted all live oysters on the seaward side of each root and measured the height (long
axis) and maximum width of the first 10 oysters
encountered. We also counted dead oysters and
measured the size of the largest oyster shell encountered, live or dead, as an estimate of the maximum
potential growth at that site. Finally, we measured
the maximum clump diameter on the root which is a
function of numbers and sizes of oysters. In the
SEMs, we used only the bottom 15 and 15−30 cm
segments because oyster abundances dropped dramatically above the middle segment on prop roots.
Field work occurred during the summers of 2010 and
2011.
We calculated densities of live oysters m−2 for each
15 cm segment of prop root by multiplying the number of roots with oysters in a 30 × 30 cm quadrat by
the number of oysters in the target prop root at that
site and for that 15 cm segment above ground by the
frequency of live oysters for that segment. Separately, we ran a 2 m long transect along the seaward
edge of the prop roots centered on a target root.
Along this transect, we recorded the total number of
prop roots and visually estimated the abundance per
root.

RESULTS
Water quality, physical features, and mangrove
variables
Salinity from 2005 to 2010 at different locations in
the IRL showed considerable differences in mean
and variability. For example, the mouth of the Sebastian River had the lowest salinity MN and highest CV
of any site studied (23.8 [37.1 CV] PSU). The water
quality station Bear Point Mitigation site, south of the
Ft. Pierce inlet, had the highest MN salinity and second lowest CV (33.1 [11.0 CV] PSU). Water quality,
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Table 2. Water quality, mangrove, and oyster variables arranged by stations grouped into 5 regions. Values are region means
and 1 SD unless otherwise listed as a regional mean coefficient of variation (CV). CV was employed when the station CV was
used as a variable in the structural equation models. Sites for each region are: southern (2722.71−2715.14°N; Conchy Joes,
FOS, Normandy Beach Riverside, NE Florida Power and Light, Blind Creek). south-central (2728.47−2725.07°N; Fort Pierce
Causeway North, Fort Pierce Causeway South, Inlet Fisheries, Marina Island, Dockside Inn, Cracker Boy Boat Works Inc,
South Bridge), central (2735.43−2728.48°N; Oslo Conservation, Oslo Boat Launch, Round Island, Harbor Branch Oceanographic Institution, Impoundment Interior, Impoundment Exterior, Jack Island, Wildcat Cove, Wildcat Cove Point, Riverside
Marina, SL 15 Flushing, SL 15, Onuf Island), mid-northern (2751.54−2745.19°N; Sebastian Park N, Sebastian Park S, Sebastian
River, Sebastian IRL, Wabasso, Wabasso Causeway), northern (2835.63−2758.74°N; Banana River, Melbourne Shores), The Var
columns indicate either CV (those rows with CV listed) or standard deviation (all other rows). DBH: diameter at breast height
Variable

Salinity (mean and CV)
Chl a (mean and CV)
Chl a CV
Turbity (mean and CV)
Turbity CV
Tree DBH (mm)
Tree height mean (m)
Total no. of prop roots
No. of prop roots without oysters
Highest live oyster above ground level (cm)
Depth of oysters into forest (cm)
No. of oyster ground clumps
No. of oysters per ground clump
Proportion of live oysters in ground clumps
No. of prop roots along 2 m of shore
Shell height
Shell length
Proportion of live oysters on prop roots

Southern
sites
Mean Var
31.1
14.3
4.7 116.3
116.3
6.3 95.5
95.5
112.8 22.9
5.6
0.8
10.6
3.9
3.7
1.4
27.8
6.8
120.4 38.1
20.1 15.6
5.7
1.8
0.4
0.1
54.2 23.6
42.9 10.0
30.6
6.2
0.5
0.3

oyster, and physical variable data for groups of sites
in 5 geographic locations are summarized in Table 2.
Oyster sites also differed considerably in their
distances to inlet and nearest major freshwater discharge point, either a canal or river (mean ± SD distance to inlet: 7.96 ± 5.32 km; mean distance to discharge: 4.99 ± 6.17 km). These 2 variables, log10(x + 1)
transformed, were significantly positively correlated
(r = 0.45).
The length of mangrove shoreline within a 1 km
radius of an oyster site also varied considerably in the
region of the IRL studied, and the mean ± SD for all
sites was 3.79 ± 2.59 km. Urbanization, degree of
contour of the shoreline on the barrier island side of
the IRL, and presence of islands all contributed to differences in mangrove-dominated shoreline length.
The minimum east−west fetch distance also differed
among sites (1.35 ± 0.95 km) and was negatively
associated with length of mangrove shoreline (r =
−0.42).
Tree size (DBH) varied considerably by site, even
when the 2 very young sites at the restored island
SL-15 were not included in the analysis (Table 2).

South-central
sites
Mean Var
32.0
15.2
4.6 80.8
80.8
5.9 40.3
40.3
63.7 23.9
4.0
0.8
14.1
2.8
6.3
2.5
25.6
8.7
222.3 103.1
6.4
4.0
8.9
5.3
0.4
0.1
24.7
6.8
38.7
9.3
28.4
5.6
0.7
0.2

Central
sites
Mean Var
30.1
4.9
67.7
5.3
35.1
69.9
3.3
11.6
4.6
20.1
232.5
21.7
7.7
0.3
22.3
43.0
30.5
0.5

18.8
67.7
35.1
16.8
0.7
3.0
1.7
7.5
95.2
11.0
3.0
0.1
7.6
9.1
6.2
0.2

Mid-northern
sites
Mean Var
28.6
20.9
4.9 117.8
117.8
4.3 81.0
81.0
70.7 14.5
5.0
1.5
11.2
5.0
7.1
5.1
14.6
7.8
122.6 66.7
46.7 13.9
17.8
1.5
0.3
0.1
26.7
7.0
35.4
9.5
25.9
5.7
0.5
0.4

Northern
sites
Mean Var
22.5
6.3
70.8
4.0
41.3
76.8
4.3
15.8
7.0
18.3
0.2
1.3
3.3
0.5
24.7
50.9
41.9
0.7

33.6
70.8
41.3
10.3
0.4
2.1
1.2
0.7
0.2
0.7
0.9
0.1
4.9
13.3
16.3
0.4

The number of prop roots along a 2 m linear stretch
of shoreline at a site ranged 4-fold from 5 to 20 and
differed considerably by region of the IRL (Table 2).
These variables were included not only to describe,
along with length of mangrove shoreline, the mangrove system, but also to provide some information
regarding the potential shading. DBH is correlated
with canopy area in Rhizophora mangle (Proffitt &
Travis 2010), which is important for shading. Moreover, the density of prop roots provides additional
shading and buffering from wave energy, as well as
changing the overall physical structure of the prop
root habitat available to oysters and other members
of that community.

Oysters on red mangrove prop roots
The mean ± SE maximum diameter of a prop root’s
oyster clump was 105.4 ± 22.6 mm. On the bottom
and middle 15 cm root segments we found 13.5 ± 5.9
and 6.8 ± 0.5 total live oysters, respectively, on the
seaward side of roots. Numbers of oysters on the top
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15 cm segment were much lower and were not used
in SEM analyses. The mean ± SE probability of oysters being alive on the bottom and middle root segments were 0.59 ± 0.14 and 0.46 ± 0.14, respectively.
The abundances of small (juvenile) oysters (< 20 mm
high) on bottom prop root segments were 0.52 ± 0.42
oysters per 15 cm segment, and the proportion of
these that were alive was 0.149 ± 0.10). On the middle segment, there were 0.34 ± 0.24 oysters, with the
proportion of live individuals of 0.098 ± 0.064. Table
2 shows the summaries of selected oyster and mangrove variables of stations grouped by region of the
IRL.
For all study sites combined, the mean ± SE numbers of live oysters m−2 were: bottom 15 cm = 332.8 ±
50.0; mid 15 cm = 313.7 ± 49.2; and top 15 cm = 103.5
± 33.8. Median oysters m−2, which might be better
descriptors of a central tendency for non-transformed
data, were: bottom 15 cm = 111.1; mid 15 cm = 66.7;
and top 15 cm = 0.0. Summing the means of oysters
on different vertical segments of prop roots yields an
estimated total of 750 ± 44.3 live oysters m−2 living on
red mangrove prop roots for the central IRL, and the
sum of medians yielded 177.8 oysters m−2. Wildcat
Cove, located just north of Ft. Pierce Inlet, had the
greatest mean densities but also high variability with
5334 ± 2099 oysters m−2 (median = 366.7). At several
other sites, live oysters were either absent or in very
low abundances (means <10 m−2, medians approaching 0). The sum of mangrove shoreline length by the
study sites was 1050 km, and assuming 0.3 m of
depth into the forest for high densities of oysters, this
yields a total live oyster population on mangrove
prop roots within 1 km of the target prop roots, of
236 250 (using the mean) or 56 007 using the median.
Two factors make these underestimates for oysters on
prop roots in the IRL. First, there is considerably
more mangrove shoreline in this region of the IRL
than what was within a 1 km radius of our individual
study sites. Second, because of logistical constraints
in the field, we only counted oysters on the seaward
side of prop roots and so did not include the large
number of oysters living on the back side of prop
roots in our abundance measures.
The proportion of living oysters on prop roots varied substantially by site and by elevation segment
above ground (regional summary in Table 2). There
was not only considerable variability in the means of
sites, but also within a site. Overall, the proportion of
live oysters on prop roots was 0.60 for the bottom
15 cm root segment and 0.47 for the middle segment.
The mortality was much greater among small oysters
(85−90% of which were dead) than on the whole

Fig. 4. Confirmatory factor analysis (CFA) for the 2 latent
variables relating to oyster abundance and size (OYABUN
and OYSIZE). The covariance implied by the CFA model fit
the covariance of the actual data (χ2 = 9.20, df =10, p = 0.513;
root mean square error of approximation [RMSEA] = 0.00,
p = 0.694; Akaike’s information criterion [AIC] = −32.9, number of free parameters = 25). Circles signify the theoretical
latent variables OYABUN and OYSIZE, and rectangles represent measured variables. Together, the latent and measured variables represent the measurement model for this
study. Single-headed lines signify cause and effect (regression) analyses; 2-headed arrows indicate non-causative correlations. Dashed lines illustrate negative relationships.
Numbers associated with lines are standardized path coefficients. R2 values for each variable receiving an arrow are
given within the box. Variable descriptors as in Fig. 5

array of sizes (about 47% dead when combining 15
and 30 cm root segments).

CFA and SEM analyses
The CFA showed that the measurement model
linking the latent variables for oyster abundance on
prop roots (OYABUN) and oyster size (OYSIZE) to
the 7 measured variables selected for analysis fit the
data well by all 4 measures of model fit (Fig. 4). For
the CFA and for all subsequent SEMs, the standardized path coefficients are presented because they
allow direct comparison of the relative strengths of
correlation and regression relationships. In order to
make quantitative predictions of oyster abundance
and size, the unstandardized coefficients would be
required. The simplest SEM that fit the data was the
base model that used the degree of flooding that
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Fig. 5. Structural equation model (SEM) ‘HAB-2,’ showing the 2 latent variables oyster abundance and size (OYABUN and
OYSIZE) with their measurement variables, as a function of FLOOD (frequency of flooding) and the habitat (mangrove area
[MANG_KM] and sediment firmness [SEDIMENT] and topographic slope [TOPO SLOPE]). The covariance implied by the
confirmatory factor analysis (CFA) model fit the covariance of the actual data (χ2 = 28.94, df = 31, p = 0.57; RMSEA = 0.00, p =
0.84; AIC = 137, number of free parameters = 37). Circles signify the theoretical latent variables OYABUN and OYSIZE, and
rectangles represent measured variables. Together, the latent and measured variables represent the measurement model for
this study. Single-headed lines signify cause and effect (regression) analyses, while 2-headed arrows indicate non-causative
correlations. Dashed (solid) lines illustrate negative (positive) path coefficients. Numbers associated with lines are standardized path coefficients. R2 values for each variable receiving an arrow are given beneath the variable name. Non-significant
path coefficients, e.g. the correlation between OYABUN and OYSIZE, has the actual p-value presented; however, one can
read this as actually dropped from the model as non-significant. The measurement model includes OY/PRPROOT (rank abundance of oysters on prop roots), BOT15_LIVOY and MID15_LIVOY (numbers of live oysters on the bottom and mid 15 cm of
prop root, respectively), CLUMPDIAM (diameter of oyster clump on the root), MAXSHELLEN (height of the longest shell, live
or dead), BOT15SHELLEN and MID15SHELLEN (mean height of live oysters on the bottom and mid 15 cm segments of prop
root, respectively), MANG_KM (the km of mangrove shoreline within a 1 km radius)

resulted from a mangrove or its prop root being positioned slightly farther seaward than surrounding
trees or roots to explain the 2 latent variables for oyster abundance and size. This model had an AIC =
+ 29.0 and explained 52 and 42% of the variability in
the OYABUN and OYSIZE latent variables, respectively (Table 1). This base model was included in all
other SEMs to facilitate comparisons with the simplest case of predictors.
Three of the alternative models that fit the data
were superior in AIC to all others tested (Table 1).
The first was the simplest model described above
that linked oyster latent variables to the degree of
flooding they received. The other 2 were the mangrove habitat model HAB-2 and the complex combination model COM-4 (Table 1).
The mangrove habitat model, HAB-2, explained 67
and 50% of the variance in the oyster latent variables

OYABUN and OYSIZE, respectively. HAB-2 included FLOOD (the base model), topographic slope,
sediment firmness, and the length of mangrove
shoreline (Fig. 5). The length of mangrove shoreline
near a site had a fairly strong positive effect on
OYABUN but not on OYSIZE. Increasing topographic slope had a negative direct effect on
OYABUN but no effect on OYSIZE. Increasing sediment firmness, with more sand/shell and less fine
particulate matter, however, had a moderately strong
negative effect on OYSIZE. Longer mangrove shoreline typically meant more contoured features of shore
or more islands nearby, both of which affect water
flow. Hence, mangrove shoreline had a negative
effect on sediment firmness, leading to an indirect
positive effect on OYSIZE through that path (Fig. 5).
For all endogenous variables in this and other SEMs
presented, the combined effects of all factors not con-
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Fig. 6. Best-fitting combination structural equation model (SEM) ‘COM-4,’ describing prop root oyster abundance and size
that included mangrove habitat, water quality (salinity), and geographic variables. The model fit the data for several tests of
fit although not the chi-squared test (χ2 = 83.5, df = 58, p = 0.02 RMSEA = 0.067, p = 0.190; comparative fit index [CFI] = 0.95;
Tucker-Lewis fit index [TLI] = 0.92 [values > 0.9 for the latter 2 tests considered good fit]; AIC = 151.2, number of free parameters = 75). A change to the measurement model in the confirmatory factor analyis (CFA) also suggested by a modification
index in Mplus was that CLUMPDIAM measured both OYSIZE and OYABUN, the 2 oyster latent variables. Predictor variables
are FLOOD, MANG_KM, SEDIMENT, SAL_MN, SAL_CV, FETCH, INLET, and DISCH. Variables as defined in Figs. 3 & 5.
The measurement model is the same as in Figs. 4 & 5

sidered (U ) is not shown to reduce model clutter, but
can be calculated from the presented R2 values (U =
sq root [1 − R2]).
The model of best fit was COM-4 (Table 1). This
model fit the data in the RMSEA, CFI, and TLI tests,
although not the chi-squared test (Fig. 6). COM-4
included the base model, water quality (salinity 5 yr
MN and CV), physical factors (sediment firmness),
geographic features (distances to nearest inlet and
major discharge source), and mangrove factors
(length of mangrove shoreline, seawardness of the
prop root selected for study). This SEM explained 74
and 60% of the OYABUN and OYSIZE variances,
respectively. It contained all the explanatory variables in HAB-2 except topographic slope. In COM-4,
the effects of mangrove shoreline and sediment firmness, and the base model, were very similar to values
in HAB-2 (Fig. 6). Increasing the mean and variability of salinity had negative effects on OYSIZE.
Greater variability in salinity also had a negative
effect on OYABUN. Increasing distance to discharge

source had a strong negative effect on OYABUN and
a weak negative effect on OYSIZE, but distance to
inlet did not have a direct effect on either latent variable. Increasing distance to inlet (tidal inputs of
ocean water) did have a moderately strong negative
effect on the variability in salinity. Proximity to freshwater discharge source had a very small, marginally
significant effect on the variance in salinity. Fetch
had a positive effect on sediment firmness probably
because greater wave energy removes some fine
particles. Salinity mean and variability were highly
negatively correlated with one another. Distances
from inlet and discharge were positively correlated
mainly because of the proximity of the St. Lucie and
Sebastian Rivers to their respective inlets. Correlation between the 2 oyster latent variables was high in
the CFA (Fig. 4), but with the added explanatory
variables in both the HAB-2 and COM-4 models, the
positive correlation between the 2 oyster latent variables was greatly reduced to marginally significant
values (Figs. 5 & 6).
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Increasing sand and shell content of the surrounding sediment had a moderately strong negative effect
on oyster size but no effect on abundance (Fig. 5).
Sediment firmness, our proxy measure for relative
mud versus sand/shell content, decreased with
increasing distance from the nearest inlet, increased
with increasing distance from discharge source, and
increased with increasing fetch. Greater fetch means
higher wave energy, particularly during storms, that
can remove some of the finer particles from the surface sediments. The length of mangrove shoreline,
which also influences water paths and velocity
through landform contours and thus affects sedimentation, had a small negative effect on sediment firmness.
Increasing distance from the inlet had no direct
effect on either oyster abundance or size, but did
have indirect effects on both through its effects on
salinity variability and sediment firmness. However,
as mentioned, increasing distance from freshwater
discharge source had a negative direct effect on oyster abundance. Increasing distance from inlet had a
negative indirect effect on oyster size through its
effect on sediment but a small positive indirect effect
through its contribution to reducing the variation in
salinity.
Models that included as exogenous predictor variables chl a, turbidity, mangrove aspect, latitudinal
gradient, or topographic slope either did not fit the
covariance structure of the data at all, or had relatively high AIC values (Table 1). Also, SEM that
included measures of tree size, viz. height and DBH,
showed that these variables had little or no effect on
oysters, and models with these variables, as well as
aspect and latitude, are not presented.

Ground oysters near red mangrove prop roots
At most sites, abundances of ground oysters were
much less than those on prop roots. Overall, the
mean ± SE number of clumps per 2 × 2 m quadrat
was 22.2 ± 3.76, and the mean clump diameter was
110.6 ± 8.39 mm. The total and number of dead oysters per clump was 9.1 ± 1.12 and 5.2 ± 0.60. The proportion of oysters in ground clumps that were alive
was 0.40 ± 0.03, which was 12.5% less than the proportion alive on the bottom 15 cm of prop roots
(paired t-test, t = 2.694, df = 75, p < 0.009). Extrapolating from densities and proportion live, the total live
oysters m−2 in ground clumps was 20, which is nearly
an order of magnitude less than the 367 (median)
number of live oysters m−2 calculated to be living on
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prop roots in the IRL. There are a few locations in the
IRL with actual, but fairly small, oyster reefs, but we
did not sample these for this study.
A new CFA that included the prop root oyster
latent variables and an additional latent variable that
reflected the abundance of oysters in clumps on the
ground near mangroves (GRNDOY) also fit the data
by several measures of fit (χ2 = 34.33, df = 23, p <
0.06; RMSEA = 0.71, p < 0.23; CFI = 0.95, TLI = 0.92).
GRNDOY was significantly correlated with OYABUN (r = 0.40) and OYSIZE (r = 0.24). The new CFA
suggested that the covariance structure implied by
the new measurement model that included the 3
latent and 9 measured variables was consistent with
the covariance structure in the dataset.
An SEM linking the best combination model
(COM-4) for prop root oysters to the new latent GRNDOY fit the observed dataset (Fig. 7). GRNDOY (R2 =
0.67) was strongly positively affected by the prop root
latent OYABUN, but not OYSIZE. The abundance of
oysters on the ground declined as the mean salinity
increased but was not affected by variance in salinity. Oysters on the ground were also adversely
affected by increasing sediment firmness and even
more strongly by increasing fetch. Ground oysters
increased in abundance with increasing distance
from discharges, and decreased in abundance with
increasing distance from inlets. Counter to our initial
hypothesis, the abundance of oysters on clumps on
the ground decreased with increasing length of mangrove shoreline.

DISCUSSION
Red mangrove prop roots constitute an important
habitat for Crassostrea virginica in the IRL, although
there is considerable patchiness among sites. Data
from nearby MacArthur Park in Lake Worth Lagoon
indicate that the abundance of living oysters on
actual intertidal reefs in the vicinity of mangroves
ranges from < 50 to about 80 oysters m−2, while the
greatest densities occur at Ibis Isle reefs (about 200
live oysters m−2; Scarpa & Laramore 2010). These values are substantially less than the estimated mean on
prop roots (750 live oysters m−2) reported here. The
distinction between prop root and MacArthur Park
reef densities is actually greater than reported above
because Scarpa & Laramore (2010) did not include
quadrats without live oysters in their computations of
density while we did include 0 values. Farther south
on intertidal reefs in the Loxahatchee River estuary,
Parker & Geiger (2010) reported maximum densities
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Fig. 7. Best-fitting structural equation model (SEM) describing oyster abundance on the ground near mangroves. The latent
variable GRNDOY (ground oyster abundance) has as measurement variables N_OY_GRND (number of oyster clumps in
2 × 2 m area starting within 1 m of mangrove shoreline) and LIVE/CLUMP (number of live oysters per clump). Explanatory
variables included OYABUN, mangrove habitat, water quality (salinity), and geographic variables. The model fit the data for
several tests of fit although not the chi-squared test (χ2 = 113.7 df = 79, p = 0.005; RMSEA = 0.07, p = 0.139; CFI = 0.94; TLI =
0.90 [values > 0.9 for the latter 2 tests considered good fit]; AIC = 339.2, number of free parameters = 90). To enhance clarity of
the figure, correlations in the measurement model are not shown. Other variable descriptors as in Figs. 4−6

of > 700 live oysters m−2 in the north fork and 500 m−2
in the south fork. Finally, on subtidal reefs that had
been developing on fossil shell cultch for nearly 2 yr
in the St. Lucie River estuary that flows into the IRL,
live oyster densities reached >1500 oysters m−2 at
one site and had a estuary-wide mean (SD) of 516.1 ±
458.6 m−2 (Proffitt & Salewski 2011). Because prop
roots have a relatively high density of 750 live oysters
m−2, far fewer (~20 m−2) live oysters occur in clumps
on the ground near mangroves, and few classical
intertidal oyster reefs exist, we conclude that prop
root oysters constitute a dominant fraction of the oyster population in the central IRL and probably in
other southeastern Florida estuaries as well. Our
other field observations suggest that oysters are even

more abundant on prop roots in southwestern Florida
estuaries such as Rookery Bay.
The facilitative effects of mangroves on oysters
were complex. The frequency of live oysters was
12.5% greater on the bottom 15 cm of prop roots than
in the clumps on the ground. We cannot determine
from our data whether this was because of protection
that prop root oysters received from physical
extremes such as sand scour, or from benthic predators or parasites. This will require future research,
although the direct negative effect of increasing sediment firmness on ground oyster abundance (Fig. 7)
suggests that either sand scour or direct negative
effects of greater fetch leading to clump overturn on
the ground could be a reason.
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In some models, tree height, a presumed surrogate
for shading, had small positive effects on oysters, but
in the more complex models, these effects were not
significant. The mangrove canopy modifies local
environmental conditions through shading (Ewel et
al. 1998, Ewel 2006) and providing nutrients and
changes to soil via litterfall (Proffitt & Devlin
2005a,b). Mangroves provide habitat for various species, and the extent of mangrove area and latitude as
a surrogate for a suite of biological and physical factors has been suggested to influence various fishery
species (see review by Manson et al. 2005). Mangrove prop roots also alter local environmental conditions by trapping sediment, attenuating wave
energy (Mazda et al. 1997), and providing additional
shade especially when roots are dense. Longer prop
roots can also flex in a storm, unlike more fixed hard
substrates on which oysters might live. Physical and
biological features of mangroves are correlated with
crab and mollusk abundances and community structure (Ashton et al. 2003, Manson et al. 2005). These
mangrove variables might be expected to have positive effects on oysters associated with prop roots or
living nearby in clumps on the ground. Many of these
variables are integrated into the length of mangrove
shoreline within 1 km radius of a study site variable
that we used. Further, populations of oyster predator
and competitor species, and predators on those species, will likely be enhanced by longer mangrove
shoreline. Our data are consistent with the interpretation suggested in the previous paragraph. Longer
mangrove shoreline increased oyster abundance on
individual prop roots (Figs. 5−7), which is consistent
with our hypothesis of mangroves facilitating oysters
on prop roots. Sites with longer mangrove shoreline
experienced reduced densities of ground oysters, as
would be expected if predator or parasite incidence
or activity was enhanced, or if some physical factor
(e.g. sand scour or clump turnover from waves) had a
negative effect (Fig. 7). Further, there were direct
negative effects of increasing fetch and distance from
inlet on ground oysters that did not occur on prop
root oysters. Combined, these results suggest that the
mangrove prop root habitat might function as a
refuge from stress, disturbance, predators, or disease, while oysters on the ground nearby have no
such refuge. Future studies should focus on the
details of the individual effects.
The direct effects of various predictor variables on
ground oysters are only part of the story. We found a
positive indirect effect of longer mangrove shoreline
on ground oysters via 2 paths in Fig. 7. The first is
through the positive effect of longer mangrove shore-
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line on prop root oyster abundance. That is, oysters
on the prop roots break off, or entire prop roots do,
thereby seeding oyster clumps to the ground nearby.
This path is one of the strongest positive effects on
the abundance of oysters on the ground (Fig. 7).
Because oysters on prop roots increase in abundance
with a longer mangrove shoreline, the longer shoreline has a positive indirect effect on ground oysters
that is 0.34 × 0.79 = 0.27, the product of the 2 standardized direct path coefficients. The second is the
weak path from mangrove shoreline through sediment, in which longer mangrove shoreline leads to
sediments that are less firm. Increasing sediment
firmness (greater sand and shell content relative to
fine mud and silt particles) had negative effects on
oyster abundance on the ground but not on abundance of prop root oysters (Fig. 7). This might reflect
a reduction in small sediment particles coated with
microbes that the filter-feeding oysters could eat as
the fraction of larger grain sizes increases (Langdon
& Newell 1990). Alternatively, it might indicate that a
sandier substrate is more abrasive than mud or silt
and therefore more likely to cause oyster mortality or
death when resuspended during storms. Regardless
of the reason, the combined direct and indirect
effects of length of mangrove shoreline on ground
oyster abundance are weakly positive (0.10). This
result shows that for oysters on the ground near mangrove cover, the direct negative effects of increasing
mangrove shoreline can be offset by a combination of
indirect effects. This kind of complex, multivariate
set of interactions needs to be more fully integrated
into theoretical models of facilitation.
Similarly, increasing fetch produced strong negative effects on the abundance of ground oysters but
had no effect on the abundance of oysters on prop
roots. This suggests that oysters on prop roots had a
refuge from storm effects not realized by ground oysters. The direct effect of fetch, plus the indirect effect
through sediment firmness, produced a relatively
strong (−0.56) total effect of fetch on ground oysters.
In contrast, fetch had no direct effect on prop root
oysters and only a weak (−0.08) indirect effect
through sediment firmness. This result is also consistent with the idea of facilitative effects of mangroves
on oysters.
In addition to the effects of mangroves, the multivariate effects of physico-chemistry and the proximities to inlets and discharge sources were relatively
complex and important. The frequency of flooding,
measured by the proxy of seawardness of a tree and
its prop roots, was the most important factor affecting
oyster abundance and size and was chosen as our
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‘base model’ and was included in all other models
(Figs. 3, 5−7). Greater flooding frequency integrates
decreased potential for desiccation stress and
increased time for feeding.
Salinity, but not turbidity or chl a, had moderately
strong effects on the abundance of oysters on prop
roots and on the ground. For oysters on prop roots,
greater variability in salinity had a negative effect.
However, for ground oysters, the increases in the 5 yr
mean salinity had a negative effect. It is possible that
oysters on prop roots experienced an adverse physiological reaction to increasing variability in salinity
because of a possible interaction with the additional
time exposed to air, while those living more seaward
on the ground, which were thus more frequently
flooded, did not. However, this interpretation needs
to be explored further with ecophysiological studies.
Mean salinities at all sites were well within the range
of tolerance of Crassostrea virginica (Shumway
1996). Thus, the negative effect of increasing mean
salinity on ground oyster abundance might actually
reflect increases in predators or disease parasites
which would show up in this model as a negative
direct effect of higher salinity. Further studies on differences in predation and disease regimes in ground
and prop root oysters, and how these vary with salinity and other factors, are clearly needed.
Proximity to inlets did not affect the abundance of
oysters on prop roots directly, but did have a direct
negative effect on the abundance of ground oysters
(Fig. 7). This too, is consistent with the hypothesis
that some marine predators living in greater abundances or having greater activities, near inlets may
adversely affect ground oysters. Yet oysters on prop
roots gain some refuge from these hypothesized
predators and/or parasites presumably because prop
root oysters spend less time under water and are thus
less exposed to these species. Because abundances of
neither prop root nor ground oysters were enhanced
by being nearer to an inlet, this suggests that larvae
from outside the IRL are not a major source maintaining the oyster population in the estuary. From this
result coupled with the positive effect of amount of
mangrove shoreline on oyster abundance, we suggest that most colonization is from within-estuary
and consequently that larval production and/or settlement are enhanced where red mangroves and
their prop roots are more abundant.
Discharges of fresh water also carry a sediment
load, which can have microbes associated with some
of the particles. Some small grain sizes and especially
their microbial residents may serve as oyster food
(Langdon & Newell 1990). Therefore, increasing dis-

tance from a discharge ‘food source’ would have a
negative effect on oysters on prop roots as seen in the
path coefficient in Figs. 6 & 7. For oysters on the
ground, sediments in discharge waters may settle on
the oysters and clog gills or feeding apparatus if sufficiently high (Shumway 1996). However, sediment
discharge would pose less of a problem for oysters on
prop roots since sediment tends to wash off with outgoing tides, buffeting by waves, or rainfall. This
would explain the increase in ground oysters with
increasing distance from discharge source, and the
concomitant decrease in oyster abundances on prop
roots. Sediments farther from a discharge source will
receive less of the fine particles carried in runoff, and
so sediment firmness increases with distance from
discharge source. This, therefore, leads to indirect
negative effects on ground oyster abundance and
prop root oyster size, although the effects are small,
as indicated by an indirect effect of only 0.19 in the
path distance from discharge source through sediment firmness (Figs. 6 & 7).
In summary, we have shown that mangroves facilitate oysters on prop roots and that oysters on prop
roots facilitate oyster abundance on the ground as
clumps or entire prop roots drop off. The predictions
of the basic and modified SGH become complex
when foundation species are involved (Coldren
2013). With 2 foundation species, there can be both
direct and indirect effects of interactions between the
foundation species on various ecological functions,
trophic cascades, and diversity of the associated communities. This will make modifying the SGH for such
interacting systems even more complex. Our SEM
results discussed above illustrate some of the complexities that exist in the mangrove−prop root oyster−ground oyster system. Although implicit in the
hypothetical models, indirect effects will need to be
more fully incorporated into SGH and other theories
in order to accurately explain the cascade of interactions that can occur when foundation species cooccur. The facilitative interactions found here operate within a complex matrix of variables that form
stress gradients in parts of the IRL including salinity,
flooding frequency, sediment type, fetch distance,
and proximities to inlets and sources of freshwater
discharge. Together, these factors explained 74, 60,
and 67% of the latent variables OYABUN, OYSIZE,
and GRNDOY, respectively (Fig. 7). The covariance
structure implied by the more complex model COM4 (Fig. 6) fit the covariance structure of the data for
some measures of model fit (RMSEA, CFI, and TLI,
see Fig. 6 legend), as did some of the more simple
models (Table 1). These results highlight the impor-
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tance of studying multivariate relationships that
include both direct and indirect effects when trying
to understand the ecology of assemblages of species. The most appropriate statistical technique to
accomplish this is SEM. SEM is a powerful tool that
combines theory in terms of developing alternative
models of cause and effect relationships with regression-based data analysis. In our study, we used SEM
to demonstrate the existence of facilitation of oysters
by red mangroves; however, like most studies, our
analyses have raised more questions than were
answered. Additional assessments in other estuaries
are needed to confirm the facilitation of oysters by
mangroves and to provide further details about the
linkages among predictor and oyster variables.
Moreover, we have established the first step in the
mangroves-facilitate-oysters relationship. Studies
are needed to quantify cascading effects of the facilitative relationship, if any, on the many species that
reside in and among oysters.
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