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ABSTRACT 

 

Long-term changes in freshwater inflows over a climatic gradient along the Texas coast 

have provided an opportunity to examine relationships between inflows and oyster dynamics; 

specifically, the oysters’ relationship with the oyster parasite Perkinsus marinus. The eastern 

oyster (Crassostrea virginica) is used in this study as a bioindicator to identify the environmental 

conditions needed to regulate P. marinus on a regional scale and a local scale. On a regional 

scale, 15+ years of oyster disease, climate indices, freshwater inflow, and salinity data from 6 

Texas estuaries have been compiled to determine freshwater needs across a climatic gradient, 

and to link climate variability to salinity regimes and oyster disease dynamics. This study found 

that P. marinus is an effective bioindicator and accessible way to manage freshwater inflow to 

Texas Estuaries. Climatic conditions played a strong role in governing estuarine salinity patterns 

and P. marinus disease dynamics among Texas estuaries. Climate-driven wet conditions across 

Texas estuaries promote significantly lower proportions of oysters infected with P. marinus and 

less severe infections. At the local scale, there was a spatial gradient of salinity and P. marinus 

infections, moving from reefs closest to the freshwater inflow source to reefs closest to the Gulf 

inlet. This study found climate variability affected salinity, which affected P. marinus infections. 

Results from this study were used to help support multi-year adaptive management plans that 

account for climate patterns expressed in multiyear periodicities.  
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Introduction 

Background and Relevance 

Freshwater inflow is fundamental to the function of estuarine systems.  Delivery of 

freshwater to estuaries increases productivity, maintains biodiversity, delivers sediments and 

nutrients, and moderates marine salinities (Benson 1981; Boyd and Green 1994; Longley 1994; 

Tolan 2007; Beseres Pollack et al. 2011; Montagna et al. 2013). Inflow hydrology (e.g., 

frequency, timing, velocity, and quantity) drives estuarine condition (e.g., salinity, dissolved 

material), which in turn, influences estuarine resources (e.g., abundance, biomass, diversity) 

(Palmer et al. 2011; Montagna et al. 2013).  Thus, estuarine resources can be used as indicators 

of change in estuarine conditions resulting from changes in freshwater inflow. 

Along the Texas coast, there is a gradient of decreasing rainfall and corresponding 

freshwater inflow moving from northeast to southwest (Montagna et al. 2013).  Precipitation and 

thus freshwater inflow are driven by long-term and global-scale climate events, such as El Niño, 

which varies over 5 to 7-year time scales (Tolan and Fisher 2008; Montagna et al. 2013).  Due to 

long residence times within Texas estuaries, pulses of freshwater can be retained, driving the 

salinity structure for extended periods (Solis and Powell 1998; Tolan 2007).  Future predictions 

of increased water demand due to population growth, as well as warming temperatures and rising 

evapotranspiration will result in a hotter, drier future for Texas (Nielsen-Gammon 2009).  

The effects of water flow are dynamic, making it impossible to sample all conditions as 

they change over space and time.  Benthic organisms are often used as indicators of estuarine 

condition because they are relatively long-lived and sessile, have an intermediate trophic 

position, and demonstrate a variety of consistent responses to multiple sources of stress (Pearson 

and Rosenberg 1978; Hofmann et al. 1995; Weisberg et al. 1997; Beseres Pollack et al. 2009; 
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Montagna et al. 2013). In this way, benthic organisms integrate dynamic water column 

conditions over time, providing a long-term record of short-term changes.   

The eastern oyster plays an important role both economically and ecologically in Texas 

estuaries.  Oysters support a valuable commercial fishery, generating over $23 million in Texas 

in 2013 (NMFS 2013).  In addition, oysters are foundation species that create complex reefs 

supporting diverse faunal communities.  In the Gulf of Mexico, oysters provide numerous 

ecosystem services through enhanced water quality, shoreline protection, and recreational fishing 

support (Beseres Pollack et al. 2011).  However, oyster reefs have suffered historic losses due to 

overharvest, disease, and degraded water quality, with estimates of 85-91% lost globally 

compared to historic levels (Jackson et al. 2008; Beck et al. 2011).  In response, scientists and 

natural resource managers have called for new conservation approaches to promote reef 

sustainability and health.   

Eastern oysters are important indicators of changing estuarine conditions related to 

varying freshwater inflow (Volety et al. 2009; Beseres Pollack et al. 2011).  Oyster populations 

depend on freshwater delivery to estuaries to maintain suitable salinities and reduce predators 

and parasites (Andrews and Ray 1988; Soniat and Brody 1988; Soniat and Gauthier 1989; Buzan 

et al. 2009; Beseres Pollack et al. 2011). Salinity, in turn, influences oyster reproduction, growth, 

and development (Butler 1949; Shumway 1996).  Freshwater inflow and salinity have been 

linked to indicators of oyster health, including density, recruitment, and parasites, which can 

therefore be linked to water management (Livingston et al. 2000; La Peyre et al. 2003; Volety et 

al. 2009).   

The protozoan oyster parasite, Perkinsus marinus, the causative agent of Dermo disease, 

causes severe oyster mortalities in the Gulf of Mexico (Ray 1996).  Perkinsus marinus causes 
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reduction in growth and meat condition followed by mortality of susceptible infected oysters; 

oyster mortalities do not generally occur until the second year of exposure (Ford and Tripp 

1996).  Transmission of P. marinus occurs through the water column when infective stages are 

released from dead or dying oysters, or via feces or pseudofeces of live infected oysters (Mackin 

1962; Bushek et al. 2002).  Perkinsus marinus can control oyster population dynamics and 

threaten economic viability of the oyster fishery as well as dramatically affect reef conservation 

efforts (Soniat et al. 2005).  The parasite increases in prevalence in oysters at higher salinities, 

and is intolerant of very low salinities (Mackin 1956; Chu and Greene 1989; Craig et al.1989; 

Ragone and Burreson 1993; Hofmann et al. 1995; La Peyre et al. 2003; Powell et al. 2003; 

Soniat et al. 2005; Soniat et al. 2012).  Increasing freshwater inflow can regulate P. marinus 

prevalence and severity by reducing salinities and facilitating oyster population recovery in the 

bays (Beseres Pollack et al. 2011). Prevalence and severity of Perkinsus marinus infection within 

oyster populations can thus serve as a practical indicator of salinity regimes in estuaries.   

This study sought to better understand the connections between long-term trends in 

climate variability driving freshwater inflow dynamics, resulting salinity patterns (estuarine 

condition), and their effects on P. marinus infection (as a proxy for change in estuarine 

resources) on a local and regional scale.  Perkinsus marinus infection prevalence and severity in 

oyster populations were utilized as indicators to determine how changes in salinity (i.e., estuarine 

condition) affect estuarine resources along the Texas coast.  Because environmental factors that 

influence oysters likely influence other estuarine species in similar ways (Shumway 1996), 

gaining insight into optimal salinity conditions for controlling P. marinus infection will support 

the development of water management plans for conservation of estuarine resources.  

The goal of this study was to provide optimal salinity recommendations for Texas 
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estuaries on local and regional scales by utilizing a long-term (18 years) dataset to determine the 

relationship between climatic conditions, salinity regimes, and P. marinus infections.  The 

hypothesis is that climatic conditions (e.g., drought, normal, wet) are correlated to salinity 

patterns and to P. marinus infection levels within and among estuaries along a climatic gradient 

in Texas. During droughts, I expect to see increased salinities and higher P. marinus infections, 

and lower P. marinus infections during wet conditions due to decreased salinities. The results of 

this study will help determine the resulting salinity regimes adequate to control P. marinus 

infection, an indicator of estuarine health.  These results would be valuable for conservation 

planning and could be used to support the development of multi-year adaptive management 

approaches that account for climate patterns that are expressed in multi-year cycles.  

Methods 

Study Area 

The seven major estuaries of Texas are hydrologically diverse despite having similar 

morphology (Montagna et al. 2013).  All Texas estuaries except the Sabine-Neches Estuary are 

separated from the Gulf of Mexico by barrier islands, and typically consist of a primary bay, 

secondary bay, and connection to the Gulf of Mexico (Perillo 1995).  Freshwater inflow occurs 

via rivers flowing into the secondary bays, which connect to primary bays, which then connect to 

the Gulf of Mexico.  A latitudinal gradient in climate, freshwater inflow, and salinity results in 

southwestern estuaries receiving less freshwater inflow than their northeastern counterparts (Fig. 

2).   

The effects of climate and water quality on P. marinus were investigated on two different 

spatial scales; local-scale focused within a single estuary, and regional-scale focused among six 

estuaries. The within-estuary scale investigation occurred within the Mission-Aransas Estuary, 
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an estuary with moderate salinities (mean = 15) relative to the other major Texas estuaries (mean 

= 8 to 36) (Fig. 1, Orlando et al. 1993).  The Mission-Aransas Estuary is approximately 540 km2 

with an average depth of 2 m (NOAA 1990). The two largest bays in the Mission-Aransas 

Estuary are Aransas Bay, which is located closest to the Gulf of Mexico inlets, and Copano Bay, 

which is located closest to the Mission and Aransas Rivers (Pollack et al. 2012). The among-

estuary investigation occurs within all six major Texas estuaries where harvestable C. virginica 

reefs occur: Nueces, Mission-Aransas, Guadalupe, Lavaca-Colorado, Trinity-San Jacinto, and 

Sabine-Neches Estuaries.  

Determining Climatic Conditions 

Biweekly-collected salinity and temperature data obtained from Texas Parks and Wildlife 

Department (TPWD) Coastal Fisheries Division from 1986 to 2015 were used to hydrologically 

characterize each estuary under three inflow/salinity regimes: wet/low salinity, drought/high 

salinity, and normal (Palmer and Montagna 2015).  TPWD collects water quality data from all 

Texas estuaries as part of its’ coastal fisheries monitoring program (Martinez-Andrade et al. 

2005).  The salinity of an estuary is influenced by the volume of freshwater inflow that it 

receives.  In times of drought, a reduction in precipitation, and therefore freshwater inflow, 

should increase the mean salinity of an estuary.  In this analysis, we determined periods of 

drought, normal, and wet conditions for the entire estuary using mean salinities of the largest 

secondary bay (e.g., Sabine, Trinity, Lavaca, Upper San Antonio, Copano, and Nueces Bays). 

Within Texas estuaries, the salinity of secondary bays is greatly affected by changes in 

freshwater inflow because they are closest to river inputs (Palmer and Montagna 2015).  

Historical conditions for each estuary were determined to be in drought if mean monthly 

salinities of the secondary bay were within the upper quartile of monthly salinities from 1986 to 
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2015.  Conversely, conditions were determined as being wet if the mean monthly salinities of the 

secondary bay were within the lower quartile of all salinities.  Normal conditions were 

determined if salinities were in the interquartile range of historical salinities for the secondary 

bay. This drought classification method has been verified along the Texas coast by comparing 

the mean Palmer Drought Severity Index (PDSI) for each drought condition (wet, normal, and 

drought) for each estuary (Palmer and Montagna 2015). The PDSI is one of the most widely used 

regional indices of drought and is particularly useful in determining long-term (several months) 

dry and wet periods (Alley 1984; Heddinghaus and Sabol 1991).  

Local-Scale Oyster Sampling 

Seven stations were sampled quarterly along a salinity gradient in the Mission-Aransas 

Estuary from December 2004-October 2015 to measure oyster characteristics and water quality 

(Fig. 3).  The seven stations consisted of: Shell Bank, Lap, Causeway North, Causeway South, 

Grass Island, Half Moon, and Long reefs.  At each station ≥ 20 oysters (~10 market size 

(≥76mm) and ~10 sub-market size (26-75mm)) were collected using an oyster dredge.  At each 

station, depth, temperature, conductivity, dissolved oxygen, salinity, pH, and turbidity were 

measured with a Hydrolab Surveyor II or YSI Pro DSS at the surface and approximately 10 cm 

above the bay bottom.   

For each oyster, P. marinus infection was assessed using Ray’s Fluid Thioglycollate 

Method (Ray 1966). A 5 x 5 mm section of mantle tissue was removed and incubated in Ray’s 

Fluid Thioglycollate Media (RFTM) for 2 weeks following the culture method of Ray (1966). 

Tissue cultures were then stained with 75% Lugol’s solution and examined microscopically for 

P. marinus hypnospores (blue/black spheres).  Perkinsus marinus intensity was scored using the 

6-point Mackin scale (uninfected (0) - heavily infected (5)) adapted from Mackin (1962) by 
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Craig et al. (1989). The proportion of oysters infected with P. marinus (prevalence) was 

calculated by dividing the number of infected oysters by the number of oysters sampled.  Mean 

infection intensity (II) of individuals on the reef was calculated (Soniat et al. 2012), and then 

weighted prevalence, a measure of the relative severity of P. marinus infection in a population, 

was calculated by multiplying mean infection intensity by prevalence. Because P. marinus 

accumulates in oyster tissue over time and infections tend to be size-specific (large oysters 

having higher infection levels and parasite-related mortality than small individuals (Andrews and 

Ray 1988), data are for both submarket and market size classes to demonstrate size-specificity.   

Regional-Scale Oyster Sampling 

Eighteen years (1998-2015) of discrete samples of P. marinus oyster infection and 

simultaneously sampled salinity and temperature data were compiled from Oyster Sentinel 

(www.oystersentinel.org), a database maintained by Dr. Tom Soniat at the University of New 

Orleans (obtained August 2015).  Oyster Sentinel manages data on Perkinsus marinus infection 

in oysters that are sampled along the Texas coast (Fig. 1) as part of efforts to monitor the health 

of estuaries along the Gulf of Mexico.  Salinity and water temperature is taken simultaneously 

with oyster samples and oyster infection assessments are the same as used in the local scale 

analysis of this current study.  The Oyster Sentinel salinity and P. marinus infection dataset was 

examined within those wet, normal, and drought salinity regimes characterized by the TPWD 

dataset.   

Statistical Approach 

Two-way ANOVAs were used to assess differences in salinity and temperature among 

climatic conditions and estuaries, and stations within estuaries. Estuary-wide data were used for 

regional-scale differences and station data were used for local-scale differences.  

http://www.oystersentinel.org/
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Mean salinity, temperature, dissolved oxygen, and turbidity were determined for drought, 

normal, and wet periods for each estuary using the estuary-wide TPWD data. Differences in 

water quality among estuaries and during drought, normal, and wet climatic conditions were 

determined using two-way ANOVAs. Data were log transformed to meet normality assumptions. 

Tukey’s Standardized Range Tests were used to help explain any significant differences. Broad-

scale effects of freshwater inflow on water quality were determined by calculating Pearson 

partial correlations between water quality variables and salinity.   

Two-way ANOVAs were used to assess differences in P. marinus prevalence and 

weighted prevalence among climatic conditions and estuaries, and stations within estuaries. 

Fixed effects ANOVAs were used when interaction terms were significantly different. Data were 

square root-transformed to meet normality assumptions. Tukey’s Standardized Range Test was 

run in tangent with all ANOVAs as post-hoc analysis to help explain any significant differences 

Pearson partial correlations were used to determine relationships among salinity, 

temperature, and P. marinus infection using estuary-wide averages for regional-scale 

correlations, station averages for local-scale correlations, and sampling date for temporal 

correlations. One-way ANOVAs were used to determine the variation in P. marinus infection 

explained by salinity and temperature. Statistical analyses were completed using SAS software 

version 9.4 (SAS Institute Inc. 2014) (ANOVA: Proc MIXED, Normality tests: Proc 

UNIVARIATE, Regressions: Proc REG, Correlations: Proc CORR).   

Results 

Local-Scale Analyses 

Water quality variables measured simultaneously with oyster samples varied among 

climatic conditions (drought, normal, and wet conditions) and among stations within the 
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Mission-Aransas Estuary. Salinities taken simultaneously with oyster samples were significantly 

higher in drought conditions than in normal conditions, and higher in normal conditions than in 

wet conditions among all stations, except Shell Bank Reef where wet and normal conditions 

were similar (P < 0.0001, Fig. 4, Table 1). The general distribution of salinity throughout the 

estuary reflected the distance of each reef from the Mission and Aransas Rivers. The lowest 

salinities were associated with Copano Bay oyster reefs (e.g. Shell Bank Reef) and the highest 

salinities were associated with Aransas Bay reefs (e.g. Long Reef, Fig. 4, Table 1).  There was a 

significant increase in salinity from 2004 to 2015 at all stations (P < 0.05), except at NW 

Causeway Reef (P ≤ 0.052) and Shell Bank Reef (P ≤ 0.085).  

Temperature had a strong seasonal signal that significantly increased over the study 

period (r = 0.19, P ≤ 0.0033). Temperature was significantly lower in wet conditions (21.5 °C) 

compared to normal and drought conditions (24.9 °C to 24 °C). Temperature was similar among 

stations (P ≤ 1.00). There was a significant positive relationship between salinity and 

temperature (r = 0.29, P ≤ 0.0001).  

Dissolved oxygen (DO) and turbidity were significantly higher in wet conditions (8.6 

mg/L, 27.7 NTU) than in normal and drought conditions (7.4 - 7.3 mg/L, 22.7 to 19.6 NTU, P ≤ 

0.0434). The DO and turbidity were similar among stations (0.07 ≤ P ≤ 1.00), and DO was 

negatively correlated with salinity (r = -0.42, P ≤ 0.009). There was no significant relationship 

between salinity and turbidity (r = -0.24, P ≤ 0.14). 

Oyster infection by P. marinus varied by climatic conditions and across stations in the 

Mission-Aransas Estuary.  Among climatic conditions there were highly significant positive 

relationships between salinity and the proportion of market-size oysters infected with P. marinus 

(r = 0.735, P < 0.0001, Fig. 5A) as well as with the severity of infection (r = 0.827, P < 0.0001, 
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Fig. 5B). Among all reefs, P. marinus infections in market-size oysters significantly increased 

from wet (35.1%, 0.53) to normal (56.8%, 1.03), and normal to drought (68.2%, 1.41) conditions 

(P < 0.0001, Fig. 6, Fig. 7, Table 2). In submarket-size oysters there was a lower proportion of 

infection with P. marinus, with lower relative severity of infection, in wet conditions (28.9%, 

0.50); there was no difference during normal and drought conditions (43.9 - 44.7%, 0.776 - 

0.804, P < 0.05, Table 2).   

In wet, normal, and drought conditions all reefs had a similar proportion of oysters 

infected with P. marinus and severity of infection, except Shell Bank Reef and Long Reef (Fig. 

5). The proportion of market-size oysters infected with P. marinus was significantly lower at 

Shell Bank Reef (21.1%) and significantly higher at Long Reef (78.2%), but similar among all 

other stations (49.1 - 57.6%, P < 0.0001, Fig. 6, Table 2). The relative severity of market-size 

oyster infection was significantly lower at Shell Bank Reef (0.42), but similar among all other 

stations (0.85 - 1.42, P < 0.0001, Fig. 7, Table 2). The proportion of submarket-size oysters 

infected with P. marinus, and the relative severity of infection was similar among all stations (P 

< 0.0001, Table 2).  

At each reef, there was a significant positive relationship between salinity and P. marinus 

characteristics in market-sized oysters (P < 0.05, Fig. 5). In submarket-size oysters there was a 

significant positive relationship between the proportion of infected oysters and salinity at Shell 

Bank Reef and Lap Reef (P < 0.05) and a significant positive relationship between the relative 

severity of P. marinus infection and salinity at Shell Bank, Lap, NW Causeway, SW Causeway, 

and Grass Islands Reefs (P < 0.05).  There were no significant relationships between temperature 

and proportion of oysters infected with P. marinus (r = -0.027, P ≤ 0.9117) or severity of 

infection (r = 0.019, P ≤ 0.9356) among climatic conditions (Fig. 8). There was a positive 
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relationship between the relative severity of P. marinus infection in market-size oysters and 

temperature at Long Reef in summer months (r = 0.776, P ≤ 0.0140). There were no significant 

relationships between temperature and P. marinus infection among reefs in winter months (P 

<0.05). 

 

Regional-Scale Analyses 

Water quality variables measured simultaneously with oyster samples varied among 

climatic conditions (drought, normal, and wet conditions) and among estuaries.  Salinities 

increased significantly from wet to normal and normal to drought conditions in Lavaca-

Colorado, Trinity-San Jacinto, and Sabine-Neches Estuaries (P ≤ 0.0001, Fig. 9. Table 3). 

Salinity in the Guadalupe Estuary was significantly higher in drought (23.7) conditions 

compared to normal (18.4) and wet (15.8) conditions (P ≤ 0.0001). In the Mission-Aransas 

Estuary, salinity was significantly lower during wet conditions (16.0), but similar in normal 

(23.5) and drought (26.1) conditions (P ≤ 0.0001, Fig. 9, Table 3). Salinity in the Nueces Estuary 

was similar among wet (30.9) and normal (32.5) conditions and normal and drought (34.3) 

conditions (Fig. 9). Salinities significantly increased from 1998 to 2015 in the four southernmost 

estuaries studied: Nueces (r = 0.20, P ≤ 0.03), Mission-Aransas (r = 0.38, P ≤ 0.0001), 

Guadalupe (r = 0.23, P ≤ 0.0002), and Lavaca-Colorado (r = 0.44, P ≤ 0.0001). 

Temperature significantly increased from wet (19.5 °C) to drought (21.2 °C) and drought 

to normal conditions (24.9 °C, P < 0.0001), and was similar among estuaries (P ≤ 0.0583). 

Temperature and salinity were significantly positively correlated in the Trinity-San Jacinto (r = 

0.08, P ≤ 0.0178), Mission-Aransas (r = 0.29, P < 0.0001), and Lavaca-Colorado Estuaries (r = 

0.10, P ≤ 0.0241). During the study period, temperature increased significantly in the Mission-
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Aransas Estuary (r = 0.19, P ≤ 0.003) and decreased significantly in the Nueces Estuary (r = -

0.24, P ≤ 0.009).  

Oyster infection by P. marinus varied among climatic conditions and among estuaries 

across the Texas coast.  Among estuaries and climatic conditions there was a significantly 

positive linear trend between salinity and proportion of infection (r = 0.55, P ≤ 0.0170) and 

severity of infection (r = 0.76, P ≤ 0.0003, Fig. 10) in market-size oysters. In the summer (June 

to September) and winter (November to February) months, there was a significant positive 

relationship between temperature and P. marinus infections in the Guadalupe, Lavaca-Colorado, 

Trinity-San Jacinto, and Sabine-Neches Estuaries. 

In individual estuaries, the proportion of oysters infected with P. marinus and the severity 

of infection significantly increased from wet to normal and normal to drought conditions, except 

in the Guadalupe and Nueces Estuaries. Among estuaries, the proportion of market-size oysters 

infected with P. marinus, and the relative severity of infection were significantly lower during 

wet conditions (47.6%, 0.65), but similar between normal and drought conditions (56.8% and 

57.7%; 1.01 and 1.08; Fig. 10, Fig. 11, Table 4).  The proportion of submarket-size oysters 

infected with P. marinus and the severity of infection were similar among climatic conditions.  

The proportion of market-size oysters infected with P. marinus was significantly lower in 

the Guadalupe Estuary (33%), than in all other estuaries (>47%, Fig. 10, Table 4).  The relative 

severity of P. marinus infection in market-size oysters was significantly lower in the Guadalupe 

Estuary (0.55) and significantly higher in the Nueces Estuary (1.33, P ≤ 0.0002) and similar 

among all other estuaries (0.82 - 1.08, Fig. 10).  The proportion of submarket-size oysters 

infected with P. marinus was significantly higher in the Nueces (53%) Estuary and significantly 

lower in the Lavaca-Colorado (22.8%) and Guadalupe (28.2%, P < 0.05, Table 4).  The severity 
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of infection in submarket-size oysters was significantly higher in the Nueces (1.03) Estuary and 

significantly lower in the Guadalupe (0.49), Sabine-Neches (0.44), and Lavaca-Colorado (0.37) 

Estuaries.   

Over the study period, there were significant increases in the proportion of infected 

oysters and the relative severity of infection in both size classes in the Nueces, Mission-Aransas, 

and Lavaca-Colorado Estuaries. There were significant decreases in the proportion of infected 

oysters and the relative severity of infection for market-sized oysters in the Trinity-San Jacinto 

and Guadalupe Estuaries. There was a positive relationship between salinity and P. marinus 

infection in market-sized oysters in the Trinity-San Jacinto, Sabine-Neches, Nueces, and 

Mission-Aransas Estuaries (P < 0.05). Submarket-sized oysters had a positive relationship 

between P. marinus infection and salinity in the Mission-Aransas, Nueces, and Trinity-San 

Jacinto Estuaries (P < 0.05). In Lavaca-Colorado Estuary, there was a significant decrease in the 

proportion of oysters infected with P. marinus with an increase in salinity. Salinity explained 

63.7% of the variation in proportion of infected oysters and 71.1% of the variation in severity of 

infection.  

There were no significant correlations between temperature and P. marinus proportion of 

infection (r = -0.02, P ≤ 0.9534) or severity of infection (r = 0.07, P ≤ 0.7890) in market-size 

oysters among climatic conditions. Temperature explained 9.4% of the variation in proportion of 

infected oysters and 25.4% of the variation in severity of infection. There was a positive 
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relationship between P. marinus infection and temperature in submarket-sized oysters in the 

Trinity-San Jacinto, Mission-Aransas, and Lavaca-Colorado Estuaries (P < 0.05).  

Discussion 

There are very few studies that analyze long-term (≥ 18 years) responses of organisms to 

freshwater in Texas Estuaries, especially on a regional-scale. This study was a unique 

opportunity to analyze a long-term monitoring dataset (18 years), with high sampling frequency, 

and fixed stations across a regional-scale. While there is an accepted positive relationship 

between freshwater inflow and estuarine health and a demonstrated suitability of benthic 

organisms as important bioindicators (Montagna and Kalke 1992, 1995; Montagna et al. 2013; 

Beseres Pollack et al. 2009), there are few studies using P. marinus infections in oysters as 

bioindicators of the ecological integrity of estuaries. P. marinus is the primary limiting factor in 

oysters (Cake 1983) and has a direct relation to salinity and temperature (Mackin 1962; Ray 

1966; Andrews and Ray 1988; Chu and Greene 1989). The combination of P. marinus infection 

characteristics and salinity and temperature data allowed us to investigate the role of climate 

variability driving ecosystem dynamics and responses to inflow. With the increasing effects of 

climate change, infection dynamics of P. marinus can be used to assess and predict climate 

driven salinity and temperature regimes on local and regional scales.  This study helps to address 

the effects climatic conditions have on Texas estuarine salinity patterns and P. marinus dynamics 

by indicating that: 1) climatic conditions drive local and regional salinity regimes in Texas 

estuaries, 2) climate-driven salinity regimes determine the proportion of oysters infected with P. 

marinus and the relative severity of infection, 3) P. marinus infection characteristics increase 

with increasing salinity among climatic conditions, and 4) temperature does not tend to play a 

major role in P. marinus infection dynamics among Texas Estuaries. Utilizing this long-term 
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data with the ultimate goal of providing optimal salinity regimes will assist managers in making 

informed decisions on the effects of climate variability expressed in multi-year periodicities on 

P. marinus dynamics as an indicator for ecological integrity on a regional scale. 

A comparison of my analyses with Buzan’s (2009) study and Turner’s (2006) study 

demonstrated the need for freshwater inflow studies on larger spatial and temporal scales. Buzan 

(2009) suggests a positive, 1 to 2 year lagged relationship between inflow and oyster abundance 

in Galveston Bay, TX. However, Turner’s (2006) study used 3-year running averages of oyster 

commercial harvest since 1950 and suggested an inverse relationship between freshwater inflow 

and commercial harvest in the Gulf of Mexico. Analysis of long-term salinity and P. marinus 

infection data among Texas estuaries demonstrated the need for wet conditions (high inflow/low 

salinity) to allow oyster populations to recover from disease. Freshets and extended wet 

conditions suppress salinities that may result in oyster mortalities, but over time allows oyster 

populations to recover (Beseres Pollack et al. 2011; La Peyre et al. 2003). Drought conditions 

allow salinities to rise and oyster mortality from increased P. marinus to increase. My analysis, 

along with Buzan and Turner’s studies reflect multiple aspects of the complex dynamics between 

freshwater inflow, salinity, and oysters. 

 

Local-Scale Analyses 

Climatic conditions had a significant effect on water quality and P. marinus infection 

dynamics in the Mission-Aransas Estuary. Wet conditions corresponded with lower salinities (≤ 

16), lower proportions of oysters infected with P. marinus (≤ 35%), and less severe infections (≤ 

0.53) in both oyster size classes. Low salinities have been shown to result in significant 

decreases in P. marinus infection intensities in both field and laboratory studies, either from a 
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decrease in infection intensities in individual oysters or to the death of the most highly infected 

individuals (Craig et al. 1989; Soniat 1996; La Peyre et al. 2009).  In the current study, it is 

unknown which mechanism had primacy driving the observed decreases in P. marinus infection 

characteristics during wet periods.   

Drought played a significant role in driving increases in salinity and P. marinus infection. 

Drought conditions corresponded to increases in salinity ≥ 34.5, higher proportions of market-

size oysters infected with P. marinus (≥ 68%) and more severe infections (≥ 1.4). High salinity is 

an important environmental determinant of the severity of P. marinus and the resulting oyster 

mortality (Andrews 1988; Powell et al. 1996; Soniat et al. 1998; Goedken et al. 2005). In the 

current study, average P. marinus severity of infection remained < 2, even in drought conditions.  

High salinity influences oyster recruitment (Soniat et al. 2012), and oyster populations are able to 

expand more rapidly than P. marinus (Powell et al. 1996).  At high salinities, oyster populations 

can resist P. marinus proliferation if there is recruitment of uninfected oysters (Hofmann et al. 

1995). High recruitment of uninfected individuals may have moderated the severity of infections 

during drought conditions or the biggest, most infected oysters died.  

There was a spatial gradient of salinity and P. marinus infections, moving from reefs 

closest to the freshwater inflow source to reefs closest to the Gulf inlet.  Shell Bank Reef and 

Long Reef were significantly different from other reefs along the salinity gradient. Shell Bank 

Reef (mean salinity = 21.4) had the greatest freshwater influence and Long Reef (mean salinity = 

24.8) had the greatest marine influence. Corresponding to the salinity gradient among reefs there 

was a significant increase in the proportion of oysters infected and severity of infections moving 

from Shell Bank Reef (21%, 0.42) to Long Reef (78%, 1.42). Previous studies have also shown 

that P. marinus increases where the salinity gradient is the most extreme (Paynter and Burreson 
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1991; Bushek et al. 2012). These results indicate spatial distributions of salinity have significant 

effects on distributions of P. marinus infections.   

Temperature can also play a strong role in disease progression (Chu and La Peyre 1993; 

Soniat 1996), although it is unlikely to have been a dominant control at our sites, which 

experienced the same temperature regime. The relatively warm temperatures year-round in the 

Mission-Aransas Estuary may be responsible for the lack of a relationship between P. marinus 

disease and temperature in the current study.   

   

Regional-Scale Analyses   

Consistent with previous studies (La Peyre et al. 2003, 2009; Beseres Pollack et al. 2011) 

and the local-scale analyses, wet conditions promoted lower salinities, less severe (0.65) P. 

marinus infections, and lower proportions (< 50%) of infected market-size oysters in all estuaries 

except the Nueces Estuary. Flood disturbance and associated reductions in salinity can dilute or 

terminate P. marinus stages (Mackin 1956; La Peyre et al. 2009) and/or cause mortality within 

oyster populations (La Peyre et al. 2003, 2009; Beseres Pollack et al. 2011). Texas estuaries have 

relatively long residence times (up to one year; Solis and Powell 1998) that maintain low 

salinities unfavorable for disease and may promote oyster population recovery (Beseres Pollack 

et al. 2011). These results indicate that climate-driven wet conditions facilitate long-term oyster 

sustainability across Texas estuaries. 

Among estuaries market-size oysters tended to be better bioindicators of climatic 

conditions because P. marinus accumulates in oysters over time, providing a better response to 

climate variability. Submarket and market-size oysters had similar relationships of P. marinus, 

with salinity and climatic conditions, but submarket-size oysters resulted in weaker signals.   
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The relationship between P. marinus infection characteristics and salinity was generally 

linear among climatic conditions.  Previous lab and field observations have shown that high 

salinity is linked to increasing disease proliferation (Ray 1966; Chu and Greene 1989; Soniat and 

Gauthier 1989; Paynter and Burreson 1991; Ragone and Burreson 1993; Goedken et al. 2005). 

Nevertheless, there were some estuary-scale relationships that deviated from this pattern. In the 

Guadalupe Estuary, P. marinus infection levels increased from wet to normal conditions, and 

then decreased in drought conditions, even though salinities were significantly higher in drought 

(23.7) conditions.  It is possible that this decrease in P. marinus infection levels was caused by 

mortality to the largest, most highly infected oysters (La Peyre et al. 2003), though the exact 

mechanism was not observed as part of this study.  Indeed, high mortalities can result from 

infected oysters being exposed to higher salinities (Andrews and Ray 1988; Paynter and 

Burreson 1991), which can have the effect of reducing the overall infection characteristics of the 

population. In the Nueces Estuary, salinities were similar regardless of climatic condition (wet, 

30.9; normal, 32.5; drought, 34.4), as were the proportions of infected oysters (78%, 62%, 71%) 

and infection severities (1.54, 1.24, 1.36). Similarly, high P. marinus infections among climatic 

conditions are likely the result of the consistently high salinities (Andrews 1988; Andrews and 

Ray 1988).  The Nueces Estuary has the lowest freshwater inflow relative to other estuaries 

examined (Fig. 2), due in part to the semi-arid climate and to substantial upstream diversions and 

impoundments.  In particular, the Wesley Seale and Choke Canyon Dams have reduced 

freshwater inflow to the Nueces Estuary by 55% (Asquith et al. 1997; Palmer et al. 2002). As a 

result, climate driven salinity regimes may not play a prominent role driving in P. marinus 

infection dynamics in the Nueces Estuary. 
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The role of temperature on disease progression is also important to consider, as high 

water temperature can be a critical factor in P. marinus proliferation (Chu and Greene 1989; Chu 

et al. 1993; Soniat 1996). In the current study, water temperature did not cause significant 

increases in P. marinus infections among Texas estuaries. Chu et al. (1993) found P. marinus 

infections were higher in temperatures at 20-25°C and lower in temperatures at 10-15°C, with 

similar P. marinus infections among the range of higher temperatures. In the current study, 

temperatures were relatively high (19.5 to 24.9°C) overall and thus may not have had a 

significant influence on P. marinus infections. Texas Estuaries are located in a semi-arid region 

and the relatively warm temperatures may be the reason for temperature not having a major role 

in the dynamics of P. marinus infections. 

 

Interaction of Salinity and Temperature 

 Salinity had the most significant effect on P. marinus infection dynamics. There was a 

strong spatio-temporal relationship between salinity and P. marinus infections. The relationship 

between salinity and P. marinus infections was consistent within and among estuaries. Salinity 

explained ≥60% the variation in P. marinus infections, whereas temperature explained ≤25% of 

the variation in P. marinus infections among Texas estuaries. Previous studies have shown that 

the combination of high salinities and high temperatures cause a proliferation of P. marinus 

infections in oysters (Chu and Greene 1989). Oysters may be acclimated to the warm 

temperatures year-round in Texas estuaries, therefore the most important environmental 

parameter determining P. marinus infections would be salinity.  

Average salinity was measured to identify the effects of freshwater inflow and climate on 

P. marinus infections. However, salinity variability has also been shown to be a useful indicator 
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of benthic community stability (Van Diggelen and Montagna 2016). Both average salinity and 

salinity variance had strong significant relationships to proportion of oysters infected and 

infection severity among estuaries, possibly indicating oysters recover from P. marinus 

infections in both pulse and press inflow events. 

 

Management Recommendations 

 This study could be used to support multi-year adaptive management plans that account 

for climate patterns expressed in multiyear periodicities. Incorporating optimal salinity regimes 

to keep P. marinus at low levels of infection would be beneficial to sustain oyster populations. 

Previous studies have shown oyster reefs tend to be at least 50% infected with P. marinus among 

Gulf of Mexico estuaries (Powell et al. 1992; Wilson et al. 1990). Previous studies have also 

shown infection severities of 1.5 could be considered a level at which disease-related mortalities 

are occurring. Mackin (1962) claims a population of live oyster with a weighted prevalence ≥ 2 

results in increased mortality of oyster populations. Therefore, based on previous studies of P. 

marinus infections, proportions of oysters infected ≤ 50% and relative severity of infection ≤ 1.0 

would be beneficial in sustaining oyster populations among Texas Estuaries. This study resulted 

in two salinity recommendations on local and regional scales to keep severity of infection low 

and to keep P. marinus from spreading. The optimal salinity to keep P. marinus proportion of 

infected oysters ≤ 50% is 19.6 among estuaries and 21.5 within the Mission-Aransas Estuary. 

The optimal salinity to keep P. marinus severity of infection ≤ 1.0 is 23.5 among estuaries and 

24.1 within the Mission-Aransas Estuary. The salinity recommendations for local and regional 

scales are similar, indicating that sustainable oyster populations need similar environmental 

conditions within and among estuaries. Base flows that would facilitate salinities ≤ 24 could help 
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to sustain oyster populations, especially when the estuaries are experiencing seasonal 

fluctuations, such as drier warmer conditions in summer months. Further research is warranted to 

link climatic conditions and salinity regimes to freshwater inflow volumes to support water 

resource management.  By determining climate cycles forcing the variation in freshwater inflow 

and by determining the quantity, quality and timing of freshwater inflow needed to support low 

levels of P. marinus infection would be a useful tool in continuing to manage freshwater inflow 

to Texas Estuaries. 

 

Conclusion 

Climate cycles, such as El Niño Southern Oscillation and North Atlantic Oscillation, have 

been identified as important factors affecting salinity (Tolan 2007; Beseres Pollack et al. 2011; 

Kim & Montagna 2012) and thus P. marinus infections in the Gulf of Mexico (Powell et al. 

1992; Powell 2017; Soniat et al. 2005, 2009, 2012).  In the current study, climatic conditions 

influenced salinity regimes and P. marinus infections among Texas estuaries and P. marinus 

infections followed an increasing linear trend among climate driven salinity regimes (from wet to 

normal and normal to drought). The strong spatio-temporal relationships between salinity and P. 

marinus infection characteristics may be used to predict salinities and infection dynamics of 

similar estuaries if inflows are increased or decreased. Salinity recommendations can occur 

whether long-term monitoring is based off a structured sampling design, such as within the 

Mission-Aransas Estuary or a meta-analysis among Texas estuaries. Salinity-based predictions 

are extremely important because of increasing demands for freshwater resources, as well as 

warming temperatures and rising evapotranspiration which has the potential to induce more 

severe and frequent drought conditions (Nielsen-Gammon 2009). Using P. marinus as a 
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bioindicator of adequate salinity regimes can provide water resource managers with an effective 

strategy to recommend base flow regimes to support desired estuarine conditions, drought, 

normal, or wet climatic condition.  
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Figures 

Fig.  1 Texas Estuaries sampled for oysters (black dots) and water quality data for 18 years 

(1998-2015) 

Fig.  2 Texas coast-wide inflow-balance gradient, year 1941-2009 

Fig.  3 Oyster reefs sampled (blue points) along a salinity gradient in the Mission-Aransas 

Estuary, year 2004-2015 

Fig.  4 Salinity across oyster reefs sampled from northwest to southeast within the Mission-

Aransas Estuary, year 2004-2015 

Fig.  5 Correlations of proportion of oysters infected with P. marinus (prevalence) and severity 

of infection (weighted prevalence) with salinity among oyster reefs and climatic conditions. Bars 

represent standard errors about the mean. Reef abbreviations: LR = Long Reef, HMR = Half-

Moon Reef, GI = Grass Islands Reef, SC = SW Causeway Reef, NC = NW Causeway Reef, LAP 

= Lap Reef, SB = Shell Bank Reef 

Fig.  6 Relative severity of P. marinus infection (weighted prevalence) for market-sized oysters 

within the Mission-Aransas Estuary. Stations in order from southeast (Long Reef) to northwest 

(Shell Bank Reef)  

Fig.  7 Proportion of oysters infected with P. marinus (prevalence) for market-sized oysters 

within the Mission-Aransas Estuary. Stations are in order from southeast (Long Reef) to 

northwest (Shell Bank Reef) 

Fig.  8 Salinity across Texas Estuaries, from Nueces (southwest) to Sabine-Neches (northeast) 

sampled simultaneously with oysters, year 1998-2015 

Fig.  9 Correlations of proportion of oysters infected with P. marinus (prevalence) and severity 

of infection (weighted prevalence) with salinity among estuaries and climatic conditions.  Bars 

represent standard errors about the mean. Estuary abbreviations: NU = Nueces, MA = Mission-

Aransas, GE = Guadalupe, LC = Lavaca-Colorado, TS = Trinity-San Jacinto, SN = Sabine-

Neches 

Fig.  10 Proportion of oysters infected with P. marinus (prevalence) in market-sized oysters 

under different climatic conditions. Estuaries in order from southwest (Nueces) to northeast 

(Sabine-Neches) 

Fig.  11 Relative severity of P. marinus (weighted prevalence) among estuaries under different 

climatic conditions. Estuaries in order from southwest (Nueces) to northeast (Sabine-Neches) 
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Fig. 9 
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Tables 

Table 1 Analysis of variance on salinity in Mission-Aransas Estuary; and Tukey multiple 

comparisons tests where underlined climate condition means are not different at 0.05 level. DF = 

degrees of freedom 

Source DF Mean Square F Value Pr > F 

Salinity      

 Station 6 82.2727 28.33 <0.0001 

 Climate Condition 2 8545.2396 94.81 <0.0001 

 Station × Climate Condition 12 29.8775 10.29 <0.0001 

 Date (Climate Condition) 37 114.0392 39.26 <0.0001 

 Error 181 2.9045   

        

Climate Condition Drought Normal Wet       

Long 34.53 23.87 15.63    

        

Half-Moon 35.11 22.77 13.01    

        

Grass Islands 35.39 22.11 11.40    

        

SW Causeway 35.42 20.68 9.96    

        

NW Causeway 35.34 20.93 10.00    

        

Lap 35.58 20.23 9.08    

        

Shell Bank 35.25 16.42 7.92    

        

Significant p-values bolded (p < 0.05) 
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Table 2 Analysis of variance on P. marinus characteristics; and Tukey multiple comparisons 

tests where underlined climate condition means are not different at 0.05 level. DF = degrees of 

freedom 

Source DF Mean Square F Value Pr > F 

          

M
a

rk
e

t 
 

Prevalence       

 Station 6 8023.406 18.76 <0.0001 

 Climate Condition 2 16618 7.60 0.0016 

 

Station × Climate 
Condition 12 609.240 1.42 0.1594 

 Date (Climate Condition) 36 2659.970 6.22 <0.0001 

 Error 162 427.684     

Weighted Prevalence        

 Station 6 2.627 12.33 <0.0001 

 Climate Condition 2 11.929 7.37 0.0020 

 

Station × Climate 
Condition 12 0.386 1.81 0.0502 

 Date (Climate Condition) 36 1.995 9.36 <0.0001 

 

 Error 162 0.213     

S
u

b
m

a
rk

e
t 
 

Prevalence        

 Station 6 5717.549 11.02 <0.0001 

 Climate Condition 2 6802.0794 3.32 0.0461 

 

Station × Climate 
Condition 12 285.014 0.55 0.8796 

 Date (Climate Condition) 37 2468.647 4.76 <0.0001 

 Error 180 518.654     

Weighted Prevalence        

 Station 6 2.232 8.82 <0.0001 

 Climate Condition 2 4.734 4.73 0.0142 

 

Station × Climate 
Condition 12 0.162 0.64 0.8048 

 Date (Climate Condition) 37 1.205 4.76 <0.0001 

 Error 180 0.253     

          

M
a

rk
e

t 
 

Station Long 
NW 

Causeway 
SW 

Causeway 
Half-
Moon 

Grass 
Islands Lap 

Shell 
Bank 

Mean Prevalence 78.2 57.6 56.2 55.3 55.1 49.1 21.1 

 

        

 

        

Station Long 
SW 

Causeway 
NW 

Causeway 
Grass 
Islands 

Half-
Moon Lap 

Shell 
Bank 

Mean Weighted Prevalence 1.420 1.118 1.084 1.034 0.990 0.853 0.416 

 

             

 

        

Climate Condition Drought Normal Wet         

Mean Prevalence 68.2 56.8 35.1     
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Source DF Mean Square F Value Pr > F 
 

        

Climate Condition Drought Normal Wet         

Mean Weighted Prevalence 1.414 1.029 0.531     

 

        

 

         

S
u

b
m

a
rk

e
t 
 

Station Long 
NW 

Causeway 
SW 

Causeway 
Grass 
Islands Lap 

Half-
Moon 

Shell 
Bank 

Mean Prevalence 54.3 54.0 48.3 38.5 33.3 31.7 19.3 

 

        

 

           

         

Station Long  
NW 

Causeway 
SW 

Causeway 
Grass 
Islands Lap 

Half-
Moon 

Shell 
Bank 

Mean Weighted Prevalence 1.093 0.954 0.889 0.622 0.558 0.551 0.350 

             

         

Climate Condition Drought Normal Wet         

Mean Prevalence 44.7 43.9 28.9     

         

Climate Condition Drought Normal Wet         

Mean Weighted Prevalence 0.855 0.819 0.404     

         

                    

Significant p-values bolded (p < 0.05)  
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Table 3 Analysis of variance on salinity; and Tukey multiple comparisons tests where 

underlined climate condition means are not different at 0.05 level. DF = degrees of freedom 

Source DF Mean Square F Value Pr > F 

Salinity      

 Estuary 5 786.6029 42.48 <0.0001 

 Climate Condition 2 557.7730 23.67 <0.0001 

 Estuary × Climate Condition 10 51.0080 2.75 0.0023 

 Date (Climate Condition) 852 101.9548 5.51 <0.0001 

 Error 1232 18.5179   

        

Climate Condition Drought Normal Wet       

Nueces 34.25 32.48 30.94    

          

        

Mission-Aransas 26.12 23.48 15.97    

        

Guadalupe 23.67 18.42 15.83    

        

Lavaca-Colorado 25.80 18.75 13.26    

        

Trinity-San Jacinto 23.58 17.29 12.33    

        

Sabine-Neches 18.56 12.93 9.41    

     

Significant p-values bolded (p < 0.05) 
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Table 4 Analysis of variance on prevalence and weighted prevalence of market and submarket 

oysters; and Tukey multiple comparisons tests where underlined estuary and climate condition 

means are not different at 0.05 level. DF = degrees of freedom 

Source DF Mean Square F Value Pr > F 
         

M
a

rk
e

t 
 

Prevalence     

 Estuary 5 59.1098 5.52 0.0001 

 Climate Condition 2 40.4514 3.05 0.0480 

 Estuary × Climate Condition 10 10.4161 0.97 0.4732 

 Date (Climate Condition) 825 14.4501 1.32 0.0288 

 Error 998 8.0239    

Weighted Prevalence       

 Estuary 5 1.0817 5.31 0.0002 

 Climate Condition 2 2.3964 8.10 0.0003 

 Estuary × Climate Condition 10 0.2524 1.24 0.2746 

 Date (Climate Condition) 825 0.3328 1.60 0.0008 

 

 Error 998 0.1580    

S
u

b
m

a
rk

e
t 
 

Prevalence      

 Estuary 5 45.5987 4.00 0.0023 

 Climate Condition 2 12.3459 0.92 0.3984 

 Estuary × Climate Condition 9 12.9706 1.12 0.3555 

 Date (Climate Condition) 751 14.8380 1.29 0.0519 

 Error 951 7.9393    

Weighted Prevalence       
 Estuary 5 0.6526 2.84 0.0190 

 Climate Condition 2 0.6949 2.41 0.0908 

 Estuary × Climate Condition 9 0.2370 1.01 0.4334 

 Date (Climate Condition) 751 0.3251 1.40 0.0160 

 

 Error 951 0.1589    

         

M
a

rk
e

t 
 

Estuary Nueces 
Trinity-San 

Jacinto 
Sabine-
Neches 

Mission-
Aransas 

Lavaca-
Colorado Guadalupe 

Mean Prevalence 67.2 63.2 59.3 54.4 47.6 33.0 

 

         

 

       

       

Estuary Nueces 
Trinity-San 

Jacinto 
Mission-
Aransas 

Lavaca-
Colorado 

Sabine-
Neches Guadalupe 

Mean Weighted Prevalence 1.325 1.078 1.009 0.827 0.821 0.545 

 

         

 

       

Climate Condition Drought Normal Wet       

Mean Prevalence 57.7 56.8 47.6            

 

       

Climate Condition Drought Normal Wet       
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Source DF Mean Square F Value Pr > F 

Mean Weighted Prevalence 1.079 1.012 0.654            

 

        

S
u

b
m

a
rk

e
t 
 

Estuary Nueces 
Trinity-San 

Jacinto 
Sabine-
Neches 

Mission-
Aransas Guadalupe 

Lavaca-
Colorado 

Mean Prevalence 53.0 48.5 42.4 40.2 28.2 22.8 

 

         

       

Estuary Nueces 
Trinity-San 

Jacinto 
Mission-
Aransas Guadalupe 

Sabine-
Neches 

Lavaca-
Colorado 

Mean Weighted Prevalence 1.030 0.869 0.721 0.487 0.440 0.369 

           

        

       

Climate Condition Drought Normal Wet       

Mean Prevalence 43.2 39.3 36.4    
        

        

Climate Condition Drought Normal Wet       

Mean Weighted Prevalence 0.818 0.710 0.531            
                  

Significant p-values bolded (p < 0.05) 
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Appendices 

Appendix 1. Ancillary tables 

Appendix 1-A Analysis of variance on temperature (°C), dissolved oxygen (mg/L), and turbidity 

(NTU); and Tukey multiple comparisons tests where underlined climate condition means are not 

different at 0.05 level. DF = degrees of freedom 

Source DF Mean Square F Value Pr > F 

Temperature       

 Station 6 1.0124 4.38 0.9992 

 Climate Condition 2 247.5040 1.08 0.0178 

 Station × Climate Condition 12 0.2337 1.01 0.4398 

 Date (Climate Condition) 37 242.8470 1.55 <0.0001 

 Error 181 0.2309    

         

Dissolved Oxygen       

 Station 6 4.78E-28 1.99 0.0694 

 Climate Condition 2 34.9232 3.42 0.0434 

 Station × Climate Condition 12 2.41E-28 1.00 0.4492 

 Date (Climate Condition) 37 10.7793 4.48E28 <0.0001 

 Error 181 2.41E-28    

         

Turbidity       

 Station 6 13.0862 0.09 0.9976 

 Climate Condition 2 3764.7520 24.79 <0.0001 

 Station × Climate Condition 12 21.8853 0.14 0.9997 

 Date (Climate Condition) 37 5517.5331 36.34 <0.0001 

 Error 181 2.39E-26    

         

         

         

Station 
NW 

Causeway Shell Bank 
SW 

Causeway Long Half-Moon Lap 
Grass 
Islands 

Temperature 24.3 24.2 24.0 23.6 23.5 23.4 23.3 

         

Station Shell Bank Long 
Grass 
Islands 

Half-
Moon 

SW 
Causeway Lap 

NW 
Causeway 

Dissolved Oxygen 7.27 7.70 7.69 7.68 7.66 7.65 7.60 

         

         

Station Shell Bank Half-Moon Long 
Grass 
Islands 

NW 
Causeway  Lap 

SW 
Causeway 

Turbidity 24.20 23.29 23.26 23.01 22.92 22.65 22.58 

         

Climate Condition Wet Normal Drought         
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Source DF Mean Square F Value Pr > F 

Temperature 21.5 24.0 24.9     

         

Climate Condition Wet Normal Drought         

Dissolved Oxygen 8.6 7.4 7.3     

         

Climate Condition Wet Normal Drought         

Turbidity 27.7 22.7 19.6     

                  

Significant p-values bolded (p < 0.05) 
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Appendix 1-B Analysis of variance on temperature (°C); and Tukey multiple comparisons tests 

where underlined estuary and climate condition means are not different at 0.05 level. DF = 

degrees of freedom 

Source DF Mean Square F Value Pr > F 

Temperature      

 Estuary 5 10.0133 2.20 0.0583 

 Climate Condition 2 2070.4547 31.69 <0.0001 

 

Estuary × Climate 
Condition 10 6.5245 1.42 0.1797 

 

Date (Climate 
Condition) 855 88.8861 18.34 <0.0001 

 Error 1126 0.9379   

        

        

        

Estuary Nueces 
Mission-
Aransas 

Lavaca-
Colorado Guadalupe 

Sabine-
Neches 

Trinity-San 
Jacinto 

Temperature 24.0 23.7 22.8 22.7 22.4 22.0 

             
        

Climate 
Condition Normal Drought Wet       

Temperature 24.9 21.2 19.5    

        
Significant p-values bolded (p < 0.05) 

 

Appendix 1- C Analysis of variance on P. marinus proportion of infected oysters (prevalence) 

and severity of infection (weighted prevalence); and percent variation explained by salinity and 

temperature 

Source Mean Square Percent Variance F Value Pr > F 

Prevalence      

 Intercept 65557.33 26.84% 56.64 0.0001 

 Temperature 22966.99 9.40% 19.14 0.0001 

 Salinity 155735.22 63.76% 129.8 0.0001 

 Total 244259.55 100.00%   

Weighted Prevalence     

 Intercept 7.47 3.45% 14.07 0.0002 

 Temperature 54.98 25.43% 103.6 0.0001 

 Salinity 153.75 71.11% 289.72 0.0001 

 Total 216.20 100.00%   

Significant p-values bolded (p < 0.05) 
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Appendix 1-D Pearson partial correlation coefficients of P. marinus characteristics with salinity, 

temperature (°C), and sampling date 

Station Parameters Salinity Temperature Date 

Long Salinity - 0.0489 0.0124 
 Temperature - - 0.2005 

 Market Oysters    
 Prevalence 0.0463 0.0506 0.0799 

 Weighted Prevalence 0.0421 0.0307 0.8215 

 Submarket Oysters   
 Prevalence 0.3128 0.7792 0.8851 

  Weighted Prevalence 0.2217 0.3807 0.8293 

Half-Moon Salinity - 0.0863 0.0092 

 Temperature - - 0.2392 

 Market Oysters    
 Prevalence 0.0029 0.3693 0.9382 

 Weighted Prevalence 0.0004 0.3151 0.7629 

 Submarket Oysters   
 Prevalence 0.1797 0.9266 0.4629 

  Weighted Prevalence 0.1700 0.8624 0.2232 

Grass Islands Salinity - 0.1219 0.0121 

 Temperature - - 0.1123 

 Market Oysters    
 Prevalence 0.0063 0.1081 0.0717 

 Weighted Prevalence 0.0031 0.0826 0.0943 

 Submarket Oysters   
 Prevalence 0.1199 0.0539 0.4667 

  Weighted Prevalence 0.0379 0.1112 0.9923 

SW Causeway Salinity - 0.3750 0.0192 

 Temperature - - 0.2865 

 Market Oysters    
 Prevalence 0.0037 0.0959 0.5012 

 Weighted Prevalence 0.0005 0.0667 0.7529 

 Submarket Oysters   
 Prevalence 0.4408 0.2841 0.4432 

  Weighted Prevalence 0.3878 0.2373 0.1722 

NW Causeway Salinity - 0.4436 0.0517 

 Temperature - - 0.4413 

 Market Oysters    
 Prevalence 0.0058 0.3574 0.4133 

 Weighted Prevalence <0.0001 0.1356 0.3988 

 Submarket Oysters   
 Prevalence 0.1083 0.1383 0.8342 
  Weighted Prevalence 0.0199 0.3590 0.5405 

Lap Salinity - 0.5381 0.0066 

 Temperature - - 0.2407 

 Market Oysters    
 Prevalence 0.0002 0.6983 0.1541 

 Weighted Prevalence <0.0001 0.5829 0.2955 

 Submarket Oysters   
 Prevalence 0.0544 0.7440 0.1242 
  Weighted Prevalence 0.0141 0.3731 0.3639 

Shell Bank Salinity - 0.5989 0.0847 

 Temperature - - 0.8512 

 Market Oysters    
 Prevalence 0.0311 0.8497 0.0012 

 Weighted Prevalence 0.0200 0.8920 0.0013 

 Submarket Oysters   
 Prevalence 0.0085 0.5348 <0.0001 

  Weighted Prevalence 0.0031 0.5403 <0.0001 

Significant p-values bolded (p<0.05) 
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Appendix 1-E Pearson partial correlation coefficients of P. marinus infection of market-sized 

(≥76mm) and submarket-sized oysters (<76mm) with salinity, temperature (°C), and sampling 

date within each estuary. 

Estuary Variable Salinity Temperature Date 

Nueces Salinity - 0.9091 0.0304 
 Temperature - - 0.0089 

 Market Oysters    

 Prevalence 0.0096 0.0854 0.0011 

 Weighted Prevalence 0.0064 0.3620 0.0090 

 Submarket Oysters    

 Prevalence 0.0279 0.8289 0.0067 

  Weighted Prevalence 0.0822 0.7326 0.0457 

Mission-Aransas Salinity - 0.0033 <.0001 

 Temperature - - 0.0033 

 Market Oysters    

 Prevalence <.0001 0.0155 0.0071 

 Weighted Prevalence <.0001 0.0031 0.0733 

 Submarket Oysters    

 Prevalence <.0001 0.0512 0.2056 

  Weighted Prevalence <.0001 0.0092 0.7224 

Guadalupe Salinity - 0.8118 0.0002 

 Temperature - - 0.5549 

 Market Oysters    

 Prevalence 0.4000 0.1107 <.0001 

 Weighted Prevalence 0.7827 0.0138 <.0001 

 Submarket Oysters    

 Prevalence 0.3267 0.9955 <.0001 

  Weighted Prevalence 0.7519 0.3339 <.0001 

Lavaca-Colorado Salinity - 0.0241 <.0001 

 Temperature - - 0.8773 

 Market Oysters    

 Prevalence 0.0238 0.0332 0.0162 

 Weighted Prevalence 0.4745 <.0001 0.0139 

 Submarket Oysters    

 Prevalence 0.1197 0.2238 0.9165 

  Weighted Prevalence 0.5343 0.0055 0.9008 

Trinity-San Jacinto Salinity - 0.0215 0.8515 

 Temperature - - 0.9509 

 Market Oysters    

 Prevalence <.0001 0.0007 <.0001 

 Weighted Prevalence <.0001 <.0001 <.0001 

 Submarket Oysters    
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Estuary Variable Salinity Temperature Date 

 Prevalence <.0001 0.0022 <.0001 

  Weighted Prevalence <.0001 <.0001 <.0001 

Sabine-Neches Salinity - 0.0584 0.3566 

 Temperature - - 0.2493 

 Market Oysters    

 Prevalence 0.0152 0.0113 0.6624 

 Weighted Prevalence 0.0207 0.0028 0.6816 

 Submarket Oysters    

 Prevalence 0.1755 0.2371 0.5491 

  Weighted Prevalence 0.1407 0.1419 0.9300 

Significant p-values bolded (p < 0.05). Bold p-value indicates positive correlations. Italicized and bold p-value indicates 

negative correlations.  
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Appendix 1- F Pearson partial correlation coefficients of P. marinus infection of market-sized 

oysters (≥76mm) with average salinity and salinity variance in the Mission Aransas Estuary 
  Average Salinity Salinity Variance 

Variable r p r p 

Prevalence 0.8971 0.0062 -0.95408 0.0008 

Weighted Prevalence 0.8653 0.0119 -0.93089 0.0023 

Significant p-values bolded (p < 0.05) 

 

 

Appendix 1- G Pearson partial correlation coefficients of P. marinus infection of market-sized 

oysters (≥76mm) with average salinity and salinity variance among Texas estuaries 

  Average Salinity Salinity Variance 

Variable r p r p 

Prevalence 0.5542 0.0170 -0.63777 0.0044 

Weighted Prevalence 0.75635 0.0003 -0.56302 0.0150 

Significant p-values bolded (p < 0.05) 
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Appendix 2. Ancillary figures

 

Appendix 2-A Temperature (°C) among estuaries in wet, normal, and drought conditions 

 


