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Quantifying the processes affecting disease dynamics is critical for
informing management strategies. We present the results of a series of
experiments and mechanistic models that disentangle the roles of disease
transmission and host density, mortality and recovery in driving seasonal
prevalence of shrimp Black Gill (sBG) disease. We first quantified seasonal
sBG transmission to uninfected hosts deployed into the environment.
Next, we manipulated temperature and infection status in a laboratory
experiment to quantify drivers of host mortality and recovery. Finally,
we utilized these experiments to parameterize a series of mechanistic
models to determine whether disease dynamics were driven by host
density-dependent or -independent processes. Transmission was highest
during the summer, with 75–91% of hosts acquiring infection, but declined
substantially in all other seasons (0–10%). In our laboratory experiment,
we observed little disease-induced mortality and complete recovery from
infection in all treatments. Our models revealed that host density did not
drive disease dynamics. Together, this suggests that high transmission rates
in the summer owing to seasonal changes in the environment, followed by
gradual recovery when transmission rates are low, cause variation in sBG
prevalence. Our methodology provides a framework to quantify drivers of
seasonal variation in disease prevalence in fisheries.

This article is part of the theme issue ‘Managing infectious marine
diseases in wild populations’.

1. Introduction
Infectious diseases in marine systems can have large impacts on keystone and
commercially fished species [1,2]. These impacts are predicted to increase in
some systems owing to anthropogenic stressors and climate change, with
critical implications for ecosystem function and human economics [3,4].
Seasonal changes in infectious disease prevalence (i.e. the fraction of the host
population infected) can result from environmentally driven fluctuations in
processes that increase the numbers of infected individuals in a population
(e.g. transmission) and in those that remove them (e.g. infection-induced
mortality and recovery) [5]. The management of infectious disease in fisheries
and aquaculture often involves reducing transmission or host mortality or
increasing host recovery from infection [6]. Because each of these manage-
ment strategies requires very different methodologies to execute, understand-
ing the relative contributions of transmission, recovery and host mortality
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to observed seasonal infection patterns is crucial for designing effective management plans.
Mechanistic models of infectious disease dynamics are powerful tools that can be used to untangle the roles of transmission,

recovery and mortality in determining population-level disease prevalence patterns [6]. These models frequently incorporate
data from experiments and field-collected data to estimate key disease processes and host parameters and to assess model fit
[7]. Some additionally include time- or temperature-varying components to simulate seasonality in environmental conditions
that affect transmission processes [8]. Most frequently, mechanistic models of disease in fisheries are used to analyse the efficacy
of harvest-based strategies to mitigate the spread of infectious disease [6]. However, these efforts often assume density-depend-
ent transmission, which is usually a requirement for culling-based disease control to be effective [7]. Therefore, to build a model
that accurately captures seasonally variable disease dynamics to inform management, it is necessary to establish (i) whether
disease processes (i.e. transmission, mortality and recovery) vary seasonally and (ii) whether seasonal variation in these disease
processes is driven by changing environmental conditions and/or host population density.

In marine systems, environmental conditions that change seasonally can influence multiple components of transmission,
from survival of external pathogen stages to host susceptibility and density. A hospitable environment can increase transmis-
sion by allowing infectious particles to travel large distances through oceanic currents to reach hosts that are heterogeneously
distributed [9–11]. Conversely, unfavourable environmental conditions can prevent infectious disease from spreading by
reducing the viability of external infectious particles, thereby preventing transmission to a susceptible host [12–14]. Environ-
mental factors also influence host susceptibility to, and tolerance of, infection. Hosts experiencing environmental stress can
become increasingly susceptible to infection owing to an insufficient immune response or from damage to host tissues allowing
for pathogen entry [15,16]. The ability of hosts to tolerate severe infections can also be modified by the environment [17,18].
Highly tolerant infected hosts serve as sources of infectious agents and therefore can facilitate the transmission of disease
[19,20]. The influx of susceptible individuals through birth pulses or congregations of hosts can increase transmission by
increasing susceptible host density [21]. These influxes are often tied to seasonal environmental changes that serve as cues for
migration or breeding [22].

Host immunity and recovery often exhibit annual or seasonal fluctuations as well. In marine systems, temperature can
strongly influence host immunity, with an often narrow range of temperatures inducing an optimal immune response [23]. This
is particularly important in crustaceans, whose innate immune system is sensitive to environmental conditions [24]. Increasing
temperature can promote host recovery by accelerating the life cycle of a parasite and transitioning the parasite into its external,
reproductive stages [25,26]. The thermal tolerance of external parasite stages also influences host recovery, since thermal refugia
can offer hosts an opportunity to reduce parasite prevalence [27–29]. In crustaceans, thermal conditions can induce change in
moulting rate that then alters the recovery rate from external and gill parasites or pathogens [30].

Infected host mortality is also influenced by seasonal changes in the environment [31]. Higher temperature increases parasite
replication in many systems, which can overwhelm host defenses and increase the risk of host death [32–34]. Temperature can
also modulate parasite genes that influence virulence and thus induce a greater rate of parasite-induced mortality [17,35–38].
Sub-lethal impacts on host physiology can increase infected host mortality by reducing the ability of hosts to evade predation
or to compensate for environmental stressors—for example, low dissolved oxygen or temperatures outside of the host’s thermal
optimum [32,39,40].

Quantifying infection transmission, mortality and recovery rates and their integrated response to environmental conditions
is crucial for developing predictive models that forecast disease impacts. However, in wild marine systems, these parameters
can be difficult to estimate [6,26,41–43]. Furthermore, the extent to which changes in prevalence reflect environmental drivers
(such as temperature-dependent host or parasite physiology) or seasonal changes in host density can be challenging to
distinguish [5]. In this study, we used shrimp Black Gill (sBG) disease, caused by a ciliate parasite in an economically and
ecologically important crustacean host, to disentangle the contributors to seasonal disease prevalence through empirical and
mechanistic modelling approaches. We first determined whether sBG transmission varies over the course of a year by using
a seasonal field deployment study (§2c, Seasonal sentinel experiments). We then manipulated infection status and temperature
in a laboratory experiment to determine whether disease-induced mortality and/or host recovery varies according to seasonal
changes in temperature (§2d, Mortality and recovery experiment). Finally, we utilized this information to build a mechanistic
model to determine how seasonal variation in transmission, host mortality and recovery ultimately influences sBG prevalence
and explored whether changes in prevalence are owing to host density-dependent or -independent mechanisms (§2e, Mechanis-
tic models). Owing to this multifaceted approach, we provide an overview of our research in the main text and invite readers to
view the online electronic supplementary material for detailed methods and results.

2. Methods
(a) Biology of the study system
Shrimp Black Gill disease in the South Atlantic Bight and the Gulf of Mexico is typically caused by an infectious apostome
ciliate, Hyalophysa lynni [44], and is thought to affect many species of penaeid shrimp in the Southeastern United States. The
most economically and ecologically significant host species are white (Litopenaeus setiferus) and brown (Farfantepenaeus aztecus)
shrimp, and the ciliate appears to influence the physiology of both species similarly [45]. The prevalence of this disease is
highly seasonal, with upwards of 80% prevalence in late summer and early autumn. The disease almost disappears during
the cooler water months until prevalence rises again in the early summer [46–49]. The period when sBG prevalence is highest
corresponds to both peak water temperatures and increases in local densities of white and brown shrimp [50]. Although
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the association between sBG and the performance of the fishery is not clear, shrimp harvesters report sudden drops in the
abundance of shrimp coincident with the seasonal emergence of sBG (personal communication with Georgia shrimp harvesters,
2013). Longitudinal analyses suggest that increases in sBG are correlated with reductions in harvest and that climate indices
are associated with mean disease prevalence between years [46,51]. Similar to other apostome ciliates, H. lynni must transition
from an initial colonization stage (phoront) to a feeding stage (trophont) and finally to a free-swimming, transmissible stage
(swimming tomite) in order to reproduce [44]. Pathogenic sBG disease manifests when shrimp gill lamellae melanize as an
immune response to H. lynni trophonts invading host tissue [44]. Host pathology results from the melanized nodules that
impair respiratory function and haemolymph ion regulation [52,53]. Consequently, severely infected shrimp have reduced
endurance and escape responses, and they are more heavily predated than their asymptomatic counterpart [40,47,54]. Infected
shrimp can recover from the infection, but they gain no lasting immunity and shrimp are readily reinfected with the ciliate [55].
White and brown shrimp support the state of Georgia’s largest commercial fishery and provide an important food source for
numerous game fish species in the South Atlantic Bight [56]. Therefore, investigation into the potential threat of sBG disease is
critically important for the economic and ecological health of the area.

(b) Diagnostics
For our empirical efforts, we determined sBG prevalence through a polymerase chain reaction (PCR) assay [46] and sBG
severity by counting the number of trophonts per mm2 of gill tissue microscopically (electronic supplementary material,
appendix 1). The PCR assay is significantly more sensitive than the microscopic assay and detects every stage of the ciliate life
cycle. However, the microscopic procedure quantifies the number of parasites inhabiting the gill tissue, which is an important
metric of disease severity in macroparasites and provides information regarding host pathology that is not available from
the PCR diagnostic alone [46,57]. Therefore, coupling these diagnostic metrics provides a more complete understanding of
host–parasite interactions.

(c) Seasonal sentinel experiments
We determined the relative contribution of H. lynni transmission to seasonal disease dynamics through a manipulative field
experiment. Seasonally (twice in summer and once in each other season), we suspended shrimp that had been treated to
reduce H. lynni infections (following [26]) in the Wassaw estuary for 10 days and recorded the resulting prevalence and mean
severity of H. lynni infections (electronic supplementary material, appendix 2). For every trial, approximately 200 shrimp
were purchased from a bait shop that collected shrimp from the Vernon River in the Ogeechee Estuary (approx. 31.9° N,
−81.1° W). These shrimp were collected daily and held in continuously flowing seawater for no more than 24 h prior to our
purchase. Shrimp were treated with the antiparasitic medications as previously described [26]. Briefly, shrimp were treated
with MetroplexTM (metronidazole 1.575 mg L−1) and CupramineTM (Cu + 0.25 mg L −1) every other day for 14 days. The
species, average length and sex ratio varied depending on the season, but all shrimp used in each experiment trial were of a
single species (either L. setiferus or F. aztecus) and no greater than 12.41 mm standard deviation in length within each season
(electronic supplementary material, table S1). After the antiparasitic medication protocol, shrimp were placed in experimental
conditions. Between 13 and 26 shrimp were caged individually and in each experimental trial they were deployed for 10 days
into the Wassaw Estuary at the Skidaway River (figure 1a). Concurrently, in the lab, between 11 and 16 shrimp were caged
and held in plastic bins in artificial seawater as controls. These controls allowed us to quantify the level of uncured or latent
infections that became apparent due to increased holding time. We surrounded the control bins in flowing estuary water to
maintain the control shrimp at approximately equal temperatures (±1°C) as the shrimp deployed in the estuary. At the end of
the experimental trial, all shrimp were euthanized and processed for sBG prevalence and severity (electronic supplementary
material, appendix 1). We also compared the prevalence of H. lynni in wild shrimp collected from the Wassaw Sound at the
time of each trial to the resulting H. lynni prevalence in the transmission experiments. Wild shrimp were collected through 15
min boat tows with either a 7.6 or 12.2 m flat shrimp net with 4.8 cm stretch mesh webbing. Severity data were not collected
on wild shrimp due to logistical reasons. We evaluated if there were seasonal differences in infection presence and severity
between our deployed, control and wild shrimp using logistic regression and the Kruskal–Wallis rank sum test, respectively
(electronic supplementary material, appendix 2). These tests were chosen based on the binary nature of prevalence data and the
non-normal distribution of our severity data. All analyses were performed in R using v. 4.3.1.

(d) Mortality and recovery experiment
We compared the survival and recovery of unmedicated and medicated shrimp over two ecologically relevant temperatures
to determine the importance of recovery and host mortality to seasonal variation in sBG prevalence (electronic supplementary
material, appendix 3). Approximately 400 white shrimp were collected from the Wassaw Sound Estuary in October. Half of
these shrimp were subjected to the medication procedure, while the other half were maintained in flow-through tanks as an
unmedicated treatment. Initial samples of both treatments were taken within 2 days of arrival (just prior to the medication
procedure) and provided baseline estimates of infection prevalence and severity. These samples are referred to as the pre-applica-
tion medicated and pre-application unmedicated samples (12 shrimp per sample).

After the medication procedure, 20 shrimp from each medication application group were sampled for H. lynni presence
and severity, referred to as the post-application medicated and post-application unmedicated samples. Nineteen previously medicated
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shrimp and 20 unmedicated shrimp were acclimated to the ambient temperature treatment (23.5 ± 0.6°C), and 29 previously medicated
shrimp and 30 unmedicated shrimp were acclimated to the heated temperature treatment (30.2 ± 0.7°C). The number of shrimp in the
heated temperature treatment was higher to compensate for additional mortality caused by the high temperature. The ambient
temperature simulated estuary water temperatures in the early spring and late autumn (when sBG prevalence is low), and the
heated temperature treatment simulated late-summer estuary temperatures (when sBG prevalence is high [47,58]). The shrimp
were then transferred into individual plastic aquaria filled with aerated artificial seawater (Instant Ocean) at the designated
temperature treatment. We monitored shrimp daily for survival and moulting, because it is hypothesized that H. lynni infection
may cause shrimp to moult more frequently, causing stress to shrimp hosts and inducing mortality [45,48]. Dead shrimp were
collected daily and processed immediately for H. lynni presence and severity. After 8 days, 78% of the shrimp in the heated
treatment had died; therefore, the experiment was terminated and all shrimp were processed for H. lynni infection metrics.

We used a series of logistic regression models and Kruskal–Wallis tests to determine whether recovery rates differed between
our temperature and medication treatments, and a series of Cox-proportional hazard models to compare mortality risk across
treatments (electronic supplementary material, appendix 3). The Cox proportional hazards model was chosen to analyse the
time-to-event data collected during our survival experiment and the multiple factors contributing to differences in mortality
[59].

(e) Mechanistic models
We developed a suite of mathematical models of host–pathogen dynamics, and their structure was informed by the results
of our empirical research (see §3a,b). Our models explored whether the observed changes in transmission could be owing to
fluctuations in local shrimp densities as part of white and brown shrimp annual migration cycles [50] or fishing depletion [60],
and thus independent from physiological changes to hosts and/or parasites caused by abiotic factors [61]. We developed three
classes of models to determine whether host density-dependent (density-dependent transmission models), host frequency-depend-
ent (frequency-dependent transmission models) or density-independent (reservoir transmission models) transmission best explains the
seasonal change in sBG prevalence on the Georgia coast. We crossed these model classes with a transmission function that
either varied the transmission parameter value (βD, βF, βR, §2f) over the course of the season or held it static. The use of static
transmission parameter values reflects seasonality in transmission that is driven only by changes in host density, while variable
transmission values allowed for seasonal variation in transmission to be independent of host density (e.g. temperature effects on

Figure 1. Seasonal Sentinel Experiments. (a) Field cage deployment. Medicated shrimp were held in individual mesh cages deployed in the Wassaw Estuary at the
Skidaway River, which kept shrimp protected from predators while allowing shrimp full exposure to estuary water. (b) H. lynni infection prevalence (dots) and 95%
confidence intervals (bars) in wild (blue), deployed estuary (red) and control (black) shrimp per experimental trial according to the month when it was conducted.
(c) Final infection severity (trophonts mm−2 of gill tissue), inclusive of zeroes, in deployed estuary (red) and control (black) shrimp, where the solid horizontal line is the
median infection intensity per experimental month, and the lower and upper hinges depict the first and third quantiles. The whiskers mark data within 1.5 times the
interquartile range, and solid points display outliers. With the exception of July and August, all severity metrics were at or near zero.
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parasite infectivity). Model parameters (table 1) were estimated from a combination of our laboratory and field experiments, the
published literature [62] and data on the abundance of wild shrimp from monthly trawls along the Georgia coast conducted by
the Georgia Department of Natural Resources (electronic supplementary material, appendix 4).

(f) Transmission models
The differential equations below track the number of susceptible (S) and infected (I) shrimp through time, assuming a source of
infectious H. lynni particles originating from the local penaeid shrimp community or an environmental reservoir. All rates are
calculated at a daily time step (t) and the value of that rate is changed every month (m) when applicable (electronic supple-
mentary material, appendices 4 and 5, and electronic supplementary material, figure S1). Owing to the seasonal migration of
shrimp, different sets of equations were developed for positive and negative migration rates.

Positive migration rate:

(2.1a)dS
dt = λm − FS − μmS + γmI

(2.2a)dI
dt = FS − I μm + α + γm

Negative migration rate:

(2.1b)dS
dt = λm SN − FS − μmS + γmI

(2.2b)dI
dt = λm IN + FS − I μm + α + γm

The Positive migration rate equations (equations (2.1a) and (2.2a)) are used when the migration rate of shrimp into the estuary
(λm) is positive (January–March, May and June), and we assume that all incoming shrimp enter the susceptible class. This rate is
updated monthly and is estimated from fisheries-independent catch data. The Negative migration rate equations (equations (2.1b)
and (2.2b)) are used when shrimp are migrating out of the estuary (i.e. λm is negative, April, July–December) and shrimp from
both S and I classes are removed from the local population (n = S + I) in proportion to their relative abundances. The transmis-
sion function (F) is used to evaluate hypotheses regarding the nature of sBG transmission and is described in further detail in
§2g. Shrimp hosts experience two sources of mortality: both a natural mortality rate that is updated monthly μm  and a static
disease-induced mortality (α). A static disease mortality rate was chosen based on the results from the recovery and mortality
experiment, where disease-induced mortality was found not to vary with temperature. Infected shrimp can recover from sBG
infection at a recovery rate of γm, then immediately enter the S class without any immune protection. The results of the recovery
and mortality experiment contrasted with earlier work that indicated a difference in recovery with temperature [26]. Therefore,
we added additional model runs that included variable recovery with season (electronic supplementary material, appendix 4
and figure S1) to evaluate the possible significance of variable recovery for sBG prevalence.

(g) Transmission functions
The transmission function represents our three potential mechanisms for the influence of host density:

(2.3a)Reservoir: F = βR
(2.3b)Density-Dependent: F = βDI
(2.3c)Frequency-Dependent: F = βF IN

Each of the transmission parameters βi (i = R,D,F) in equations (2.3a)–(2.3c) is either held constant for model simulations where
host density is the only component of transmission that varies across the year, or is modified to update monthly βim  in
simulations where transmission varies seasonally, independent of host density (see Model execution and sensitivty analysis; §2h).

The exact value and rate of change in the βim parameter over the course of the year are unknown. Therefore, we generated
candidate values using a Normal, Brière and Modified-Brière function [63] (referred to as βim generating functions; electronic
supplementary material, appendix 5). The parameters for the normal distribution are a constant controlling the curve ampli-
tude, curve width (i.e. standard deviation) and date of peak transmission. For the Brière and modified-Brière functions, the
parameters are a constant controlling the curve amplitude, the earliest month of non-zero transmission, the latest month of
non-zero transmission and skew. The Brière function generates a left-skewed distribution, while the modified-Brière function
generates a right-skewed distribution. We crossed each of these βim generating functions with the aforementioned transmission
functions. Static transmission model runs used the average value produced by the βim generating functions as βi. This process
resulted in 18 different model formulations: 3 transmission functions × 3βim generating functions × 2 transmission updating
frequencies (βi and βim). We additionally crossed variable and static recovery with each of the above model formulations,
totaling 32 models.
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(h) Model execution and sensitivity analysis
We evaluated whether density-independent or -dependent transmission mechanisms recreated seasonal sBG prevalence
dynamics by simulating annual disease dynamics (dede function, deSolve package; [64]) for each of the three above-mentioned
transmission functions (equation 2.3a–c). We first generated 10 000 parameter sets for the βℑ generating functions over a
permissive range of values (electronic supplementary material, table S2) using latin hypercube sampling [65,66]. We then used
our estimated values of λm, μm, α and either γm or γ and each βim parameter set to simulate sBG dynamics during portions
of the year when sBG is typically present (June–December). To evaluate model fit, we calculated the sum of squared errors
(SSE) between the simulated sBG prevalence and the monthly mean and standard error of the wild sBG prevalence over the
entire Georgia coast from the past 5 years (electronic supplementary material, appendix 5). The SSE was chosen as our fit
metric because of its simplicity and ease of interpretation. We repeated this process with all 32 model formulations. The model
formulation and parameter set with the lowest SSE was determined to be the best fit.

We conducted a sensitivity analysis on the best-fit model formulation (i.e. static or variable transmission generated by the
Normal, Brière or Modified-Brière function and static or variable recovery) for the density-dependent, frequency-dependent
and reservoir models to evaluate the influence of our parameter estimations on our choice of the best-fit model and our
conclusions regarding the nature of sBG transmission [67]. We varied host mortality (both natural and disease-induced),
migration, recovery and shrimp abundance independently by ±10% and ±20% and then ran the simulation over the 10 000
parameter values generated by the latin hypercube appropriate for that model formulation. We then compared models with real
data using SSE as described above.

3. Results
(a) Seasonal sentinel experiments
We found substantial variation in H. lynni transmission across seasons (figure 1b,c). Between June 2020 and May 2021, we
deployed a total of 97 shrimp and were able to recover and determine H. lynni infection presence after 10 days of exposure in
88% of these animals. Prevalence and mean severity peaked in July (prevalence: 75%, mean severity: 1.88 ± 0.82 (s.e.) ciliates per
mm2) and August (prevalence: 91%, mean severity: 3.38 ± 0.9 s.e.) when water temperatures were maximal (electronic supple-
mentary material, table S1 and figure 1b,c). Concurrently, the control group had little to no infection (0–10% prevalence) over
the course of their trials. In the summer, estuary-deployed shrimp experienced a significantly higher probability of infection
presence than shrimp in the control treatment (estimate = 3.91, z = 3.00, p = 0.003; electronic supplementary material, appendix
6, figure 1b). Similarly, H. lynni severity was significantly higher in estuary-deployed shrimp than control shrimp in July (H =
15.216, d.f. = 1, p < 0.001) and August (H = 15.556, d.f. = 1, p < 0.001; figure 1c). No other seasonal deployment trials recorded a
significant difference between the estuary-deployed and control treatments. In October, wild shrimp had a significantly higher
probability of infection presence than estuary-deployed experimental shrimp (estimate = 4.35, z = 4.93, p < 0.001), where 90%
of the wild shrimp sampled were infected with H. lynni compared with only 10% prevalence in the estuary-deployed shrimp
during that season. There were no other statistically significant differences between wild and deployed shrimp (figure 1b;
electronic supplementary material, appendix 6).

(b) Mortality and recovery experiment
We found that shrimp gradually recovered from H. lynni infection over the course of our laboratory experiment and that
temperature did not influence recovery (table 2). Between our unmedicated pre-application and post-application samples 14
days later, there was a significant reduction in average H. lynni severity (H = 10.07, d.f. = 1, p = 0.002), but not in the probability
of infection presence (estimate = 1.39, z = 1.19, p = 0.23). At the end of the experiment, no shrimp from any of the temperature
or medication application treatment groups tested positive with PCR, and only eight shrimp (two in the unmedicated ambient,
three in the unmedicated heated and three in the previously medicated heated treatments) were found to harbour ciliates

Table 1. Parameter symbols, definitions and sources for sBG mechanistic models. Fitted values refer to estimates derived by our model fitting procedures. The
migration rate was estimated from data collected by the Georgia Department of Natural Resources Coastal Resources Division Ecological Monitoring Trawl Survey (GA
DNR CRD EMTS). We used estimates of wild shrimp mortality rate to scale our lab-based estimates to that of local shrimp populations [62].

parameter symbol value or range source

migration rate λm −3.618–5.958 GA DNR CRD EMTS

transmission rate βF, βD, βR variable fitted value

recovery rate γm 0–0.681 Mortality and recovery experiment

mortality rate μm 0–0.013 Mortality and recovery experiment; [62]

disease-induced mortality rate α 0.008 Mortality and recovery experiment; [62]
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microscopically. There were no statistically significant differences in H. lynni infection prevalence or severity between our
medication or temperature treatments at this point (electronic supplementary material, appendix 7).

We found that the temperature and medication treatments significantly affected shrimp mortality, but there was no
significant interaction between these two variables. Only 13% of shrimp died in our ambient temperature treatment, while
78% of shrimp in the heated treatment died (figure 2). Three Cox proportional hazard models that examined the variables
responsible for mortality were found to be equivalent through Akaike information criteria corrected for small sample size
(AICc) [68] and all three models found a significantly higher risk of mortality in the heated treatment compared with the
ambient (table 3). All three models also identified the temperature treatment as the most important contributor to mortality
hazard, as indicated by the large coefficient estimates in table 3. The interaction between temperature and medication treatment
was only selected in one of our best-fit models, but even there, it was not significant. Similarly, moulting frequency was not
significantly related to shrimp mortality. Thus, while shrimp in our unmedicated treatments did experience greater ‘natural’
mortality than shrimp in our medicated treatments, disease-induced mortality was not altered by temperature.

(c) Mechanistic models
We found that host density-independent models that included variable transmission rates most accurately recreated sBG
prevalence dynamics (figure 3). All models required variable transmission rates to capture the seasonal rise and fall of sBG
dynamics (figure 3). Both the frequency-dependent and reservoir models with variable transmission fit the data well (SSE
= 0.192 and 0.178, respectively), while the best-fit density-dependent model with variable transmission resulted in higher
values of prevalence than were observed (SSE = 0.964). Furthermore, the parameter estimates for the frequency-dependent and
reservoir models matched the observed dynamics in the Seasonal sentinel experiments, with peak transmission values occurring
during mid-August and the transmission season ending in October (electronic supplementary material, table S3). We found
that the normal distribution was the best fit βim generating function for the frequency- and density-dependent models, while
the Brière βim generating function was the best fit for the reservoir model. Monthly variation in recovery rate did not greatly
alter model fit (electronic supplementary material, table S4), and static recovery rate fit the data better in the reservoir and
frequency-dependent models, while variable recovery rate fit the data better in the density-dependent model. Our choice of
best-fit model was not sensitive to our parameter estimations (electronic supplementary material, tables S5–S7). Regardless of
the sensitivity analysis scenario, the density-dependent models fit relatively poorly, producing SSEs at least 3.75 times greater
than the reservoir or frequency-dependent models. Our model fit was most sensitive to changes in recovery rate (γ), where
reducing the static recovery rate by 10% improved model fit by 6.5% in the reservoir model, while increasing the recovery rate
by 20% improved model fit by 23% in the frequency-dependent model.

4. Discussion
Evaluating the roles of transmission, host recovery and mortality with respect to seasonal changes in disease prevalence is
critical to understanding and managing infectious disease in wild systems. Here, we demonstrated that a steep increase in
transmission probably drives the sharp rise in sBG prevalence seen in the South Atlantic Bight in the late-summer months.
As the water cools in the autumn, sBG transmission ceases and host shrimp gradually recover from infection. The force of
infection appears low over the subsequent autumn, winter and spring. We found a high prevalence of infected wild shrimp
in the autumn (October) despite low levels of transmission during that season. This is probably the result of wild shrimp

Table 2. Infection metrics for the recovery and mortality experiment. Each row presents the number of shrimp sampled, the proportion infected from each sample and
the H. lynni infection severity of each sample taken during the medication procedure and temperature trial. ‘Pre-application’ refers to subsamples that were taken to
measure initial infection levels. To verify how well drug exposure worked to cure infection, post-application subsamples were taken from both medication groups after
14 days in the lab, immediately prior to shrimp beginning the temperature treatments. ‘Ambient’ and ‘heated’ refer to the temperatures at which shrimp were held
during the temperature trial. ‘Severity’ is the mean and s.e. of density of ciliate trophonts in the gills, inclusive of shrimp without infection. Cases where there is a
non-zero severity metric but zero infected shrimp are owing either to ciliate misidentification microscopically or to already-degraded ciliate DNA that was impossible to
detect through PCR.

treatment medication number sampled (n) proportion infected severity (trophonts mm–2) mean ± s.e.

pre-application medicated 12 1 4.46 ± 1.29

unmedicated 12 1 1.83 ± 0.52

post-application medicated 20 0 0.07 ± 0.05

unmedicated 20 0.75 0.38 ± 0.21

ambient (23.5 ± 0.6°C) previously medicated 19 0 0

unmedicated 20 0 0.06 ± 0.05

heated (30.2 ± 0.7°C) previously medicated 29 0 0.06 ± 0.04

unmedicated 30 0 0.15 ± 0.11
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acquiring the infection earlier in the year and then requiring several weeks to recover. We found little evidence that sBG causes
substantial host mortality in the laboratory or that this disease-induced mortality varied with temperature, suggesting that the
decline in seasonal prevalence in the field is most likely owing to host recovery once high transmission rates abate. Finally, we
demonstrated that seasonal variation in sBG transmission and prevalence is not owing to increases in local shrimp densities, but
rather an environmentally driven variable transmission rate. Together, these results motivate additional research into the drivers
of high summer sBG density-independent transmission.

Models with static transmission rates failed to reproduce field prevalence patterns, while models incorporating variable
transmission drastically improved fit. Moreover, seasonally varying reservoir and frequency-dependent models fit the field-
collected data much better than density-dependent models. These models additionally better captured the early-season
dynamics and late-summer peak in transmission observed in the field (figure 3, electronic supplementary material, table S3). We
were unable to discriminate whether the lack of density dependence indicated that transmission was driven by reservoir hosts,
immigration of infectious particles from non-local shrimp or whether local density dependence was masked by high seasonal
parasite production. However, our model does indicate that seasonal changes in environmental conditions that support parasite
transmission are much more important than seasonal changes in host density for explaining sBG dynamics. This finding adds
to the growing body of work suggesting that environmental effects, rather than local host density, may drive transmission in
well-mixed marine systems [41,69–71].

The rise in transmission rate during the summer months could be owing to a temperature-associated acceleration of the
H. lynni life cycle. The rate at which many parasites can complete their life cycle is strongly influenced by temperature [3].
Warm temperatures may also facilitate the survival of transmissible stages of the parasite, allowing for infectious propagules
to reach more hosts and at a higher propagule pressure [25,70]. As temperatures continue to warm, there may be an increase
in the duration of the sBG transmission season, allowing for periods of high prevalence to extend earlier into the spring and
later into the autumn. However, extremely warm temperatures may reduce prevalence by decreasing host and parasite survival
[12,63,72,73]. Therefore, sBG dynamics are likely to vary nonlinearly with temperature, and the fate of the system will depend
on the degree of warming in the area.

Shrimp in our laboratory experiments may have begun recovering from infection upon their arrival. Although PCR
prevalence remained high in the post-application unmedicated shrimp sample, there was a significant decline in sBG severity
of infection between our pre- and post-application samples, indicating a reduction in ciliates over time. This result could have
been caused by increased mortality in heavily infected shrimp, gradual recovery of infected shrimp, or both. Furthermore, every
shrimp that entered the temperature treatments, regardless of whether they died during the experiment or were euthanized
at the end, tested negative for H. lynni via PCR. We therefore did not find a significant difference in recovery between our
temperature treatments, which indicates that shrimp are able to recover from infection in temperatures at or above our ambient
temperature treatment of 23.5°C.

Unmedicated shrimp were significantly more likely to die in our laboratory experiment compared with previously medica-
ted shrimp. This finding may indicate that sBG infection does increase shrimp mortality rate. However, it is difficult to attribute
disease-induced mortality as an important factor contributing to seasonal changes in sBG prevalence because of the small effect
size and the low severity of infection in our experiment. Furthermore, the interaction between temperature and mortality was
not significant; thus, there was no evidence that disease-induced mortality varied with temperature. However, our laboratory

Figure 2. Survival probability and relative hazard estimates from the recovery and mortality experiment. (a) The Kaplan–Meier survival curve depicting the estimated
mean survival probability in shrimp per each medication and temperature treatment combination. (b) Log of the relative hazard estimates of mortality from the most
parsimonious Cox proportional hazard model (Model 1) with 95% confidence intervals. Estimates to the right of the dotted line indicate treatments with an increased
risk of shrimp mortality compared with the treatments along the dotted line. The p-values of these estimates are also displayed (*p ≤ 0.05, ***p ≤ 0.001).
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conditions may have masked a more significant effect of disease-induced mortality. The survival of the previously medicated
shrimp may have been altered by the medication application [26]. CupramineTM, according to its manufacturer, is known to
cause additional mortality in crustaceans. Therefore, we may have inadvertently selected for the most resilient shrimp with the
medication procedure, which could result in the previously medicated shrimp having higher survival. The heated temperature
treatment, although ecologically relevant, is close to the thermal maximum of the shrimp (CTmax = 36–41.6°C [74]), resulting in
thermal stress to these animals. This, coupled with the extended timeframewhich during these shrimp were held in captivity (22
days), could have resulted in an excessively high mortality rate in the heated temperature treatment that obscured additional
mortality from sBG.

In some instances, shrimp tested negative for sBG through PCR, but sBG trophonts were detected microscopically, as well
as the reverse, where Hyalophysa DNA was detected with PCR but no trophonts were found under the microscope (table 2).
The former can be attributed either to misidentification under the microscope or to excessive degradation of H. lynni DNA
making its amplification impossible. The shrimp immune response effectively destroys parasite DNA through the process
of encapsulation and melanin production [55], which could maintain the shape of the ciliate but prevent the PCR primers
from amplifying the ciliate DNA. The latter case is due to the ability of PCR to detect all life stages of the ciliate, while our
microscopic procedure can detect only the trophont stage [46].

Figure 3. Simulated sBG dynamics from the three transmission functions with static and variable transmission rate. Solid lines show model output for infection
prevalence through time for the best-fit models by transmission function (rows) and static versus variable transmission rates (columns). (a,b) Reservoir transmission;
(c,d) density-dependent transmission; (e,f) frequency-dependent transmission. Models with static transmission rates (βi, i = R,D,F) are along the first column, and
models with variable transmission rates (βim) are along the second column. The black dots depict the mean and mean ± s.e. of the last 5 years of sBG prevalence by
month, which are used to evaluate model fit and calculate the sum of squares error (SSE). These values are weighted equally and treated as independent points for
model fitting purposes (see electronic supplementary material, appendix 5 for more details).
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It is important to contextualize the results of our laboratory-estimated recovery and mortality rates when applying these
findings to the natural system. The shrimp in the mortality and recovery experiment were held at low densities in either filtered
or artificial seawater that was aerated vigorously. Therefore, infected shrimp were not exposed to secondary infections and did
not struggle to sequester oxygen from a low dissolved oxygen environment [47]. Experimental shrimp were also protected from
predators and fed daily. Thus, infected shrimp did not experience the increase in mortality that may result from sub-lethal
changes in physiology induced by parasite infection [40]. Additionally, we focus on temperature as a primary driver in our
system; however, other seasonally varying biotic and abiotic factors, such as predation, dissolved oxygen, salinity, etc., may also
influence disease processes and affect parasite-induced mortality in the estuary.

Our findings are relevant to the many other aquatic disease systems where parasite transmission interacts with variable
environmental conditions to yield changes in prevalence [12,24,75–78]. Diseases that are caused by parasites with extended
environmental stages are likely to display these dynamics, particularly if the parasite exhibits 'degree-day'-like physiological
responses to temperature [79]. Warm water temperatures compound degree-days rapidly and can accelerate the completion of
parasite life cycles, thus increasing their prevalence [80–82]. Several notable aquatic pathogens experience degree-day responses
to temperature, including sea lice (Lepeophtheirus salmonis) and Ceratanova shasta, a myxozoan parasite that causes severe disease
in salmon and trout [83,84]. Opportunistic parasites and those that can maintain low levels of prevalence in latently infected
hosts are also likely to exhibit a rapid rise in prevalence when the temperature reaches a specific critical threshold [8,31,85–89].
This relationship between increased temperature and parasite replication is especially relevant for parasites with single-host life
cycles but may not apply to parasites with complex, multi-host life cycles when transmission chains are interrupted owing to
reductions in the densities of host species [73]. Additionally, if temperatures are outside of the thermal limits of the parasite, a
linear relationship between temperature and parasite prevalence will not manifest [63,90].

The finding that high transmission rates drive infection prevalence over a narrow time period has important implications
for the management of infectious disease in marine systems. Disease has been a significant factor in the success of restoration
efforts for coral [91–94], oysters [95–97] and eelgrass [98,99] and is likely to impact other conservation breeding efforts in aquatic
species. Any restoration programmes that release individuals into the wild will need to ensure that release dates correspond
to time periods of low transmission. Additionally, any management efforts attempting to ‘fish out the parasite’ by reducing
host density to disrupt pathogen transmission should first determine whether the pathogen in fact relies on density-dependent
transmission, and if so, decrease host density during, or just prior to, maximal transmission rates [7,60]. Our research further
demonstrates the utility of using endemic ‘sentinel’ animals to deduce disease parameters in wild aquatic systems [43,100].
By deploying these susceptible animals in natural environments, we can move beyond sampling for disease prevalence
and quantify transmission rates, which is critical for the development of process-based models that aid in conservation and
management [6,101].

Infectious disease in aquatic systems is a result of highly connected interactions between host, parasite, environmental and
anthropogenic processes. With the increasing influence of global temperature change, there is an urgent need to understand
the temperature dependencies of these interactions. Here, we have demonstrated that changes in transmission are the critical
factor driving seasonal patterns of prevalence in an aquatic pathogen of a host that is highly important to the economy, ecology
and culture of the southeastern USA. We further provide a methodology to test specific hypotheses regarding transmission
dynamics in marine systems. Additionally, our methodology allows for efficient and rapid development of mechanistic models
that address information gaps in the system. The data required to accurately parameterize a model to capture disease dynamics
precisely in marine systems are extensive and difficult to obtain [7]. However, mechanistic models that reproduce trends seen in
empirical studies and address specific hypotheses about the underlying dynamics in the system can provide useful information
both for the management and understanding of infectious disease in marine systems [102]. Thus, our work represents an
important step to increasing our mechanistic understanding of disease dynamics and facilitating proactive management and
conservation efforts [103].
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