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INTRODUCTION

Understanding the ecology of diseases is important
to understanding variability in abundance, and there-
fore the management, of marine species ex ploited
commercially (Stentiford et al. 2012). Such diseases
typically receive attention only when mass mortali-
ties or fishery impacts occur or when a pathogen is
associated with aquaculture (Meyers et al. 1987,
Field et al. 1992, Sánchez-Martínez et al. 2007, Walker
& Mohan 2009). While the prevalence and role in

mortalities of wild fishery populations can be chal-
lenging to quantify for some pathogens (Shields et al.
2005), with others there is clear evidence of their
prevalence either impacting otherwise predictable
population variations (Wahle et al. 2009) or resulting
in population declines (Ward & Lafferty 2004, Hersh-
berger et al. 2016).

In Chesapeake Bay, USA, the abundance of blue
crab Callinectes sapidus can vary markedly from
year to year due to fluctuations in recruitment and
natural mortality (Miller et al. 2011, NOAA NMFS

© The authors 2018. Open Access under Creative Commons by
Attribution Licence. Use, distribution and reproduction are un -
restricted. Authors and original publication must be credited. 

Publisher: Inter-Research · www.int-res.com

*Corresponding author: schott@umces.edu

Prevalence of the pathogenic crustacean virus 
Callinectes sapidus reovirus 1 near flow-through
blue crab aquaculture in Chesapeake Bay, USA

Emily M. Flowers1, Andrew F. Johnson2, Robert Aguilar3, Eric J. Schott4,*

1University of Maryland School of Medicine, Baltimore, MD 21201, USA
2Marine Biology Research Division, The Scripps Institution of Oceanography University of California, San Diego, 

CA 92093, USA
3Smithsonian Environmental Research Center, Edgewater, MD 21037, USA

4Institute of Marine and Environmental Technology, University of Maryland Center for Environmental Science, Baltimore, 
MD 21202, USA

ABSTRACT: Understanding the ecology of diseases is important to understanding variability in
abundance, and therefore management, of marine animals exploited commercially. The blue crab
Callinectes sapidus fills a crucial benthic−pelagic niche in Atlantic estuarine ecosystems and sup-
ports large commercial fisheries in both North and South America. In the USA, pre-molt blue
crabs are typically held in short-term shedding (ecdysis) facilities to produce soft-shell crabs of in -
creased value. However, mortality rates in these facilities are high and commonly associated with
the pathogenic C. sapidus reovirus 1 (CsRV1). To assess whether crab mortalities in these facilities
might increase CsRV1 prevalence in wild crab populations, tissue sampled from crabs collected
over 2 summers either near to or far from shedding facilities using flow-through water systems
were tested by reverse transcription quantitative PCR (RT-qPCR) for the presence of CsRV1 RNA.
In support of our hypothesis, PCR data identified the probability of detecting CsRV1 in wild crabs
sampled close to shedding facilities to be 78% higher than in crabs sampled from far sites. PCR
detections were also 61−72% more probable in male crabs and 21% more likely in male and
female crabs over the minimum landing size. As the prevalence at which CsRV1 was detected var-
ied within seasons, among locations and between years, blue crab migration and/or population
fluctuations appear to also be involved.
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2014, MD DNR 2017). A need has thus been identi-
fied to better understand the role of disease in this
variability (CBSAC 2014). Of the viral, bacterial, fun-
gal, protozoan and metazoan pathogens detected in
blue crabs (Shields & Overstreet 2007), at least 3
viruses can cause mortality, including a reo-like virus
(RLV) also known as C. sapidus reovirus 1 (CsRV1),
Chesapeake Bay virus (CBV) and bifacies virus
(BFV) (Johnson 1977, 1988, Bowers et al. 2010).
Although viruses have been identified to affect the
ecology of many crustacean species (Butler et al.
2008, Walker & Mohan 2009, Stentiford et al. 2012),
little is known about their impact on blue crab fish-
eries (Johnson 1978, Shields 2003, Shields & Over-
street 2007).

CsRV1 is the most studied virus of blue crabs
(Johnson 1977, 1983) and is found throughout their
North American distribution range that includes the
major Chesapeake Bay and the Louisiana coast fish-
eries (Rogers et al. 2015, Flowers et al. 2016a). In
Chesapeake Bay, CsRV1 has been detected repeat-
edly at >50% prevalence (Bowers et al. 2010, Flow-
ers et al. 2016a), and experimentally it has been
demonstrated to cause disease resulting in mortality
in under 2 wk (Bowers et al. 2010).

Genome structure and sequence shows that CsRV1
is closely related to Scylla serrata reovirus (SsRV or
mud crab reovirus, MCRV) (Tang et al. 2011, Flowers
et al. 2016b), which has caused mass mortality of
mud crabs S. serrata cultured in China (Weng et al.
2007). CsRV1 has similarly been associated with blue
crab mortalities in soft-shell crab production (‘shed-
ding’) systems in which wild-captured pre-molt crabs
(‘peelers’) are held for several days until ecdysis to
increase their commercial value. High CsRV1 infec-
tion loads have been found in >50% of blue crabs
that die in these systems, possibly due to multiple
stressors rendering them more susceptible to disease
(Ary & Poirrier 1989). In Chesapeake Bay, shedding
is often conducted in flow-through seawater systems,
and dead individuals are typically discarded into
adjacent waterways (Flowers et al. 2016a). As with
other crustacean viruses (e.g. penaeid white spot
syndrome virus; Soto & Lotz 2001, Lightner 2005),
CsRV1 is likely transmitted by scavenging, cannibal-
ism and waterborne transmission during cohabita-
tion (Johnson 1977, 1983).

There is a recognized potential for wild marine
animal populations to be reservoirs of pathogens
entering aquaculture and for aquaculture popula-
tions to amplify and disseminate pathogens to wild
populations (e.g. Snow et al. 2010, Sandlund et al.
2014). Examples of the latter include sea lice Lep-

eophtheirus salmonis parasitizing wild Atlantic
salmon, infectious hypodermal and hematopoietic
virus (IHHNV) in shrimp, and withering syndrome
in abalone (Pantoja et al. 1999, Krkošek et al. 2005,
 Lafferty & Ben-Horin 2013). In this context, the
high prevalence and infection loads of CsRV1 in
flow-through shedding systems suggest that they
could provide a mechanism for amplifying and
returning the virus to nearby wild populations of
blue crab. To assess this, PCR was used to deter-
mine the prevalence of CsRV1 in blue crabs col-
lected over 2 summers from locations both near to
and far from flow-through soft-crab production sys-
tems. Crab sex, size and injury data were also
recorded to identify host factors that might correlate
with CsRV1 prevalence.

MATERIALS AND METHODS

Crab sampling and environmental data

Blue crabs were sampled from 2 locations (Deal
Island and Crisfield) in the Maryland portion of Che -
sa peake Bay with commercial-scale flow-through
shedding operations consistently in use, and from a
reference location (Rhode River) near the Smithson-
ian Environmental Research Center with no record
of shedding being undertaken. At the Crisfield and
Deal Island sites, crabs were sampled at a site near
to (<200 m) and a site far from (>2 km and adjacent
to undeveloped land without crab shedding opera-
tions) the shedding and shedding effluent  locations
(Fig. 1).

Crabs were collected at each of the 5 sites by otter
trawl on 13 June and 28 August 2012 and on 21 June,
9 July, 23 July and 6 August 2013. In 2012, we
 collected 38 to 46 crabs at each date and site; in 2013,
12 to 28 crabs were collected at each date and site
(Table 1). For each crab, sex, pre-existing injury
 status (based on observed regrowth or absence of an
open wound for shell injuries or lost pereopods) and
carapace width (measured spine-to-spine) were re -
corded. For crabs with >90 mm carapace width tissue
samples were collected by induced leg autotomy.
Smaller crabs were collected whole. Crab samples
were individually bagged aboard the re search ves-
sel, placed on ice for transport and stored at −20°C
pending RNA extraction. To confirm that CsRV1 was
present in shedding facilities adjacent to the ‘Near’
sampling sites, CsRV1 RNA loads were quantified in
dead peelers (stored at −20°C) provided by shedding
operators.
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RNA extraction and reverse transcription (RT) qPCR

RNA extraction and RT-qPCR were conducted as
described by Flowers et al. (2016a). Briefly, dissec-
tions were conducted with single-use, sterile imple-
ments and the dissection area and crab carapace
were cleaned with ELIMINaseTM (DeconLabs) prior
to each dissection. Leg muscle (~50 mg) was homo -
genized with glass beads in 1.0 ml TRIzol® using a
Savant FastPrep™ FP120 homogenizer, and RNA
was extracted following the TRIzol protocol. To
monitor for cross contamination, negative control
samples (muscle from virus-free hatchery crabs)
were ex tracted before and after sets of field samples
and then subjected to RT-qPCR. RNA pellets were
dissolved in 50 µl nuclease-free water and stored at
−80°C.

RT-qPCR was conducted using TaqMan® Fast
Virus 1-Step Master Mix in 10 µl reactions containing
0.5 µM primers (RLVSet1F and RLVSet1R, Flowers et
al. 2016a). Prior to thermal cycling, double-
stranded RNA (dsRNA) template was dena-
tured in the presence of primers by heating
at 95°C for 5 min followed by cooling to 4°C.
Standard curves were generated from PCR
data generated using a 10-fold dilution
series (106 to 10 CsRV1 genome copies µl−1)
of viral dsRNA purified from a CsRV1-
infected crab, quantified and serially diluted
in 25 ng µl−1 yeast tRNA as a carrier. Ampli-
con authenticity was verified by melting
point analysis. As cross-contamination of up

to several hundred copies of viral RNA was occasion-
ally detected in negative control samples, a conser-
vative threshold for designating a crab as CsRV1-
positive was set at 1000 dsRNA copies per PCR
reaction (2 µl RNA) as described previously (Flowers
et al. 2016a).

Statistical analyses

We aimed to determine whether CsRV1 prevalence
in wild blue crabs was affected by proximity to shed-
ding operations and whether variables such as the
different times during summer, sex, injury and/or
landing size were also significant predictors of infec-
tion. When sequential 2013 collections (2 wk apart) at
a site showed no significant difference in measured
CsRV1 prevalence (tested using χ2 analyses), data
from the 2 collection times at that site were com-
bined. This helped group data into discrete early/late
summer groupings and facilitated statistical analyses
(see ‘Results: Data simplification and analyses’).

To determine whether CsRV1 prevalence varied
significantly with crab sampling time, sex, injury
and/or landing size (Table 2), binomial (infected vs.
non-infected) generalized linear logistic regression
models were run using an alpha of 0.05 (MASS
library in R, 3.4.2; R Development Core Team 2017).
The information theoretical approach was employed
for model selection and assessment of model per-
formance (Richards 2005), and initial models in -
cluded all binomial parameters (Table 2). To select
the model that best described CsRV1 prevalence
from the set of initial models, Akaike’s information
criterion (AIC) was used (Burnham & Anderson
1998). The most complex models with full interaction
terms between predictor variables were run first, fol-
lowed sequentially by models with all combinations
of predictor variables as full and partial interactions
until a simple ‘main’ effects model was reached.
Model selections were based on the lowest AIC
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Fig. 1. Blue crab sampling locations and Near and Far sites.
(A) Rhode River, Crisfield, and Deal Island in the Chesapeake
Bay, and closer views of (B) Crisfield and (C) Deal Island

Date Crisfield Crisfield Deal Isl. Deal Isl. Rhode R. Total
Near Far Near Far Reference

13-Jun-12 46 38 38 40 42 204
28-Aug-12 41 40 40 40 43 204
21-Jun-13 26 28 28 28 28 137
9-Jul-13 26 26 24 24 12 112
23-Jul-13 22 23 25 25 16 111
6-Aug-13 26 25 26 25 28 130

Table 1. Number of blue crabs analyzed from each location and date.
‘Near’ and ‘Far’ refer to the relative distance from an aquaculture site



Dis Aquat Org 129: 135–144, 2018

value. Once selected, non-significant predictor vari-
ables were removed using a drop1 procedure to pro-
duce final, simpler, ‘reduced models’ with increased
predictive power (Zuur et al. 2009).

Fitted probability plots were used to visualize the
significant relationships inferred from the reduced
models using carapace width as the independent
variable. The probability of each of the predictor
variables was calculated using the following
 equation:

(1)

where ρ is the probability of each response variable
(measured CsRV1 prevalence) and βx is the estimate
(slope) for the predictor variable analyzed (Table 2).

RESULTS

Crab metrics and variation in CsRV1 prevalence

RNA from leg muscle tissue was amplified by RT-
qPCR to quantify CsRV1 dsRNA amounts in 898 wild
blue crabs sampled on 6 dates from 5 sites during
the summers of 2012 and 2013 (Fig. 1, Appendix
Table A1). Of the crabs, 61% were males, carapace
widths of all crabs ranged from 10 to 182 mm (mean
= 80.9 mm), and males were noted to be significantly
larger on average compared to females sampled
across both years and all sites (t = 3.62, df = 149, p <
0.05). Aggregate CsRV1 detection prevalence at all
sites including the reference location for the 2 years
was 13.5%, but the prevalence was significantly
higher in 2012 (22%) than 2013 (5.9%; χ2 = 40.10, N =
20, p < 0.001). Prevalence associations for each year
were thus assessed separately (Table 3).

Discounting samples that were excluded from
analysis because they may have been CsRV1-conta-
minated during field or laboratory manipulations (i.e.

<1000 dsRNA target sequences), the mean CsRV1
dsRNA loads in crabs amplified by RT-qPCR was
104.7 dsRNA target sequences mg−1 leg muscle (range
103.1 to 109.8). Dead crabs (n = 56 total) tested from
shedding systems were CsRV1-positive on all sam-
pling dates at prevalence levels ranging from 94 to
100%. Mean CsRV1 dsRNA loads in these crabs was
107.0 dsRNA target sequences mg−1 leg muscle (range
103.3 to 109.4). CsRV1 detection prevalence did not
differ significantly in crabs with observed injury
(Table 3).

CsRV1 prevalence and proximity to 
shedding locations

CsRV1 prevalence in crabs sampled on 13 June
2012 at both the Crisfield Near and Deal Island Near
sites was significantly higher compared to the corre-
sponding Far sites, while on 28 August 2012, only the
Deal Island Near site had a CsRV1 prevalence signif-
icantly higher than the Far site (Fig. 2A). In 2013,
CsRV1 prevalence at the Deal Island Near site was
significantly higher than at the Far site on 6 August
(χ2 = 19.4, N = 4, p = 0.001; Fig. 2B).

ρ
β

=
+ −

1

1 exp x
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Measurement      Description                                                                                        Measure

Infection              Infection of C. sapidus with CsRV1                                                 Presence vs. absence (P vs. A)
Site                       The site at which an individual was caught based on the             Ordered binomial: Near vs. Far
                             proximity to the closest shedding facility (Crisfield vs. 
                             Deal vs. Rhode also recorded)                                                       
Month                  Month in which an individual was caught                                      Ordered binomial: June vs. August
Sex                       Male vs. female                                                                                 Binomial: male vs. female
Injury                   Wounds such as punctures and stress fractures to the cuticle      P vs. A
Landing size        Minimum landing size (MLS): carapace width                              Ordered binomial: above vs. below MLS
                             measured spine-to-spine                                                                

Table 2. Individual Callinectes sapidus predictor variables measured in surveys

Year Month Near vs. Far vs. Far vs. 
Near Far Control

2012 Jun NS NS D0 vs. R3
Aug C1 vs. D1 NS D0 vs. R3

2013 Jun NS NS NS
Aug − − −

Table 3. Summaries of chi-squared contingency tests and a
post hoc procedure following Marascuilo & Serlin (1988)
indicating sites that had significantly different CsRV1
prevalence. C: Crisfield; D: Deal Island; R: Rhode River.
Near = 1, Far = 0, Rhode reference = 3. Dashes (–) indicate
that CsRV1 prevalence was too low to make meaningful 

comparisons. NS: not significant



Within-site CsRV1 prevalence between 
sampling times

At sites both near to and far from shedding systems
in Crisfield and Deal Island in 2012, CsRV1 preva-
lence declined in the 10 wk between 13 June and 28
August (p < 0.05; 61 to 0% at Crisfield, 45 to 20% at
Deal Island). The Rhode River Control location dis-
played no significant change in prevalence between
the June (26%) and August (33%) sampling times.

In 2013, CsRV1 prevalence at the Deal Island Near
site increased significantly between 21 June and 6

August when it was 32%, the highest preva-
lence measured for 2013. There were no
other significant differences between sites
during 2013 (Fig. 2B). Because none of the
crabs sampled from the Rhode River site in
2013 (N = 84) were CsRV1-positive, these
data are excluded from Fig. 2B.

Modelling predictors of CsRV1 detection

Data simplification and analyses

To generate and interpret the generalized
linear models (GLMs), a number of date−site
measurements were combined as justified by
χ2 analyses. To compare between summers
using early and late summer sampling dates,
2013 data from crabs sampled on 21 June
and 9 July (referred to as June data) and on
23 July and 6 August (referred to as August
data) were combined. This was justified sta-
tistically, as the percentage of CsRV1-posi-
tive individuals did not differ significantly
between 23 July and 6 August for any of the
sites in 2013 (χ2 = 2.31, N = 5, p = 0.316).

Of the 10 possible within-site June vs.
August comparisons, only a single site dif-
fered significantly in either 2012 or 2013.
These were the 2012 Crisfield Near site (C1),
at which 61% crabs sampled on 13 June
were CsRV1-positive compared to 0% sam-
pled on 28 August (χ2 = 33.59, N = 1, p <
0.001), and 2013 Deal Far site (D0), where
10% of crabs sampled in June were CsRV1-
positive compared to 1.4% of crabs sampled
in August (χ2 = 10.28, N = 1, p < 0.001).

Comparing sites hypothesized to be
similar in CsRV1 prevalence (Table 3, Near
vs. Near, Far vs. Far, Control vs. Far), in 2012
this differed significantly among crabs sam-

pled from the Rhode River Control (R3) and Deal Far
sites (D0) on 13 June (χ2 = 36.58, N = 4, p < 0.001) and
28 August (χ2 = 27.74, N = 4, p < 0.001). A significant
difference was also identified among crabs sampled
from the Crisfield Near site (C1) and Deal Near site
(D1) on 28 August 2012 (χ2 = 24.2, N = 4, p < 0.001). In
2013, none of the hypothetically similar sites showed
significant differences in post hoc tests (Table 3).

Considering that only 1 Near vs. Near or Far vs. Far
site comparison (C1 vs. D1, 28 August 2012) showed
a difference in CsRV1 prevalence, data on crabs from
Crisfield and Deal were combined to create a single
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Fig. 2. CsRV1 prevalence in blue crabs determined using RT-qPCR. (A)
Crabs sampled in 2012 on 13 June and 28 August from Rhode River,
Crisfield and Deal Island, MD. Crisfield and Deal Island locations each
have Near and Far sampling sites. Letters a−d refer to CsRV1 preva-
lence not differing significantly by Fisher’s exact test (p > 0.05). (B)
Crabs sampled in 2013 from the same locations and sites as in A. Let-
ters a and b refer to CsRV1 prevalence not differing significantly by
Fisher’s exact test (p > 0.05). Because CsRV1 was not detected in any 

Rhode River crabs (N = 84) in 2013, those data are not displayed



binomial measure (‘Site’) of proximity to shedding
facilities (Near vs. Far). The CsRV1 prevalence at
Near and Far sites in 2012 showed similar patterns
(high on 13 June, lower on 28 August). Site data (e.g.
C1 + D1 = Near, C0 + D0 = Far) were combined to
determine and interpret GLMs.

GLM analyses

The regression models giving the smallest magni-
tude AIC values of the predictor variable combina-
tions were those with only 1 interaction term. For the
2012 data, AIC values were best between crab sex
and pre-existing injury and for the 2013 data, be-
tween sampling site and sampling month (June or
August samplings; Tables 4 & 5). Both ‘final full’
 models differed significantly from null models (p <
0.001). The final full GLM selected
for 2012 showed that sampling time
(13 June vs. 28 August) influenced
CsRV1 prevalence most significantly
followed by sampling site (Near vs.
Far). Following model reduction using
the drop1 procedure, overall, in 2012,
crabs sampled on 28 August had up to
41% higher probability of being
CsRV1-positive than those sampled
on 13 June and up to a 78% higher
probability of being CsRV1-positive if
samples were from sites near rather
than far from shedding facilities
(Fig. 3). In 2013, CsRV1 prevalence
was influenced most significantly by

crab landing size (above vs. below minimum landing
size of 127 mm) and sex. CsRV1 prevalence was 61 to
72% more probable in males and 21% more likely in
crabs over the minimum landing size (Fig. 4).

DISCUSSION

GLMs of CsRV1 prevalence in blue crabs sampled
from 5 different sites at 3 locations in Chesapeake
Bay over the summers of 2012 and 2013 showed that
it was associated significantly with site within loca-
tion and sampling month in 2012, and with crab sex
and size in 2013. Overall, CsRV1 prevalence was sig-
nificantly lower in 2013 than in 2012. The underlying
data used in GLM analyses revealed within-year
prevalence to vary substantially depending on sam-
pling date and/or location.
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Final full model Predictor variable Estimate (slope) p 

2012
Infected ~ Site + Month + (Sex × Injury) + Landing size Site −1.30 0.001**
AIC: 198.77 Month −1.5 × 10−4 <0.001***
df = 231 Sex 0.66 0.150

Injury 0.86 0.214
Landing size −0.49 0.307
Sex × Injury −1.50 0.101

2013
Infected ~ (Site × Month) + Sex + Injury + Landing size Site 5.20 0.094
AIC: 211.01 Month −4.80 × 10−7 0.986
df = 385 Sex 0.91 0.043*

Injury 0.20 0.685
Landing size −1.14 0.015*
Site × Month −7.9 × 10−5 0.062

Table 4. Final full 2012 and 2013 models used to predict response variables of infection before model reduction. The final full
model has the lowest Akaike’s information criterion (AIC) of all combinations of predictor variables (see Table 2) as full and

partial interactions. * denotes significance (*p < 0.05, **p < 0.001, ***p < 0.001)

Final reduced model Predictor variable Estimate (slope) p 

2012
Infected ~ Site + Month Site (Far) −1.2 0.0017**
AIC: 195.17 Month (Aug) −1.1 × 10−4 <0.001***
df = 235

2013
Infected ~ Sex + Landing size Sex (male) 0.875 0.049*
AIC: 211.35
df = 389

Table 5. Final reduced 2012 and 2013 models used to predict response
 variables of infection before model reduction. The final reduced model is
derived by sequential drop1 of non-significant predictor variables (see
Table 2) from each final full model. * denotes significance (*p < 0.05, **p < 

0.001, ***p < 0.001); AIC: Akaike’s information criterion



CsRV1 prevalence and proximity to 
flow-through aquaculture

CsRV1 prevalence in wild blue crabs relative to
their size and sex, proximity to shedding operations
and time of sampling was evaluated in the context
of principles theorized to operate in marine infec-
tion systems as reviewed by Grant & Jones (2010).
Prevalence was higher by statistically significant
amounts (p > 0.05) at Near sites in 3 of the 4
Near−Far site comparisons in 2012 (13 June at both
Deal Island and Crisfield) and in 1 of the 5 compar-
isons in 2013 (6 August at Deal Island) in which
CsRV1 was detected. As prevalence levels varied
insignificantly either way in the other 5 compar-
isons, the findings were consistent with other crus-
tacean species in which pathogens or parasites
amplified in aquaculture  systems have been found
to impact local wild populations (Krkošek et al.
2011, Lafferty & Ben-Horin 2013). CsRV1 was
detected at high levels by PCR in the majority of
the dead crabs sampled from flow-through shed-

ding systems, as found previously (Bowers et al.
2010), suggesting that CsRV1 might be discharged
in effluents. Field observations and conversations
with fishers (E. M. Flowers unpubl.) revealed that
dead peelers are often returned to the waters from
which they were fished, many kilometers from the
shedding facilities. Further studies are thus war-
ranted to determine to what extent effluents might
represent a biosecurity risk and shedding system
workers understand the biosecurity risk of discard-
ing dead peelers back into environments from
which they were captured.

Spatial variation in CsRV1 prevalence

CsRV1 prevalence varied markedly (up to 42%)
among blue crabs sampled at sites as little as ~2 km
apart, as observed previously among crabs sampled
from either different US states (78% variation) along
the Atlantic coast or locations 50−100 km apart
within Chesapeake Bay (40% variation, Flowers et
al. 2016a). This finding that factors influencing
CsRV1 prevalence can differ over relatively short
distances are reminiscent of Panulirus argus virus 1
(PaV1) prevalence varying by 68% among spiny lob-
sters sampled from locations <30 km apart (Moss et
al. 2012).

Temporal variation and trends in 
CsRV1 prevalence

CsRV1 prevalence at specific sites varied signifi-
cantly among crabs sampled 4 to 9 wk apart, such as
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Fig. 3. Fitted probability plots of CsRV1 infection against
carapace width of crabs sampled in 2012, separated by sig-
nificant predictor variables from the final reduced model:
(A) proximity to shedding facility and (B) month. The broken
line represents the minimum landing size. Note that the y-

axis scales differ between the 2 plots

Fig. 4. Fitted probability plots of CsRV1 infection against
carapace width of crabs sampled in 2013, separated by the
significant sex predictor variable from the final reduced
model. The broken line represents the minimum landing 

size
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the Crisfield and Deal Island Near sites where it
declined between 13 June and 28 August 2012. As
crabs migrate in and out of Chesapeake Bay
throughout the summer (Hines 2007), this decline
might have been due to some infected crabs either
leaving or dying or a combination of both. In 2013,
CsRV1 prevalence increased by 32% at the Deal
Island Near site between 9 July and 6 August and
varied over time at lower Chesapeake Bay sites.
However, it remained  relatively stable at reference
Rhode River sites sampled at different times in 2012
and 2013. The reasons for these locational differ-
ences are not known and highlight the need for more
sophisticated approaches to tracking movements and
 mortality rates of CsRV1-infected crabs over spring
through to autumn.

Overall CsRV1 prevalence in the blue crabs exam-
ined was 22% in 2012 and 6% in 2013 compared to
21% in 2010 (Flowers et al. 2016a). Interestingly, the
estimated size of the blue crab population in Chesa-
peake Bay in 2012 (720 million) was similar to that in
2010 (670 million) but almost double the long-term
average (380 million) and over double that estimated
in 2013 (290 million) (CBSAC 2014, MD DNR 2017).
These data suggest that increased crab population
density might lead to increased CsRV1 prevalence,
as has been reported in other marine pathogen−host
systems (Lafferty 2004). However, this correlation
needs to be confirmed in multi-year studies of CsRV1
prevalence as well as the natural routes by which
wild crabs acquire these infections.

Crab metrics and CsRV1 prevalence

The prevalence of CsRV1 was higher in larger
and/or male crabs, as captured males were gener-
ally larger than females. Of the crabs sampled in
2013, CsRV1 prevalence was >3-fold higher in
males than in females. Further studies are needed
to determine the reason for these differences.
However, it is reasonable to expect that larger
crabs will have had greater opportunities to be
exposed to CsRV1 in water and through aggressive
interactions with other crabs and conspecific pre-
dation (Moksnes et al. 1997, Ryer et al. 1997).
Fishery interactions could also influence preva-
lence. For example, in years when crab numbers
are low, a greater proportion of larger landing size
crabs more likely to be infected with CsRV1 might
be trapped, thus depleting the proportion of such
crabs remaining in the wild population. There are
over 500 000 crab traps in the Maryland portion of

Chesapeake Bay alone (MD DNR 2012), and we
speculate that the majority of blue crabs in the Bay
encounter at least 1 trap by the time they mature.
A study of PaV1 transmission among spiny lobsters
cohabitating traps identified transmission to in -
crease with prolonged residence in a trap (Beh -
ringer et al. 2012).

The finding of a higher CsRV1 infection probability
in males has not been reported in previous studies
(Bowers et al. 2010, Flowers et al. 2016a). However,
these involved opportunistic specimen collections
from crabbers that comprised fewer small crabs as
the standardized trawl method used here. While the
reasons for the increased CsRV1 prevalence in males
is not clear, male−female behavioral differences
 cannot be discounted. For example, as females must
return to the mouth of the Chesapeake Bay to release
larvae, their migration patterns differ from those of
males (Aguilar et al. 2005). The mating process might
also be involved, as pre-pubertal females are ‘cra-
dled’ by male crabs for 2 or 3 d during the time the
females molt. Moreover, while females mate once,
males may mate with multiple females, thus increas-
ing their opportunities to come into contact with
CsRV1.

In summary, the data reported here identified
 evidence for the prevalence of CsRV1 being higher
in wild blue crabs captured close to flow-through
shedding facilities compared to more distant loca-
tions. However, prevalence at some locations varied
between 2012 and 2013, and CsRV1 was also
detected more frequently in males and larger
females. More sophisticated longitudinal multi-loca-
tion studies of larger crab numbers will be needed to
identify reasons for much of the data obtained. As
CsRV1 is consistently pathogenic to captive blue
crabs (Bowers et al. 2010, unpublished data), how it
impacts wild crabs also still needs to be determined,
perhaps through simple but extensive tag−test−
recapture studies.
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Category Number % total % CsRV1+

Sex
Male 544 60.9 14.7
Female 350 39.1 11.7

Molt stage
Intermolt 184 20.6 7.6
Premolt 388 43.4 9.3
Postmolt 102 11.4 4.9
Not categorized 221 24.7 29.9

Injury status
Uninjured 734 81.7 13.1
Prior injury 164 18.3 15.2

Table A1. Summary of crab metrics. There was no signifi-
cant difference in CsRV1 prevalence between crab sex, molt
stage and injury categories. Because of data recording gaps,
the totals for sex and molt stage do not match the total num-
ber of crabs (898) in the study. Molt stage was not recorded 

for all crabs
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