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water inundation over reefs at high tide. We demonstrate 
that in addition to host characteristics, biotic and abiotic 
community-level variables both serve as large-scale indica-
tors of parasite dynamics.
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Introduction

Like most free-living organisms, parasites vary in abun-
dance over space and time. Unlike free-living species 
though, parasites require the presence of a competent host, 
increasing the number of external drivers that can affect 
variability in their abundance patterns. Hosts might vary 
in abundance, distribution and susceptibility, all of which 
affect the parasite’s distribution and abundance (Smith 
et al. 2007; Byers et al. 2008; Morse et al. 2012; Ander-
son et al. 2013; Satterfield et al. 2015). Furthermore, even 
when competent hosts occur, not all communities or envi-
ronments that are inhabited by hosts are equally habitable 
for parasites, since direct and indirect interactions between 
parasites and their predators, competitors, and the envi-
ronment can influence the probability of a host population 
being infected (Pennings and Callaway 1996; Ezenwa et al. 
2007; Thieltges et al. 2009; Altman and Byers 2014). Here, 
we aimed to evaluate factors that can influence parasite 
colonization and establishment that may operate at differ-
ent scales.

Biological community members can affect parasites 
either directly—during free-living life stages (Lafferty 
2008; Johnson et al. 2010; Locke et al. 2014), or indi-
rectly by influencing their hosts (Hudson et al. 1992; 
Wild et al. 2011). For example, predators can negatively 
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influences may vary across spatial scales. To determine 
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crab Eurypanopeus depressus and its parasite Loxothylacus 
panopaei, an invasive castrating rhizocephalan, in a hier-
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impact a parasite through direct consumption of the free-
living infective stages (Grutter 2002; Mouritsen and Pou-
lin 2003; Lafferty 2008; Kaplan et al. 2009; Johnson et al. 
2010). Additionally, the ‘healthy herd’ hypothesis suggests 
that predators can keep infection rates relatively low by 
selectively feeding on infected hosts (Packer et al. 2003; 
Hatcher et al. 2006). Predators may be an important fac-
tor that either enhances or reduces a host population’s prob-
ability of infection.

The abiotic environment may also affect variability in 
parasite distribution. Environmental drivers can create “ref-
uge” habitat at environmental extremes, where the host is 
able to survive and the parasite cannot (Li et al. 2010; Lei 
and Poulin 2011). For example, in marine systems low pH 
can reduce free-living parasite survival, resulting in lower 
parasite diversity and richness (Marcogliese and Cone 
1996), and many parasites are more vulnerable than their 
hosts to low salinity (Li et al. 2010; Lei and Poulin 2011; 
Studer and Poulin 2012). In addition, host habitat complex-
ity and water movement might impact parasite distribu-
tions. For example, increased water flow may increase host 
exposure to water-borne parasites and pathogens, poten-
tially increasing parasite recruitment and infection.

Broad-scale studies on parasite prevalence can be chal-
lenging, as many parasites are cryptic and infection can 
be difficult to detect. However, rhizocephalan barnacles 
that parasitize crustaceans are abundant, and their exter-
nally visible reproductive organ, the externa, facilitates 
studies of rhizocephalan distributions across large geo-
graphic areas (Grosholz and Ruiz 1995; Alvarez et al. 
2001; Chan et al. 2005; Sloan et al. 2010; Freeman et al. 
2013; O’Shaughnessy et al. 2014). Surveys of rhizoceph-
alans reveal that infection prevalence is variable between 
sites (Grosholz and Ruiz 1995; Alvarez et al. 2001; Chan 
et al. 2005; Sloan et al. 2010). It has been hypothesized that 
variability in host susceptibility to infection can drive spa-
tial variation in infection prevalence; however, there is cur-
rently limited data to support this hypothesis (Kruse et al. 
2011; Grosholz and Ruiz 1995; Sloan et al. 2010).

Loxothylacus panopaei is a castrating rhizocephalan 
barnacle parasite that infects the mud crab Eurypanopeus 
depressus, as well as several other mud crabs (Reinhard 
and Reischman 1958; Kruse et al. 2011). Eurypanopeus 
depressus is an abundant oyster reef-dwelling crab occur-
ring in oyster reefs from the Gulf of Mexico to Massachu-
setts Bay. Loxothyacus panopaei overlaps much of this 
range, but is native to the Gulf of Mexico and introduced 
to the US Atlantic coast from Long Island, New York to 
Cape Canaveral, Florida (Kruse and Hare 2007; Kruse 
et al. 2011; Freeman et al. 2013; Eash-Loucks et al. 2014; 
O’Shaughnessy et al. 2014). There are three genetic line-
ages of this parasite (Kruse et al. 2011), and E. depressus 
is infected by the ER lineage, which was first documented 

in North Carolina in 1983 and in Georgia and northeastern 
Florida in 2004/2005 (Kruse and Hare 2007; Eash-Loucks 
et al. 2014). Along the Atlantic coast, E. depressus is con-
sumed by several fish species, as well as Callinectes sapi-
dus, the commercially important blue crab. Eurypanopeus 
depressus utilizes the oyster reefs as a refuge from these 
highly mobile predators (Meyer 1994; Hulathduwa et al. 
2011). While this is a relatively new invasion, all estuaries 
in the study are within a geographic range where the para-
site had been documented for at least 5 years prior to the 
study. Prevalence of L. panopaei infections in E. depressus 
is spatially variable (Hines et al. 1997), making the parasite 
an excellent candidate for evaluating the potential influence 
of biotic and abiotic variables on its abundance.

To determine whether abiotic or biotic variables con-
tribute to the probability of infection by L. panopaei in its 
invaded range, we conducted a detailed observational study. 
We conducted the survey within a single week at replicate 
estuaries across >900 km of the South Atlantic Bight. We 
collected a suite of community-level variables, including 
the density of hosts and the occurrence of predators of both 
the parasite and host. Additionally, we collected environ-
mental variables that we hypothesized would affect oyster 
habitat, including oyster density and vertical relief of oyster 
beds. We evaluated whether environmental attributes, host 
demographics or predators of the host and parasite influ-
ence the probability of finding E. depressus infected with 
L. panopaei.

Methods

Field survey

 We selected five oyster reefs at each of 10 estuaries from 
Florida to North Carolina, creating a hierarchically struc-
tured design (Fig. 1, Kimbro et al. 2014). Reefs were 
selected to limit certain influential variables. All reefs were 
intertidal, located on tidal creek banks near the mouth of an 
estuary, near Spartina alterniflora and had a summer salin-
ity around 25 ppt (Byers et al. 2015). We placed permanent 
markers on each reef in a 3 m x 3 m intertidal sampling 
area to enable repeated measurements. We conducted inver-
tebrate surveys at all sites during 7 to 13-August-2010. On 
each reef, a single 0.25 m2 quadrat was placed mid-reef, 
in the center of the markers. All oysters, dead shells and 
sediments to a depth of 10 cm were excavated from inside 
each quadrat. Samples were brought back to the lab, rinsed 
and sieved with a 1 mm mesh, and all infauna (i.e. inver-
tebrates that live within the oyster reef) were placed first 
in 70 % ethanol and then in 10 % neutral buffered forma-
lin for storage. All mud crabs were identified to species 
and examined under a dissecting scope for an externa, the 
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external reproductive organ of L. panopaei. Host crab cara-
pace width was also measured. There are two visibly dis-
tinguishable stages of externa, a non-reproductive virgin 
externa and a reproductively mature externa. To constrain 
our estimate of infection probability to infectious individu-
als we counted only crabs with mature L. panopaei infec-
tions. Although multiple infections on a single host are pos-
sible in this system (O’Shaughnessy et al. 2014), none were 
found in this survey, potentially because multiple infections 
would likely result in mortality in August when high tem-
peratures are common (Gehman, unpublished data).

We quantified predators of small mud crabs (such as E. 
depressus), including fish and the blue crab Callinectes 
sapidus, on each reef by setting un-baited crab traps, min-
now traps, fish traps and gill nets, 1–2 weeks before para-
site collection during 25th to 30th July 2010. Traps were 
soaked for 6 h on the rising tide, and gill nets were set for 
one nocturnal high tide cycle on each reef. Fish identified 
as xanthid crab predators based on gut contents (Online 
Resource 1) were categorized as “fish predators”. These 
include Arius felis, Bagre marinus, Pogonias cromis, Sci-
aenops ocellatus, Pomatomus saltatrix, Opsanus tau, Lei-
ostomus xanthurus, Orthopristis chrysoptera, Lagodon 
rhomboides and Lutjanus griseus. All other captured fish 
were quantified collectively as a separate category of ‘other 
fish’ to isolate the effect of predatory fish from that of fish 
that just share habitat with E. depressus on oyster reefs. If 
shared habitat alone drove correlations with L. panopaei 
then both the ‘fish predators’ and the ‘other fish’ should 
have similar effects.

Other important predictor variables we quantified 
included Panopeus herbstii density, a large reef-dwelling 
mud crab competitor and predator of E. depressus, which 
we quantified m−2 during the infaunal invertebrate surveys. 
Crassostrea virginica recruitment, the number of live C. 
virginica m−2 and the physical characteristics of the oyster 
reef were previously quantified (Byers et al. 2015).

Temperature is often an important abiotic controlling 
factor that we wanted to capture in our analyses. Although 
temperature was measured at each estuary, this occurred 
only after the invertebrate survey in the fall of 2010, and as 
such was not explicitly included in this analysis. Tempera-
ture negatively correlates with latitude among the estuaries 
included in this study (Byers et al. 2015); so, the effect of 
temperature is implicitly accounted for in our inclusion of 
an estuary-level blocking factor (see below).

Statistical analysis

Multicollinearity

Statistical analysis was conducted in R (R Development 
Core Team 2010). All variables collected were evaluated 
for multicollinearity (Online Resource 2). Any variables 
with a correlation coefficient greater then 0.70 were evalu-
ated to determine biological relevance in relation to the 
response variable, and only the most relevant predictors 
were maintained in the model. There was a strong corre-
lation between live oysters m−2 and oyster recruitment; so 
we kept only live oysters in our models. Water depth was 

Fig. 1  Map of the South 
Atlantic Bight indicating the 
average prevalence (±SD) of 
L. panopaei infection in E. 
depressus across five reefs, 
sampled in each of 10 estuaries 
(for additional information see 
Byers et al. 2015). Sample sizes 
are shown in parenthesis, and 
are uneven between estuaries as 
collections were standardized 
by sampling area
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correlated with several environmental variables, such as 
reef slope. As such, water depth was kept in the dataset and 
considered a proxy for general water movement over the 
reef.

Probability of infection

We evaluated the relationship between reef biotic and abi-
otic predictor variables and E. depressus infection probabil-
ity by fitting a binomial generalized mixed effects model. 
The parasite response variable was infection status, i.e. the 
number of E. depressus with and without an L. panopaei 
externa (1 and 0) within each quadrat on each reef. We 
included standardized host density, host size, number of 
Callinectes sapidus, Panopeus herbstii density, number of 
‘fish predators’, number of ‘other fish’, vertical relief, and 
water depth as fixed variables, and infection status (0 or 1) 
as the response variable (Table 1; package lme4). We evalu-
ated an exhaustive suite of models and used AICc for model 
selection to create a candidate set of models (ΔAICc < 2; 
package MuMIn; Burnham and Anderson 2002). We 
accounted for the hierarchy of our design (10 estuaries with 
5 reefs each) by including estuary as a random effect. Any 
unmeasured driver of variability between the estuaries, 
such as temperature, was captured in the estuary random 
term. We examined two additional models in comparative 
model runs, one that included reef as a random variable and 
one that included estuary and reef nested within estuary 

as random variables. When reef was included as a random 
variable (either nested or not), its inclusion raised the AICc 
(Online Resource 3) and did not change the significant var-
iables maintained in the top models (Online Resource 4). 
Applying the philosophy of presenting the most parsimoni-
ous model, we did not include reef in the final model.

We standardized each of the predictor variables using 
the scale function, which subtracts the mean for each 
variable and then divides by the standard deviation. This 
standardization allowed for direct comparison of regres-
sion coefficients of each predictor variable. The relative 
variable importance (RVI) ranks all variables based on 
their frequency of occurrence in top models and was cal-
culated from an exhaustive suite of models by summing the 
model weights over all models that included that variable 
(package MuMIn). To visualize the relationship between 
the fixed variables and infection status we used the func-
tion visreg (package visreg). We utilized several metrics of 
model fit, first evaluating the residuals of the model to the 
fitted model using plotresid in R to create a simulated quan-
tile–quantile plot (package RVAideMemoire). For each of 
the top models, we calculated marginal and conditional 
pseudo-R2 values using the function r.squaredGLMM, 
evaluating the fit of fixed effects and the fixed + random 
effects model, respectively (package lme4; Nakagawa and 
Schielzeth 2013). To evaluate model accuracy at predicting 
infection status, we calculated area under the curve (AUC) 
for each of the top models using the function auc (package 

Table 1  Descriptive 
statistics for biological and 
environmental variables 
measured across 50 oyster reefs 
sampled within 10 estuaries 
from Florida to North Carolina

Variables hypothesized to affect parasite prevalence were included, such as host density and size. Euryp-
anopeus depressus predators included Callinectes sapidus and ‘predatory fish’ a subset of fish confirmed 
to consume xanthid crabs based on gut content data (Online Resource 1). All other fish were included to 
evaluate for indirect effects. Panopeus herbstii is considered a competitor. Habitat variables included the 
number of Crossostrea virginica (live oysters), the vertical relief of the oyster reef and water depth over the 
reef. Salinity was standardized for polyhaline values as much as possible during oyster reef selection. Most 
variables were quantified at the reef level (N = 50), but water depth and salinity were quantified at the estu-
ary level (N = 10)

Variable Mean SD Min Max N Unit

Infection prevalence 26.19 20.61 0 100 1179 %

Loxothylacus panopaei density 25 27 0 100 50 Infected crabs m−2

Eurypanopeus depressus density 96 81 0 332 50 Crabs m−2

Host size 7.96 2.36 4.03 20.3 1179 mm carapace width

Panopeus herbstii density 42 28 0 128 50 Crabs m−2

Callinectes sapidus abundance 1 2 0 7 50 Crabs per trap

‘Predatory fish’ abundance 7 9 0 36 50 Fish per traps and gill 
net

‘Other fish’ abundance 5 4 0 14 50 Fish per traps and gill 
net

Crassostrea virginica density 2468 2608 56 12048 50 Oysters m−2

Vertical relief of oyster reef 3.82 2.09 0.25 11.25 50 cm

Avg water depth over reef at high tide 0.56 0.16 0.21 0.79 10 m

Salinity 34.4 2.25 30.00 37.67 10 ppt
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arm). In order to interpret the odds of finding an infected 
individual, we calculated the odds ratios (OR) by exponen-
tiating the top model coefficients. The predictor variables 
are scaled, so the OR estimates the effect of one standard 
deviation change in the predictor variable.

Parasite density

To assess additional measures of parasite response, we 
evaluated parasite abundance, a parasite trait that is increas-
ingly being recognized as important (Lagrue and Poulin 
2015). We quantified parasite density as the number of E. 
depressus infected with L. panopaei m−2. Parasite den-
sity reflects the absolute abundance of parasites in an area, 
allowing evaluation of the relationship between resource 
(host) density and consumer (parasite) density (Lagrue and 
Poulin 2015). To evaluate whether E. depressus density 
had an effect on maximum parasite density, we ran a quan-
tile regression (package quantreg; (Cade and Noon 2003; 
R Development Core Team 2010). We evaluated whether 
host density effected the maximum density of L. panopaei, 
using the upper (0.95) quantile (Cade and Noon 2003). XY-
pair bootstrapping was used to evaluate the fit of the model 
across each quantile.

Results

Field survey

Eurypanopeus depressus were present in all estuaries and 
were found at all but one of the 50 surveyed reefs, with a 
mean density of 96 crabs m−2 (Table 1). Loxothylacus 
panopaei were also found in all estuaries, but only at 40 
of the 50 oyster reefs surveyed, with a mean density of 
25 infected crabs m−2 and an infection prevalence across 
all samples of 26.18 % (Table 1). Infection prevalence of 
L. panopaei varied within and between estuaries (Fig. 1). 
Five out of the 10 estuaries surveyed were first reports of 
L. panopaei infection, filling in previous gaps in the geo-
graphic range of the parasite. Biological and physical pre-
dictor variables varied across the geographic range sampled 
(Table 1), and patterns across estuaries are reported else-
where (Kimbro et al. 2014; Byers et al. 2015).

Probability of infection

All models within the candidate set (ΔAICc < 2) were 
good fits to the data, with no patterns in the residuals and 
good levels of accuracy in prediction as calculated by AUC 
(Table 2). Fixed variables explained approximately 26 % of 
the variance in the data, and the random variable estuary 
explained an additional 9 % of the variance (as measured 

by the difference between the conditional and marginal 
pseudo R2, Table 2). Including estuary as a random variable 
improved the model fit substantially (based on residuals) 
and as such was included in all models.

The best-fit model for probability of infection included 
water depth, host size, ‘fish predators’, blue crabs and estu-
ary as a random variable (Table 2; Fig. 2). Host size had the 
highest RVI and was included in all the candidate models 
(Table 2), with the odds of a crab being infected increas-
ing 195 % for every 2.36 mm increase in carapace width of 
a host (Table 2; Fig. 2). Water depth had the second high-
est RVI and was also included in all the candidate models, 
with the odds of a crab being infected increasing 105 % for 
every 0.16 m increase in the depth of the water over the 
reef at high tide (Table 2; Fig. 2). ‘Fish predator’ presence 
had the third highest RVI and was included in all the candi-
date models, with the odds of a crab being infected increas-
ing 42 % for every 9 additional fish caught in the traps at 
that reef (Table 2; Fig. 2). The presence of C. sapidus was 
also included in all of the candidate models, with the prob-
ability of infection increasing 33 % for every additional 
blue crab caught in the traps by the reef (Table 2; Fig. 2). 
Host density was included in 4 of the 5 candidate models 
but was not significant (Table 2; Fig. 2). Panopeus herb-
stii, ‘other fish’ and vertical relief were each included in 
one of the candidate models; however, these variables were 
non-significant when included, had low RVI and minimal 
ß-coefficients, suggesting that they added very little to the 
interpretation. Among the candidate model set, the best-fit 
model had moderate support (weight = 0.33) and all vari-
ables included had high RVI.

Parasite density

Host density was significantly and positively correlated 
with maximum densities of infected individuals across the 
range of host density evaluated in this study (95th quantile, 
y = 0.35x + 8.77, β = 0.35, p > 0.001, Fig. 3).

Discussion

Our results show that host, environmental and biological 
community characteristics can explain variance in L. pano-
paei infection prevalence among estuaries across >900 km 
of coastline. Host body size increases the probability of L. 
panopaei infection (Table 2; Fig. 2), and both water depth 
and predator abundance were associated with higher prob-
ability of L. panopaei infection (Table 2; Fig. 2). Localized 
variables that differed at the reef level were predominantly 
associated with variation in infection prevalence; however, 
the single estuary-level variable included—water depth 
(Table 1)—was a strong predictor of infection prevalence. 



144 Oecologia (2017) 183:139–149

1 3

Ta
bl

e 
2 

 T
he

 c
an

di
da

te
 m

od
el

 s
et

 (
Δ

A
IC

c 
<

 2
) 

fo
r 

in
fe

ct
io

n 
st

at
us

 o
n 

50
 r

ee
fs

 f
ro

m
 1

0 
es

tu
ar

ie
s 

fr
om

 N
or

th
 C

ar
ol

in
a 

to
 F

lo
ri

da

St
an

da
rd

iz
ed

 β
-c

oe
ffi

ci
en

ts
 w

er
e 

re
po

rt
ed

 f
or

 p
re

di
ct

or
 v

ar
ia

bl
es

 i
nc

lu
de

d 
in

 e
ac

h 
m

od
el

. 
T

he
 v

ar
ia

bl
es

 i
nc

lu
de

d 
in

 a
 g

iv
en

 m
od

el
 i

de
nt

ity
 a

re
 d

is
tin

gu
is

he
d 

by
 h

av
in

g 
a 

lis
te

d 
β

-c
oe

ffi
ci

en
t 

va
lu

e.
 (

N
ot

e 
th

at
 E

st
ua

ry
, I

nt
er

ce
pt

 a
nd

 th
e 

fir
st

 4
 p

re
di

ct
or

 v
ar

ia
bl

es
 a

re
 in

cl
ud

ed
 in

 a
ll 

m
od

el
s 

A
-E

 a
nd

 o
nl

y 
th

e 
fin

al
 fi

ve
 v

ar
ia

bl
es

 d
if

fe
re

d 
be

tw
ee

n 
m

od
el

s)
. P

re
di

ct
or

 v
ar

ia
bl

es
 th

at
 w

er
e 

si
g-

ni
fic

an
t 

in
 t

he
 m

od
el

 a
re

 b
ol

d.
 R

el
at

iv
e 

va
ri

ab
le

 i
m

po
rt

an
ce

 (
R

V
I)

 w
as

 c
al

cu
la

te
d 

fo
r 

ea
ch

 p
re

di
ct

or
 v

ar
ia

bl
e,

 s
ca

le
d 

fr
om

 0
 t

o 
1.

 A
 n

ul
l 

m
od

el
 w

ith
 e

st
ua

ry
 a

s 
a 

ra
nd

om
 v

ar
ia

bl
e 

w
as

 i
nc

lu
de

d.
 

To
 a

cc
ou

nt
 f

or
 m

od
el

 s
el

ec
tio

n 
un

ce
rt

ai
nt

y,
 m

od
el

 a
ve

ra
gi

ng
 w

as
 c

on
du

ct
ed

 o
n 

th
e 

ca
nd

id
at

e 
se

t m
od

el
s 

(A
-E

).
 O

dd
s 

ra
tio

s 
(O

R
) 

an
d 

co
nfi

de
nc

e 
in

te
rv

al
s 

(C
I 

2.
5–

97
.5

 %
) 

w
er

e 
re

po
rt

ed
 f

or
 th

e 
co

m
po

ne
nt

 v
ar

ia
bl

es
 o

f 
th

e 
be

st
-fi

tti
ng

 m
od

el
 (

A
) 

ac
co

rd
in

g 
to

 A
IC

c 
cr

ite
ri

a.
 A

ll 
va

ri
ab

le
s 

ar
e 

st
an

da
rd

iz
ed

; s
o 

th
e 

ef
fe

ct
 o

f 
ea

ch
 v

ar
ia

bl
e 

is
 c

om
pa

ra
bl

e 
be

tw
ee

n 
pr

ed
ic

to
r 

va
ri

ab
le

s.
 O

dd
s 

ra
tio

s 
ar

e 
as

so
ci

at
ed

 w
ith

 a
 s

in
gl

e 
st

an
da

rd
 d

ev
ia

tio
n 

ch
an

ge
 in

 th
e 

pr
ed

ic
to

r 
va

ri
ab

le

M
od

el
V

ar
ia

nc
e

β
 C

oe
ffi

ci
en

ts
Ps

eu
do

 R
2

E
st

ua
ry

In
te

rc
ep

t
H

os
t s

iz
e

W
at

er
 

de
pt

h
Pr

ed
at

or
y 

fis
h

C
. s

ap
i-

du
s

H
os

t 
de

ns
ity

O
th

er
 

fis
h

P.
 h

er
b-

st
ii

V
er

tic
al

 
re

lie
f

C
. v

ir
gi

-
ni

ca
A

IC
c

Δ
 A

IC
c

W
ei

gh
t

M
ar

gi
na

l
C

on
di

-
tio

na
l

A
U

C

A
0.

43
−

1.
32

1.
08

0.
72

0.
35

0.
29

0.
21

11
08

.6
7

0.
00

0.
32

0.
26

0.
35

0.
83

B
0.

39
−

1.
33

1.
08

0.
68

0.
34

0.
26

0.
23

0.
11

11
09

.7
2

1.
05

0.
19

0.
27

0.
34

0.
83

C
0.

41
−

1.
39

1.
08

0.
76

0.
38

0.
25

11
09

.8
8

1.
20

0.
17

0.
27

0.
35

0.
83

D
0.

45
−

1.
31

1.
09

0.
73

0.
35

0.
29

0.
23

−
0.

07
11

10
.1

1
1.

43
0.

16
0.

26
0.

35
0.

83

E
0.

43
−

1.
33

1.
08

0.
71

0.
33

0.
28

0.
21

0.
06

11
10

.2
3

1.
56

0.
15

0.
26

0.
35

0.
83

Fu
ll

0.
38

−
1.

33
1.

08
0.

67
0.

30
0.

25
0.

23
0.

12
0.

09
−

0.
04

0.
02

11
14

.6
8

6
0.

02
0.

27
0.

35
0.

83

N
ul

l
0.

43
−

1.
15

12
92

.4
7

18
3.

8
0.

00
0.

00
0.

12
0.

67

A
ve

ra
ge

−
1.

33
1.

08
0.

72
0.

35
0.

28
0.

18
0.

02
0.

01
−

0.
01

0.
00

R
V

I
1.

00
0.

91
0.

89
0.

75
0.

65
0.

42
0.

37
0.

30
0.

30

O
R

2.
95

2.
05

1.
42

1.
34

1.
23

C
I

2.
48

–3
.5

4
1.

29
–3

.2
0

1.
11

–1
.8

5
1.

05
–1

.6
9

0.
98

–
1.

57



145Oecologia (2017) 183:139–149 

1 3

Many of the influential variables were non-host factors. 
Increasingly, it is recognized that external (i.e., non-host) 
factors can influence parasite dynamics (Pennings and 
Callaway 1996; Thieltges et al. 2009; Altman and Byers 
2014).

We found that predators were associated with increased 
L. panopaei infection prevalence. Predators can influence 

host–parasite interactions, with evidence that direct preda-
tion can decrease infection by removing infected individu-
als (e.g., Hudson et al. 1992). Alternatively, consumption 
of an infected host might enhance transmission by spread-
ing parasite propagules (e.g., Duffy et al. 2011). In addi-
tion to these consumptive pathways, predator avoidance 
behaviors can increase susceptibility of the host and thus 

Fig. 2  Probability of infection as a function of each predictor vari-
able included in the top model (model A in Table 2; n = 1179). Prob-
ability of infection was calculated based on an inverse logistic trans-
formation applied to the log odds of infection. The 95 % confidence 
intervals were calculated only considering the fixed effects (grey 
shading). Vertical hash marks along the x-axis indicate the spread 
of the data points used to fit the model. Differences in the number 
of hash marks between variables reflect the scale and resolution of 
each measurement; for example, water depth has fewer hash marks 

because there was only one measurement per estuary. All predic-
tor variables are standardized so that the effects of the variables are 
readily comparable among each other, with every unit change asso-
ciated with a single standard deviation change in the predictor vari-
able. a Standardized host size measure as carapace width (mm), b 
Standardized host density measured as number of E. depressus m−2, c 
Standardized relative abundance of fish predators of small mud crabs 
(family Xanthidae), d Standardized relative abundance of Callinectes 
sapidus, e Standardized water depth over oyster reef (m)
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enhance infection (e.g., Caceres et al. 2009). In our study, 
we found that the prevalence of infected E. depressus 
increased in the presence of host predators, including both 
predatory fish and blue crabs (Fig. 2c, d). When predators 
are highly mobile and the prey are less mobile, a positive 
association between predators and prey across large scales 
is likely (Sih 1982). If predators prefer infected, potentially 
more vulnerable, E. depressus, then a positive correlation 
between predators and infected hosts could be driven by 
predator aggregation near areas of higher infection preva-
lence within each estuary (Rose and Leggett 1990; Sih 
2005; Wieters et al. 2008). Although mobile within the con-
text of an oyster reef, E. depressus is likely confined to a 
given reef due to desiccation stress and high off-reef preda-
tion rates (Grant and McDonald 1979), thus reducing the 
chances that infected E. depressus can emigrate from high 
abundances of their mobile predators. Alternatively, posi-
tive correlations between infection and predator occurrence 
could indicate collinear responses to an underlying envi-
ronmental variable.

Many marine parasites maintain a free-living larval 
stage, and as such may be influenced by the same recruit-
ment dynamics as their free-living hosts. Water depth is 
associated with increased circulation and water volume 
moving over the reef, among a wide variety of other vari-
ables. In oyster reef communities, water depth is a positive 
predictor of multiple parasites, including L. panopaei infec-
tion prevalence examined here, and also Zaops ostreus, a 
pea crab parasite of oysters (Byers et al. 2013). In the case 
of the pea crab, parasite recruitment strongly mirrored host 
recruitment. However, that pairing may be less likely for 
L. panopaei and its host, as L. panopaei releases larvae 
throughout most of the year (Walker et al. 1992), and E. 
depressus only reproduces twice a year at most (McDonald 

1982). The positive relationship between water depth and 
probability of infection (Fig. 2e) suggests that areas with 
more water moving over the reef are also experiencing 
higher recruitment of L. panopaei larvae.

As has been documented before (Alvarez et al. 1995; 
Hines et al. 1997; Poulin and Hamilton 1997), E. depres-
sus size was a positive predictor of infection, with larger 
individuals more likely to be infected then smaller individ-
uals (Fig. 2a). This could simply be because larger hosts 
are older and have had longer time to accrue infection. Or 
the positive relationship between host size and parasite size 
may indicate that smaller hosts do not have enough energy 
to sustain the energy demands of the parasite (Alvarez et al. 
1995). Larger hosts can confer the additional benefit of 
increased energy available for parasite reproduction (Pou-
lin 2007), and parasitic castration has often been associated 
with gigantism (Lafferty and Kuris 2009). Gigantism is 
unlikely in this host-parasite system, as the molt cycle (and 
thus growth) of E. depressus is halted following L. pano-
paei externa release and parasites in adult hosts release an 
externa after a single molt (O’Brien and Skinner 1990). 
However, there is some evidence that infected megalopae 
undergo several molt cycles before the parasite releases an 
externa (O’Brien and Skinner 1990; Alvarez 1993; Alvarez 
et al. 1995). Larger hosts produce substantially more para-
site larvae (Alvarez 1993); thus, it is possible that L. pano-
paei infecting megalopae may be selecting larger hosts.

Theoretical models have long predicted that parasitoids 
and castrators should have a density-dependent response to 
host density (Hassell and May 1973; Hassell 1985; Mur-
doch et al. 2005) and be able to regulate their host popu-
lations (e.g. Kuris 1974; Negovetich and Esch 2008; Best 
et al. 2012). Parasite density often increases with host 
density (Blower and Roughgarden 1989; Lafferty 1993; 
Sonnenholzner et al. 2011; Lagrue and Poulin 2015); how-
ever, rhizocephalans have yet to be examined in this way. 
We found some evidence that probability of L. panopaei 
infection increased with E. depressus density; however, 
the relationship was not significant (Fig. 2b; Table 2). We 
found instead that the maximum density of L. panopaei is 
correlated with E. depressus density, and constrained to 
be approximately 35 % of E. depressus density (i.e. 35 % 
infection prevalence; Fig. 3). This apparent ‘asymptote’ in 
L. panopaei infection density may arise for several reasons. 
For example, L. panopaei can have devastating impacts on 
its host populations, with abrupt decreases in host popula-
tions correlated with the invasion of the parasite (Andrews 
1980; Eash-Loucks et al. 2014). It is possible that the 
apparent 35 % limit indicates the upper limit that the popu-
lation can sustain without severe consequences for the host 
population.

This work demonstrates that although host character-
istics are associated with parasite distribution, biological 

Fig. 3  The relationship of parasite (L. panopaei) density, as a sub-
set of the total host (E. depressus) density (n = 50). The grey line 
indicates the 1:1 line, which is the maximum possible density of L. 
panopaei if all crabs are infected with a single externa (100 % preva-
lence). The black solid line indicates the 0.95 quantile regression line, 
indicating the upper limit of infected individuals



147Oecologia (2017) 183:139–149 

1 3

and physical variables can also influence parasite infection 
variability. Although all estuaries in our study could sustain 
parasites, variation in predation pressure and variables that 
may reflect parasite recruitment resulted in some areas hav-
ing higher infection rates than others. Future work designed 
to evaluate the interactions among hosts, parasites and 
predators would illuminate a greater understanding of how 
these interactions structure ecological communities.
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