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I estimated yield, population metrics, production costs, and evaluated consumer
acceptability and nutritive content of crayfish (Procambarus clarkii, P. zonangulus)
harvested from moist-soil wetlands in the Lower Mississippi Alluvial Valley (MAV)
during springs 2009-2011. I also compared nutrient and sediment concentrations and
loads exported from moist-soil wetlands and nearest agriculture fields in the MAV during
winters 2010-2012.
Daily yield of crayfish from moist-soil wetlands was 2.4 kg (wet) ha-1 (SE = 0.50;
95% CI = 1.3-3.4). When graded by size, yield of large crayfish (> 30 g) from wetlands
dominated by P. clarkii was four times greater (P < 0.05) than yield of large crayfish
from wetlands dominated by P. zonangulus. Crayfish harvesting costs (2013 US dollars
[$]) ranged from $405.69 ha-1 to $917.88 ha-1 and breakeven selling prices ranged from
$3.74 kg-1 to $8.49 kg-1. Consumer acceptability, proximate composition, and total fatty
acid content of P. clarkii did not differ (0.73 > P > 0.11) between crayfish harvested from
moist-soil wetlands and rice-crayfish culture fields in Louisiana. Although selling prices
likely will not compete with prices for crayfish harvested from Louisiana rice fields

($2.75 kg-1; 2012 US$), harvesting crayfish from moist-soil wetlands may enhance
recreational opportunities while increasing awareness of ecosystem benefits of these
wetlands.
Although concentrations (mg L-1) of soluble reactive phosphorus (SRP) in runoff
from moist-soil wetlands and adjoining croplands did not differ (P = 0.95),
concentrations of total and particulate phosphorus, nitrate-nitrogen, and total suspended
solids were 42, 52, 86, and 89% lower (P < 0.03) in runoff from moist-soil wetlands.
However, the load (kg ha-1) of SRP from moist-soil wetlands was six times (P = 0.08)
greater than load from croplands. Estimated loading rate of total phosphorus from moistsoil wetlands (2.36 kg ha-1 year-1) was greater than the rate reported by regulatory
agencies in Mississippi (1 kg ha-1 year-1), but field replication is needed to verify these
results. Nearly 80% of the total loads exported from moist-soil wetlands occurred during
< 30% runoff events. Retention of runoff from storm events may reduce phosphorus loss
from moist-soil wetlands while not interfering with conservation objectives.
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CHAPTER I
YIELD AND POPULATION CHARATERISTICS OF CRAYFISH HARVESTED
FROM MOIST-SOIL WETLANDS IN THE MISSISSIPPI ALLUVIAL VALLEY

As a consequence of expanding agriculture and hydrologic alterations of the
Mississippi River and its tributaries during the 20th and 21st centuries, the original 10
million hectare landscape of the Mississippi Alluvial Valley (MAV) has experienced
nearly an 80% areal reduction in forested and other wetland habitats (Reinecke et al.
1988, Reinecke et al. 1989). Losses of important ecosystem services, defined as
quantifiable values and benefits humans and native biota realize from ecosystem
functions (Costanza et al. 1997, Millennium Ecosystem Assessment 2005, Wallace
2007), have occurred as a direct result of loss of wetlands in the MAV (Murray et al.
2009). Specifically, regulating processes such as nutrient and sediment retention
provided by seasonal flooding of wetlands (Chapter IV) and supporting services such as
critical wildlife habitat have been impacted by loss of wetlands. Because private
landowners and individuals who lease land represent 90% of the stakeholders in the
MAV (Strickland and Tullos 2009), the involvement of landowners in conservation
initiatives is necessary to help restore the ecological integrity of the MAV (Zedler 2003,
Burger 2006, Faulkner et al. 2011).
A successful conservation practice to mitigate loss of wetlands in the MAV has
been establishment and management of moist-soil wetlands (Fredrickson and Taylor
1

1982, Reinecke et al. 1989). Moist-soil wetlands are often reestablished on previous
working landscapes in the MAV such as croplands (Fredrickson and Taylor 1982) or
idled catfish ponds (Feaga 2014). Manipulation of wetland hydrology is the primary
management technique used in moist-soil wetland management and is accomplished by
releasing or retaining water via a water control structure (Fleming et al. 2012). Moist-soil
wetlands are drawn down in late spring to allow establishment of annual vegetation.
Life-history strategies of annual hydrophytes in these seasonal wetlands are adapted for
production of abundant seeds and tubers which provide important foods for wildlife in
the MAV (Low and Bellrose 1944, Reinecke et al. 1989, Kross et al. 2008; Foster et al.
2010). Moist-soil wetlands are then reflooded in autumn to provide feeding habitat for
migrating and wintering waterfowl. Because moist-soil wetlands provide 4-10 times the
waterfowl carrying capacity of harvested croplands (Kross et al. 2008, Gray et al. 2013),
reestablishment and management of these wetlands restore an ecologically important
ecosystem service in the MAV (Murray et al. 2009).
Moist-soil wetland management promotes detrital based food webs (Magee 1993,
Fredrickson and Reid 1988, Gray et al. 1999). Senescent plant material in flooded
wetlands stimulates secondary production in the form of aquatic invertebrates that are
important prey for obligate and facultative wetland wildlife (Gray et al. 1999, Anderson
and Smith 2000). For example, crayfish (Procambarus clarkii and P. zonangulus) prey
on microbial consumers of detritus and other invertebrates (Alcorlo et al. 2004; Olsson et
al. 2008) and contribute a large proportion of the invertebrate biomass in moist-soil and
other wetlands (Momot et al. 1978). Whereas crayfish are prey for wetland wildlife,
especially birds in the MAV (Huner et al. 2002), resident populations of crayfish in
2

moist-soil wetlands may allow for establishment of exploitable crayfish capture fisheries
thereby providing additional ‘production of ecosystem goods’ (de Groot et al. 2002) from
which humans may value recreationally and economically (Costanza et al. 1997, Zedler
2003, Costanza et al. 2014).
Culture and harvest of crayfish for human consumption are considerable,
amounting to annual revenue of $115 million in the southern United States (LSU
AgCenter 2013). Crayfish capture fisheries began in the floodplain swamps and sloughs
of the Atchafalaya River Basin in Louisiana (Walls 2009), although annual water level
fluctuations cause unpredictable yields (Dellenbarger and Luzar 1988, Bonvillain 2012,
Alford and Walker 2013). Subsequently, extensive production and harvest of crayfish in
Louisiana rice fields developed as a practice in the mid-20th century and increased the
quantity and availability of crayfish for market (Bell 1986; Avery and Lorio 1999). In
traditional culture systems, crayfish farmers plant rice in spring as a harvestable crop and
as a forage base for crayfish (McClain et al. 1998). Crayfish naturally occur and
reproduce in these fields, although producers will stock adults in new rice fields, after a
loss of the population, or in an attempt to supplement recruitment and increase yield
(Lutz and Wolters 1986; McClain et al. 2007). Because of the burrowing activity of
crayfish, they are able to find refuge from summer drawdowns in rice fields. Burrowing
into substrates is an adaptive behavior of crayfish that allows them to escape surface
drying of natural wetlands (Momot et al. 1978; Huner and Lindqvist 1995). Drying of
habitats also eliminates fish predator populations and limits depredation of crayfish by
wading birds (Ilhéu et al. 2003), benefiting crayfish recruitment. After rice is harvested
in late summer fields are reflooded and decaying rice plants and stubble create a detrital3

based food web from which crayfish benefit. Crayfish emerge from burrows to feed on
aufwuchs associated with rice stubble and other organisms. Crayfish are then harvested
from late November through the next spring (i.e., May-June; McClain et al. 2007) with
peak harvest effort occurring during March-May. In Louisiana, yield of crayfish from
rice-crayfish culture systems ranges from approximately 225-1120 kg ha-1 (McClain and
Romaire 2004). Currently an average of 600 kg ha-1 during a 60-90 day harvest season is
used to estimate production costs and returns (Boucher and Gillespie 2012).
Rice-crayfish culture systems and moist-soil wetlands are similar given both are
flooded in autumn, dewatered in the spring-early summer, support annual vegetation, and
provide habitat for crayfish and other wetland fauna. Although little information exists
regarding yield of crayfish from wetlands with native vegetation, Nassar et al. (1988)
reported that daily yield of crayfish from fields with natural, volunteer vegetation (0.43
kg trap-1 day-1) did not differ from yield of crayfish from fields planted with rice (0.46 kg
trap-1 day-1). Whereas use of native vegetation as an alternative to rice in crayfish
production fields would likely provide beneficial waterfowl and other wetland wildlife
habitat (Perry et al. 1970, Nassar et al. 1988), adoption of this practice is limited. For
example, only 27% of crayfish farmers in Louisiana periodically rely on natural,
volunteer vegetation in crayfish production fields with the majority of producers planting
a forage crop such as rice or soybeans (Gillespie et al. 2012). Because double cropping
rice and crayfish increases net economic returns, motivation to use a specific practice is
more likely influenced by crayfish producers’ financial status, current production costs
(e.g., labor and harvesting implements) and profits, and market demands rather than
concerns for ecological benefits (Nyaupane and Gillespie 2011).
4

Conversely, landowner participation in moist-soil wetland conservation programs,
such as cost-share assistance programs offered by the USDA Natural Resources
Conservation Service’s (NRCS) Wetlands and Conservation Reserve Programs and nongovernmental groups including Ducks Unlimited, Inc., is often driven by desire to
improve environmental quality (Forshay et al. 2005) or act as a land steward (Ryan et al.
2003). Nonetheless, landowner participation in conservation programs often has
ancillary benefits which can further create advocacy for wetland establishment and
management on private lands. The economic returns from recreational activities in
economically challenged rural areas have the potential to offset losses of revenues from
conversion of farmlands into conservation easements (Bangsund et al. 2004). For
example, economic benefits provided by waterfowl hunting on wetland conservation
easements and public lands in Mississippi are notable (i.e., $150 million; Grado et al.
2001). Because opportunities for hunting waterfowl and other wildlife are valued as
ancillary and economically important ecosystem services provided by implementing
conservation practices in the MAV (Jones et al. 2004), harvesting crayfish from moistsoil wetlands also may provide additional recreational and monetary incentives for
landowner participation in conservation programs.
An initial stage in developing a new natural resource-based enterprise such as a
crayfish capture fishery in moist-soil wetlands is to describe population characteristics,
such as yield, species composition, relative abundance, and population size structure
(Brown and Guy 2007). Large variations in yields from rice-crayfish systems are
reported in the published literature and are attributed to harvest effort, crayfish population
structure, or environmental conditions. For example, McClain (1997) reported a total
5

yield of 1,185 kg ha-1 from rice fields that had been harvested for 58 days at a trapping
density of 74 traps per hectare (i.e., 276 g trap-1). However, Romaire and Lutz (1989)
reported total yields of 536-642 kg ha-1 from rice fields harvested for 138-150 days using
25 traps per hectare (i.e., 155-171 g trap-1) and suggested decreased yields may have
resulted from unseasonably cool water temperatures. Furthermore, two species, the red
swamp crayfish (P. clarkii) and the southern white river crayfish (P. zonangulus; Pflieger
1996, Walls 2009) are in combination commercially important in Louisiana crayfish
farming, although the red swamp crayfish is more commonly harvested. Variations in
life history strategies of these two species, such as frequent recruitment pulses in the red
swamp crayfish and lower density but faster growth rates in the southern white river
crayfish, often result in variable yields when the two species coexist (Romaire and Lutz
1989, Mazlum and Eversole 2008). Moreover, growth of crayfish is density dependent
and significant stunting of individuals can occur in high density fields (Lutz and Wolters
1986, McClain 1995, Avery 1997, Ramalho et al. 2008). If yields are primarily
composed of small individuals (< 20 g), profitability is generally reduced regardless of
total weight of crayfish harvested because markets demand larger crayfish (Lutz and
Wolters 1986, Jarboe and Romaire 1995).
Recognizing that native species of commercially important crayfish occur in
wetlands throughout the MAV, and hydrological and land management practices in
moist-soil wetlands are similar to rice-crayfish culture systems, quantitative descriptions
of crayfish yield and population structure from moist-soil wetlands may further
demonstrate valuable ecosystem services provided by moist-soil wetland management.
Providing estimates of crayfish yield may raise awareness of a possible added incentive
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for wetland conservation. Furthermore, the population ecology of crayfish has yet to be
described for moist-soil wetlands in the MAV. Therefore, my objectives were to estimate
yield of crayfish from moist-soil wetlands in the Arkansas, Louisiana, Mississippi, and
Missouri portion of the MAV and the Mississippi Interior Flatwoods and describe
characteristics of crayfish populations that can be used to further develop exploitable
capture fisheries in these wetlands.
Study Area
I harvested crayfish from 34 moist-soil wetlands in Louisiana, Mississippi,
Arkansas, and Missouri during each spring of 2009-2011 (Figure 1.1). I sampled 9
wetlands in 2009, 15 in 2010, and 18 in 2011 (n = 42 wetland-year combinations), some
during more than one year. I sampled one wetland in both 2009 and 2010, two wetlands
in both 2010 and 2011, and three wetlands in 2009 through 2011 (Table 1.1). However,
each wetland and year was considered as a replicate in my analyses. Six of the wetlands
were located in the Interior Flatwoods of Mississippi (MIF; Table 1.1; Figure 1.1).
Although these wetlands were outside of the MAV, the management of the moist-soil
wetlands in this region is identical to those in the MAV and wetlands in the MIF provide
important habitat for wintering waterfowl in the Mississippi Flyway.
Sampled wetlands were typical of moist-soil wetlands throughout the MAV which
are mostly dominated by seed producing annual vegetation, such as barnyardgrass
(Echinochloa spp.), sedges (Carex and Cyperus spp.), rushes (Eleocharis spp.), and
smartweed (Polygonum spp; Schummer et al. 2012). Wetlands were managed previously
for agriculture or aquaculture production, had well-defined levees and functional watercontrol structures (e.g., flashboard risers), and the hydrology of the wetlands was
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managed by landowners or lessees under NRCS easement contracts or by state or federal
personnel. Landowners and managers relied on rainfall and surface runoff as water
sources but increased water levels by pumping from groundwater wells when available.
Water was not recirculated as in rice-crayfish rotation culture systems (Avery and Lorio
1999). Typical moist-soil wetland management includes retention of water beginning in
autumn (October-November) with drawdown in spring-early summer (i.e., April-June).
However, harvest of crayfish is greatest during March-June when water temperatures are
above 20° C, and water levels must be maintained above trap entrance funnels (~0.2 m)
but no higher than the plastic retention ring (~0.5 m) to facilitate harvest of crayfish
(Romaire 1995). Additionally, crayfish harvesting requires setting traps the day before
harvesting (Romaire and Pfister 1983). I selected wetlands where landowners and
managers retained water within wetlands through June and allowed frequent access to
their properties. Therefore, I could not randomly select wetlands throughout the MAV.
Nonetheless, the moist-soil wetlands selected were similarly managed and represented
typical hydrological and vegetation conditions of these wetlands in the MAV (Fleming
2010, Fleming et al. 2012).
Methods
Crayfish Sampling
I followed conventional crayfish harvesting practices described for Louisiana rice
fields (Romaire 1995). I used pyramid-style crayfish traps approximately 50 cm tall and
38 cm wide at the base. Traps were constructed with 4-cm2 square polyvinyl-coated steel
wire, had three crayfish entry portals at the base, and a 15-cm diameter polyvinyl chloride
plastic retention ring at the top (Figure 1.2). I set traps at a density of 25 ha-1. This
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density is lower than used in rice-crayfish production systems (e.g., 50-100 ha-1; Romaire
1995) but is appropriate to minimize production costs associated with bait and labor. I
deemed this lower trapping density more logistically and economically reasonable for
private landowners managing moist-soil wetlands on their property. Total area sampled
in each wetland ranged between 0.30-1.6 ha; however, I maintained a standardized
trapping density by spacing traps ~20 m apart in rows that were also ~20 m apart (cf., 10
traps acre-1, Romaire et al. 2004). The area sampled (and therefore the number of traps)
in each wetland remained constant throughout each harvest season. Sampling the entire
area of each wetland would have been ideal; however > 900 traps for the largest wetland
would have been needed. Sampling from a fixed portion of a rice field has been
practiced in rice-crayfish culture research when fields are large (Romaire and Pfister
1983). Furthermore, published estimates of crayfish yield from small (< 0.1 ha)
experimental fields are typically extrapolated to surface area of fields sampled (Eversole
and Kempton 1994).
I attempted to harvest crayfish at each wetland at least twice each month from
April-June 2009-2010 and April-July 2011. I placed ~300 g of formulated bait (Purina
Cajun World™ Crawfish Bait, Purina Mills, L.L.C., St. Louis, MO) in traps and set them
overnight for at least 12 but no more than 24 hours. I harvested all crayfish in traps
during the next day and stored them live in plastic mesh sacks on ice in coolers. Daily
effort for each wetland was calculated as the total number of traps set per night. Some
traps were toppled overnight by wind or wildlife. I only recorded catch from upright
traps. Traps selected toward larger individual crayfish. Therefore, I sampled smaller (<
15 mm carapace length) crayfish from moist-soil wetlands during monthly dip net sweeps
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at each moist-soil wetland in 2009 and 2010 and recorded number of small crayfish per
sweep (Avery 1997). The dip net was constructed of a 0.1-m2 frame, 1-m long handle,
and 0.4-cm2 mesh and was pushed along the wetland substrate for a distance of 2 m. I
conducted 5-10 sweeps randomly throughout the wetland. For each sampling event, I
recorded water temperature (C) prior to 1200 hrs during 2009 and 2010.
Laboratory Methods
Within 24 hours of harvesting crayfish, I recorded species, fresh (wet) weight (g),
carapace length (CL; mm), sex, and sexual maturity (adult males only) for each harvested
crayfish. After species identification and measurements were recorded, crayfish were not
returned the corresponding sampled wetland. Morphological characteristics, such as a
fused areola on the dorsal surface of the cephalothorax of P. clarkii and lack of a dark
pigmented line along the ventral surface of the abdomen on P. zonangulus, facilitated
species identification (Walls 2009). I measured CL from the anterior tip of the rostrum to
the posterior edge of the cephalothorax with calipers. I discriminated between sexually
mature (Form I) and sexually inactive (Form II) males of both species by the presence
(Form I) or lack (Form II) of ischial hooks on the third pair of walking legs (Huner and
Barr 1991). If all crayfish could not be processed within 24 hours after capture, I first
recorded sex, weight, and CL for 30 randomly selected individuals of each species,
discarded measured individuals, and froze the remaining sample. I then thawed the
remaining sample and recorded species, sex, and CL for each thawed individual. I
developed length-weight regressions from the previously recorded fresh weights and
fresh lengths of individuals from each wetland and estimated wet weight (g) for thawed
individuals using the standard equation (Isley and Grabowski 2007):
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Loge(W) = a + b*Loge(CL)

(1.1)

This equation was also used to evaluate the growth parameters ‘a’ and ‘b’ (see Analysis
below).
Analysis
Crayfish sold for human consumption are often graded into size classes based on
number of individuals per pound. For each individual crayfish sampled, I assigned a
grade category that approximated current crayfish grading practices (Romaire et al.
2005). Individuals > 15 g and < 20 g (i.e., > 21 count per pound) were designated as
‘small’, individuals > 20 g and < 30 g were designated as ‘medium’ (i.e., 16-20 count per
pound), and individuals > 30 g were designated as ‘large’ (i.e., < 15 count per pound). An
individual crayfish size of > 20 g is considered a desirable size in markets in Louisiana
while an individual size > 30 g is considered preferred (Jarboe and Romaire 1995,
Romaire and Villágran 2010).
For each sampling event at each wetland, I estimated daily yield per trap (g trap-1)
as the sum of the total biomass of harvested crayfish divided by the total number of traps
set per night. Total biomass was the sum of the wet weights and estimated weights from
the length-weight prediction equations. I converted trap yield to total daily yield (kg ha-1)
by multiplying the crayfish yield per trap by the a priori designated trap density of 25
traps ha-1. I also estimated yield (g trap-1 and kg ha-1) for each graded size class.
Estimates of yield included both species; total yield of crayfish from rice-crayfish fields
are reported as a combined yield of both species when they are present (Romaire and
Lutz 1989). I estimated crayfish relative abundance as number of crayfish per trap (n
trap-1; CPUE) for both species and each species separately.
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To further classify crayfish populations in wetlands, I designated each wetland a
population type based on the proportion of each species present. Wetlands were
designated as ‘Red’ when >75% of the total catch as represented by CPUE over the entire
study was P. clarkii, ‘White’ when >75% of the total catch was P. zonangulus, and ‘Mix’
when one species was <75% of the total catch and the other species was >25% of the
total catch.
I also used graded categories to condense size-frequency data into an index of size
structure similar to proportional stock density indexes (PSD) used in finfish population
assessments (Neuman and Allen 2007). I pooled abundance data across all sampling
events for each wetland and calculated PSD for each species as the proportion of all
crayfish that were in the ‘medium’ and ‘large’ size categories (i.e., all crayfish >20 g)
relative to all crayfish sampled.
Crayfish Yield
Due to the lack of random selection of wetlands included in this study, I used a
mixed modeling approach to approximate annual and survey-wide estimates of crayfish
yield. This approach allowed me to estimate crayfish yield analogous to more robust
methods such as cluster or multi-stage probability-based sampling by incorporating
correlations of response variables among repeated samples of crayfish within wetlands
(e.g., Stafford et al. 2006; Hubert and Fabrizio 2007). This method is similar to a splitplot design with wetlands designated as the whole-plot effect or experimental unit and
days within wetlands as the sub-plot effect or sampling unit (Littell et al. 2006). I
estimated average daily yield per trap (g trap-1) and average daily yield per hectare (kg
ha-1) for field run crayfish (i.e, all crayfish regardless of size) for each year in separate
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repeated measures mixed linear models in PROC MIXED procedure in SAS (SAS
Institute 2008; Littell et al. 2006). To evaluate effects of spatial and temporal variation
on yield, I included wetland latitude (LAT) in decimal degrees and daily water
temperature (TEMP; 2009 and 2010 only) as predictors of yield. Because I sampled
wetlands at irregular intervals, violations of homoscedasticity of errors occurred. I
modeled errors with a spatial power covariance structure using day of year as the
repeated effect (Littell et al. 2006). This covariate structure assumes that correlations
between responses measured from the same subject decrease over time as samples
become increasingly temporally distant. I also used the Kenward-Roger degrees of
freedom correction method which adjusted estimates of test statistics (i.e., F) and
standard errors to decrease Type I error rate amid the complex covariance structure of
errors (Littell et al. 2006). I deemed effects significant at α = 0.05. When covariate
parameters were not significant (P > 0.05), I removed them from the models and
estimated annual and survey-wide grand means using intercept only models. I requested
the solution for fixed effects which was the model intercept and also the estimate of the
population average given the covariance structure of the repeated measures (Littell et al.
2006). Probability plots indicated violation of normality for estimates of yield; therefore,
I loge(x+1) transformed yield data prior to analyses that included covariates of TEMP and
LAT. However, to provide mean values comparable with crayfish yield estimates from
rice-crayfish production systems, I reported model-derived means from untransformed
data when estimating annual and survey-wide grand means from intercept-only models. I
constructed 95% confidence intervals around each mean using model-specific standard
errors and calculated the relative standard error (RSE) as the standard error divided by the
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mean. Low RSE values (< 20%) would indicate degree of similarity of estimates across
wetlands and is an equivalent method to evaluate the precision of my estimates (e.g.,
Stafford et al. 2006). Although estimates of yield per hectare were derived from estimates
of yield per trap, I conducted analyses on both response variables in order to provide
unique standard errors for each estimate of yield.
To evaluate differences in yield per hectare for each graded class across my a
posteriori designated wetland crayfish population types, I performed separate repeated
analyses of variance (ANOVA) in PROC MIXED. I designated crayfish population type
(i.e., Red, White, or Mix; TYPE) as the fixed effect in each model. Because of small
sample sizes for the ‘Mix’ population type within years, I did not include an effect for
YEAR in these models. As with methods for providing annual estimates, I modeled the
errors using the spatial power covariance structure, loge(x+1) transformed yield data and
adjusted degrees of freedom with the Kenward-Rogers correction method. I conducted
post-hoc comparisons of means with Tukey-adjusted pairwise comparisons when I
detected a significant TYPE effect. As before, I deemed significance at α = 0.05.
Crayfish Population Structure
I estimated average daily relative abundance (n trap-1; CPUE) inclusive of all
species for each year in separate repeated measures mixed linear models in PROC
MIXED. Similar to methods used to estimate daily yield, I included wetland latitude
(LAT) in decimal degrees and daily water temperature (TEMP; 2009 and 2010 only) as
covariates and removed covariates from the model if they were not significant. I
considered effects significant at α = 0.05. Again, I modeled errors using the spatial
power covariance structure, loge(x+1) transformed yield data, and adjusted degrees of
14

freedom with the Kenward-Rogers correction method. I then estimated a survey-wide
mean CPUE, constructed 95% confidence intervals, and calculated relative standard error
(RSE) using means and standard errors derived from an intercept-only model.
I compared mean relative abundance (n trap-1; CPUE) across wetland crayfish
population types and species in a repeated analysis of variance (α = 0.05) in PROC
MIXED. Although crayfish wetland population types were designated after data were
collected and therefore I expected an interaction effect of species and TYPE on CPUE, I
wanted to validate that my designations represented actual differences in the abundances
of each species when they were the dominate species. This analysis also allowed me to
evaluate differences in CPUE of each species in ‘Mix’ population types. I designated
TYPE and crayfish species as fixed effects, modeled errors using the spatial power
covariance structure, loge(x+1) transformed yield data, and adjusted degrees of freedom
with the Kenward-Rogers correction method. I conducted post-hoc comparisons of
means with Tukey-adjusted pairwise comparisons when I detected a significant
interaction or main effect.
I compared sex ratios for each species across wetlands with separate Chi-square
tests in PROC FREQ (α =0.05). I also compared sex ratios for each species within each
wetland to determine if sex ratios differed from 1:1 in separate Chi-square tests.
I conducted an analyses of covariance (ANCOVA; α = 0.05) in PROC GLM to
evaluate differences in length-weight relationships between P. clarkii and P. zonangulus
sampled across all wetlands (Mazlum et al. 2007). I used loge-transformed individual
carapace length (CL) and weight data used to estimate weight from CL as described
above and included species as a classification variable. I then constructed 95%
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confidence intervals around the allometric growth parameter b for each species in PROC
REG (Klassen et al. 2014). When b = 3, growth in weight is considered isometric
relative to growth in length (Romaire et al. 1977, Mazlum et al. 2007). When b ≠ 3,
growth in weight is considered allometric relative to growth in length. An estimate of b >
3 would denote positive-allometric growth, indicating that crayfish weight increased as
length increased (Froese 2006). An estimate of b < 3 would indicate negative-allometric
growth such that crayfish weight would not increase linearly or would asymptote as
length increased. I also conducted separate ANCOVAs to determine if length-weight
relationships varied across wetlands for each species individually, and estimated 95%
confidence intervals around parameter b for each species sampled from each wetland. To
evaluate inter-specific variations in length-weight relationships, I compared lengthweight relationships for both species within wetlands where both existed (i.e., ‘Mix’
wetland crayfish population type) with separate ANCOVAs. I pooled data for individual
crayfish across all sampling events for each wetland for these analyses.
I compared individual carapace length (CL) and weight, and PSD across wetland
population types (TYPE) and species in separate two-way ANOVAs (α = 0.05) in PROC
GLM. Because of small sample sizes for individual carapace length and weight and
because PSD values were from pooled data, I used mean estimates for CL and weight
across all sampling events at each wetland. Additionally, because of small sample sizes
for the ‘Mix’ population type within years, I did not include an effect for YEAR in the
models. Probability plots of CL, weight, and PSD data indicated response variables met
linear model assumptions and I did not transform data prior to analyses. I conducted post-
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hoc comparisons with Tukey-adjusted pairwise comparisons when I detected a significant
TYPE, species, or TYPE*species interaction effect.
To explore intra- and inter-species density-dependent effects on individual
crayfish size and population size structure, I calculated pair-wise Pearson correlation
coefficients between mean CPUE, individual carapace length and weight and PSD for
each species across all wetlands. I removed species-specific CPUE data when CPUE = 0.
I used loge(x+1) transformed estimates of CPUE because CPUE data did not meet
assumptions of normality. However, all other variables met assumptions of linear models
and were not transformed. I designated correlation coefficients (r) significant at α = 0.05.
Significant (P < 0.05) negative correlations between CPUE and CL, weight, or PSD
metrics within species would indicate possible intra-specific density effects on individual
size or population size structure (Lutz and Wolters 1986, Guy and Willis 1990, Guy and
Willis 1991, Bonvillain 2012). Furthermore, significant correlations between the CPUE
of one species and the individual size or population size structure of the other species
would indicate the possibility of inter-species density effects. I used mean estimates
across all sampling events at each wetland as wetland was the experimental unit.
Results
I completed 228 sample surveys of 42 wetland among-year combinations (Table
1.1; Table A.1, Appendix A). I sampled crayfish from 1,298 trapsets in 2009, 2,227 in
2010, and 1,035 in 2011. Sampling efforts in 2011 were hindered by road and wetland
access caused by major flooding of the Mississippi River and its tributaries during AprilMay. In 2009, average daily water temperature across all wetlands during crayfish
harvesting events was 26.20° C (range = 18.78-32.35° C) and 24.54° C in 2010 (range =
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13.10-33.20° C), hence temperatures were similar between years. I did not collect
temperature data in 2011 due to equipment malfunction.
I collected 17,344 crayfish representing 425 kg total biomass (Table 1.2).
Procambarus clarkii represented 69% of the total biomass of crayfish harvested and was
present in 32 (76%) of 42 sampled wetland-year samples. Procambarus zonangulus was
present in 31 (74%) of 42 wetland-years and represented 31% of the total biomass of
crayfish harvested. Of 49 dip net sweep surveys that included 262 total dip net sweeps
during 2009 and 2010, only 18% of surveys contained crayfish, averaging 0.31 (± 0.92
standard deviation) crayfish sweep-1. I designated 21 wetlands as ‘Red’ crayfish
population type because relative abundance of P. clarkii (based on CPUE overall
sampling events) was > 75% of the total catch in these wetlands (Table A.1, Appendix
A). I designated 15 wetlands as ‘White’ population type, being dominated (> 75% of
CPUE) by P. zonangulus; and I designated the remaining 6 wetlands as ‘Mix’ population
type as they had both P. clarkii (31-64% of CPUE) and P. zonangulus (36-74% of
CPUE).
Crayfish Yield
There was neither an effect of LAT on average daily biomass yield per trap (g
trap-1) for 2009 (F1,6.56 = 0.22, P = 0.66), 2010 (F1,13.6 = 3.31, P = 0.09), or 2011 (F1,19.6 =
0.09, P = 0.77), nor an effect of water TEMP on yield per trap for 2009 (F1,26.6 = 1.28, P
= 0.27) or 2010 (F1,80.8 = 0.51, P = 0.48). Therefore, I removed TEMP and LAT and
estimated average daily yield per trap for each year and for the entire study period using
intercept-only models. Average daily yield per trap ranged between 73.23 and 127.07 g
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trap-1, and average yield over all three years was 94.35 g trap-1 (95% CI = 53.57,135.13;
Table 1.3). Relative precision of yield per trap varied among years (RSE = 22-37%).
Because yield per hectare was derived mathematically from estimates from traps,
there also was no effect of LAT on daily yield per hectare for 2009 (F1,7.17 = 0.13, P =
0.73), 2010 (F1,14.8 = 0.54, P = 0.47), or 2011 (F1,20.7 = 0.25 P = 0.62), nor an effect of
TEMP on yield per hectare for 2009 (F1,26.8 = 1.93, P = 0.17) or 2010 (F1,80.5 = 3.25, P =
0.07). Average daily yield per hectare varied between 3.18 and 1.83 kg ha-1 across years,
and the average over all three years was 2.36 kg ha-1 (95% CI = 1.34-3.38; Table 1.3).
Estimates for precision of daily yield per hectare were the same as above for yield per
trap because of mathematical derivation.
Average daily yield per hectare for ‘field run’ crayfish did not differ among
wetland crayfish population types (F2,43.1 = 1.27, P = 0.29; Table 1.4). When graded into
different size classes, neither average daily yield of ‘small’ crayfish (F2,41.9 = 0.34, P=
0.71) nor ‘medium’ crayfish (F2,46.6 = 0.26, P = 0.77) differed among wetland crayfish
population types. However, average daily yield of ‘large’ crayfish differed among
wetland crayfish population types (F2,44.5 = 3.71, P = 0.03). Average daily yield of
‘large’ crayfish in ‘Red’ wetland population types (𝑥̅ = 1.41 kg ha-1, SE = 0.26, n = 21
wetland-years) was > 4 times greater (t = 2.66 Padj = 0.03) than yield of ‘large’ crayfish in
‘White’ population types (𝑥̅ = 0.33 kg ha-1, SE = 0.29, n = 15).
Crayfish Population Structure
Relative Abundance
There was neither an effect of LAT on relative abundance of crayfish (CPUE;
inclusive of both species) for 2009 (F1,7.69 = 0.15, P = 0.71), 2010 (F1,13.8 = 0.13, P =
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0.73) or 2011 (F1,20 = 0.48, P = 0.50) nor an effect of TEMP on CPUE for 2009 (F1,27.7 =
1.26, P = 0.27). There was a significant effect of TEMP on CPUE for 2010 (F1,78.9 =4.06,
P = 0.05), although the relationship was weak (βTEMP = 0.02, 95%CI = 0.0006-0.05;
Figure 1.3). I therefore removed TEMP and LAT covariates from all year models and
estimated CPUE for each year and for the entire study period using intercept-only
models. Average daily CPUE for all species varied between 2.44 and 5.19 crayfish trap-1
and the average CPUE over all three years was 3.85 crayfish trap-1 (95%CI = 2.94-5.67;
Table 1.3). Relative precision of CPUE varied among years (RSE = 18-40%) and the
overall RSE was 23%.
Because crayfish wetland population types were designated based on relative
abundance of each species, there was an expected significant interaction between species
and TYPE on average CPUE of P. clarkii and P. zonangulus (F2,86 = 41.78, P <0.0001;
Figure 1.4). In wetlands designated as ‘Red’ population type, CPUE of P. clarkii (𝑥̅ =
5.70, SE = 1.74) was 19 times greater (t = -7.14, Padj < 0.0001) than CPUE of P.
zonangulus (𝑥̅ = 0.30, SE = 0.17). Conversely, in wetlands designated as ‘White’
crayfish population type, CPUE of P. zonangulus (𝑥̅ = 2.33, SE = 0.26) was 47 times
greater (t = 5.87, Padj <0.0001) than CPUE of P. clarkii (𝑥̅ = 0.05, SE = 0.05). However,
in ‘Mix’ wetland population types, CPUE of P. clarkii (𝑥̅ = 1.61, SE = 0.66) and P.
zonangulus (𝑥̅ = 2.19, SE = 1.40) did not differ (t = 0.06, Padj = 1.00). The CPUE of P.
clarkii in ‘Red’ type wetlands was not different from CPUE of P. zonangulus in ‘White’
type wetlands (t = -0.86, Padj = 0.95). Additionally, CPUE of P. clarkii in ‘White’ type
wetlands was not different from CPUE of P. zonangulus in ‘Red’ wetlands (t = 0.48, Padj
= 1.00).
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Sex Ratios
Fewer than 8% of harvested P. clarkii males were Form II males (< 5% of all
individuals regardless of sex; Table 1.2). Due to the low abundance of Form II males, I
disregarded sexual stage of males in sex ratio tests. Because only 1 specimen of Form II
P. clarkii males occurred in each of 3 wetlands and only 3 females occurred in 1 wetland
(Table A.2 Appendix A), I removed these 4 wetlands from the sex ratio analyses. The
sex ratio for P. clarkii sampled across all wetlands was slightly skewed toward females
(Table 1.2), and the sex ratio of P. clarkii differed across wetlands (Χ2 = 1,117.57, df =
27, P < 0.0001). Additionally, sex ratio differed from 1:1 in 23 (82%) of 28 wetlands
included in the analyses where P. clarkii was present (Table A.2 Appendix A). Unlike P.
clarkii, sex distribution for P. zonangulus across wetlands was skewed toward males.
Similar to P. clarkii, < 5% of P. zonangulus males were Form II, so I removed Form II
males from sex ratio tests. The sex ratio of P. zonangulus differed across wetlands (Χ2 =
241.43, df = 30, P < 0.0001). Sex ratio differed from 1:1 in 23 (74%) of 31 wetlands
where P. zonangulus was present (Table A.2 Appendix A).
Length-weight Relationships
Because fewer than 4 specimens of P. clarkii were sampled from 4 wetlands
(Table A.2 Appendix A), I removed these 4 wetlands from the length-weight relationship
analyses for P. clarkii. The length-weight relationships differed between species across
all crayfish sampled from all wetlands (F1,11191 = 103.29, P < 0.0001). Based on standard
length-weight regressions, the estimate of the growth parameter for P. clarkii was b =
3.13 (95% CI = 3.09-3.16), indicating positive allometric growth. Conversely, the
estimate of b for P. zonangulus sampled across all wetlands was b = 2.89 (95% CI =
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2.85-2.92) indicating significant negative allometric growth. Wetland-specific lengthweight relationships verified that positive allometric growth occurred more often than
negative allometric growth in specimens of P. clarkii (Table A.3 Appendix A).
Significant positive allometric growth (b > 3) occurred in 7 (25%) of the wetlands
whereas significant negative allometric growth (b < 3) occurred in 4 (14%) of the
wetlands where P. clarkii was present. Wetland-specific length-weight relationships also
verified that negative allometric growth occurred more often than positive allometric
growth in specimens of P. zonangulus. Negative allometric growth (b < 3) occurred in 5
(16%) wetlands whereas positive allometric growth (b > 3) occurred in 4 (13%) wetlands
where P. zonangulus was present. However, in wetlands where both species were
present, there were no significant differences in length-weight relationships between
species (Table 1.5).
Size Structure
There was no effect of the interaction between species and TYPE on individual
carapace length (F2,57 = 1.60, P = 0.21), and carapace length did not differ between
species sampled over all wetlands (F1,57 = 2.20, P = 0.14; Table 1.6). However, carapace
length did differ across TYPE regardless of species (F2,57 = 4.51, P = 0.01). The
carapace length of all species sampled from ‘White’ type wetlands (𝑥̅ = 42.40, SE = 0.83)
was less than the carapace length of all species sampled from ‘Red’ type wetlands (t =
2.72, Padj = 0.02) and ‘Mix’ type wetlands (t = 2.53, Padj = 0.04; Table 1.6). However,
there was no difference in the carapace length of crayfish from ‘Red’ and ‘Mix’ type
wetlands (t = 0.30, Padj = 0.95). There was also no interaction between species and TYPE
on individual crayfish weight (F2,57 = 0.26, P = 0.77; Table 1.6) and individual weight did
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not differ between species sampled over all wetlands (F1,57 = 0.09, P = 0.77). Individual
crayfish weight did differ across type regardless of species (F2,57 = 4.00, P = 0.02).
Individual weight of crayfish sampled from ‘Red’ type wetlands (𝑥̅ = 27.72, SE = 1.41)
was greater than crayfish sampled from ‘White’ type wetlands (t = 2.67, Padj = 0.03;
Table 1.6). Individual weight of crayfish did not differ between ‘Red’ and ‘Mix’
population types (t = 0.00, Padj = 1.00). Tukey-adjusted means comparisons indicated
that mean weights from ‘Mix’ and ‘White’ population types did not differ (t = 2.22, Padj =
0.08); however, the 95% confidence intervals around mean crayfish weight for ‘Mix’
type populations (95% CI 45.00-48.69) and ‘White’ type populations (95% CI 40.6644.14) did not overlap. There was also no effect of the interaction between species and
TYPE on population size structure (PSD; F2,57 = 0.28, P = 0.76; Table 1.6) and PSD did
not differ between species sampled over all wetlands (F1,57 = 0.34, P = 0.56). However,
PSD did differ due to TYPE (F2,57 = 3.94, P = 0.02). The proportion of medium-sized or
large crayfish, regardless of species, as estimated by PSD (i.e., all crayfish >20 g) in
‘White’ type populations (𝑥̅ = 51.72, SE = 7.27) was less than that in ‘Red’ (t = 2.66, Padj
= 0.03; Table 1.6) and ‘Mix’ populations (t = 2.71, Padj = 0.02). The PSD of crayfish of
‘Red’ type populations did not differ significantly from the PSD of ‘Mix’ type
populations (t = 0.04, Padj = 1.00). Tukey-adjusted means comparisons indicated that
mean PSD from ‘Mix’ and ‘White’ population types did not differ (t = 2.17, Padj = 0.08).
Furthermore, overlap of 95% confidence intervals occurred between mean PSD estimates
for ‘Red’ (95% CI 64.31-82.01), ‘White’ (95% CI 36.51-66.92), and ‘mix’ (95% CI
62.18-87.21).
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Effect of Density on Size Structure
The CPUE of P. clarkii exhibited no relationship with mean carapace length,
individual weight, or PSD of P. clarkii or P. zonangulus sampled across all wetlands
(Table 1.7). Additionally, the CPUE of P. zonangulus exhibited no relationship with
mean carapace length, individual weight, or PSD of P. zonangulus or P. clarkii sampled
across all wetlands. There was a positive relationship between mean carapace length of
P. clarkii and mean carapace length (r = 0.64, P < 0.05, n = 21), individual weight (r =
0.74, P < 0.05, n = 21), and PSD (r = 0.52, P = 0.02, n = 21) of P. zonangulus as well as
a positive relationship between mean carapace length of P. zonangulus and mean
individual weight (r = 0.67, P < 0.05, n = 21) and PSD of P. clarkii (r = 0.64, P < 0.05, n
= 21).
Discussion
Estimates of crayfish production in rice fields are derived from data collected
from experimental rice-crayfish fields and generally are reported as total yield (kg ha-1)
harvested during a harvest season. Published estimates of total crayfish yield from ricecrayfish fields in Louisiana vary from 200 to nearly 2000 kg ha-1 (Romaire and Lutz
1989, Romaire 1995, Avery 1997, McClain 1997). These estimates depend on trap
density chosen by the researchers (Romaire and Pfister 1983). Furthermore, these
estimates were derived from investigations during which researchers were able to harvest
crayfish over an entire season such as a rice field crayfish producer would (e.g., 58-150
days). Because I sampled crayfish from a large set of wetlands that were distributed
across most of the MAV, I did not have the opportunity to harvest crayfish as intensively
as rice field crayfish farmers. Therefore, I only provide estimates of daily yield rather
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than total yield. However, comparisons between estimates of crayfish yield harvested
from rice fields in Louisiana and moist-soil wetlands in the MAV can be made if
published estimates of total crayfish yield from rice fields are accompanied with
measures of trapping effort and trapping density. For example, Avery (1997) conducted
an extensive evaluation of crayfish yield from 82 experimental fields (0.16-0.20 ha)
planted with either rice, hybrid grass, or a mixture of both plants in Louisiana. Crayfish
(P. clarkii) were harvested over 42-58 days using pyramid-style traps set at densities of
64-74 traps ha-1. Total crayfish yield from these fields averaged 975 kg ha-1 Backcalculated estimates of average daily yield of crayfish per trap and hectare were 295 g
trap-1 and 19 kg ha-1, respectively. Over 50% of the estimates of daily yield per trap were
between 150 and 300 g trap-1 while the range was 61-569 g trap-1. Romaire and Lutz
(1989) recorded crayfish yield from two rice-crayfish production fields that were
approximately 17 ha and farmers trapped crayfish with a trapping density of 25 traps ha-1
for 138 and 150 days. The authors provided estimates of daily yield per trap which
averaged 141 and 134 g trap-1 although the most frequently recorded yield ranged
between 80 and 100 g trap-1. The daily yield per ha can then be estimated to be
approximately 3 kg ha-1 for both fields. In South Carolina, Eversole and Kempton (1994)
reported daily yields of P. clarkii from shallow and deep production ponds planted with
rice to be 12.6 and 16.3 kg ha-1, respectively. Shallow ponds were 0.027 ha and deep
ponds were 0.032 ha and trapping density in both pond types was 94-111 traps ha-1.
Therefore, the daily biomass harvested per trap from ponds in South Carolina can be
estimated to be 111-147 g trap-1. I estimated average daily yield of crayfish from moistsoil wetlands in the MAV to be 94 g trap-1 (95% CI = 53.57-135.13; Table 1.3).
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Furthermore, although the range of average daily yield per trap during my surveys was
3.45-972 g trap-1, a majority of wetlands had average daily yields of crayfish below 100 g
trap-1 (Table A.1, Appendix, A). Nevertheless, my estimate was similar to estimates
derived from Romaire and Lutz (1989) and Eversole and Kempton (1994) but was much
lower than estimates derived from Avery (1997).
Yield of crayfish from Louisiana rice fields is considered acceptable when ≥ 50%
of the catch is comprised of individuals > 20 g (Jarboe and Romarie 1995, Avery 1997,
Romaire et al. 2005, Romaire and Villágran 2010). The percentage of individuals > 20 g
harvested from 82 experimental rice fields in Louisiana was approximately 50%, with
most fields exhibiting percentages of either 21-30% (18 fields) or 81-90% (16 fields;
Avery 1997). Additionally, the average weight of individual crayfish harvested from
these fields was 23 g. The percentage of crayfish > 20 g harvested from moist-soil
wetlands in the MAV was 67% for P. clarkii and 65% for P. zonangulus and the average
individual weight for P. clarkii was 26.57 (SE = 1.36) and P. zonangulus was 25.11 g
(SE = 1.18; Table 1.6), which is considered ‘medium’ or ‘desired’ size (Romaire et al.
2005). Therefore, although average yield of crayfish from moist-soil wetlands in the
MAV was lower compared to rice-crayfish production fields, the proportion of
individuals considered acceptable by crayfish markets was greater in moist-soil wetlands
(65-67%) compared to reported estimates from rice-crayfish systems. Because crayfish
graded into larger size classes can be sold at higher prices (Avery 1997, Romaire et al.
2005), the lower yield of crayfish from moist-soil wetlands may be offset by the fact that
the size (i.e., weight) distribution of crayfish in moist-soil wetlands includes more
‘desired’-sized individuals compared to rice-crayfish production fields.
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Moist-soil wetlands were inhabited dominantly by either P. clarkii, P.
zonangulus, or had relatively even abundances of both species. Whereas the yield of all
crayfish regardless of size or species did not differ significantly across these wetland
crayfish population types, yield of preferred-sized individuals (> 30 g individual weight)
was greater in wetlands dominated by P. clarkii (Table 1.4). Furthermore, mean carapace
length, individual weight, and percent of individuals > 20 g was greater for P. clarkii
sampled over all wetlands compared to P. zonangulus, although differences were not
significant (Table 1.6). Conversely, yield, relative abundance, and PSD of crayfish
sampled from wetlands that were dominated by P. zonangulus were 31-62% lower
compared to wetlands that had both species present. Therefore, wetlands dominated by
P. clarkii, followed by wetlands with an even mixture of both species, are likely to
produce greater yields than wetlands dominated by P. zonangulus. It should be noted,
however, that when both species occur together in rice fields of Louisiana, one species
will become dominant over time. Often, P. zonangulus will dominate rice fields that are
continually cultured for many years whereas P. clarkii will dominate in rice fields where
water management encourages multiple recruitment events for P. clarkii (Lutz and
Wolters 1999, McClain et al. 2007). Although the mechanism for this phenomenon is
unclear, it is possible that crayfish species dynamics in moist-soil wetlands may respond
similarly and wetlands with a mixture of both species will eventually become dominated
by one species.
Because catch rates have been correlated with water temperatures in the native
range of P. clarkii (Bonvillain 2012) as well as in habitats where the species has been
introduced (i.e., Tuscany, Italy, Gherardi et al. 2000), I had expected a relationship
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between daily water temperature and daily yield of crayfish. Additionally P. zonangulus
is recognized as being more adapted to cooler climates compared to P. clarkii (Walls
2009) and has been shown to increase in relative abundance in northern latitudes
compared to P. clarkii in the Atchafalaya Basin (Bonvillain 2012). Nonetheless, I did
not find a significant effect of wetland location or daily water temperature on estimates of
daily yield or relative abundance of both species of crayfish sampled from moist-soil
wetlands. Furthermore, P. zonangulus was the dominate species in wetlands of Louisiana
in the southern edge of the MAV, while P. clarkii was the dominate species in wetlands
of Missouri which were in the northern edge of the MAV (Table A.1, Appendix A).
Therefore, other factors, such as plant species composition (Romaire and Lutz 1989),
hydrology, or interspecific interactions (Konikoff et al. 2006, Eversole et al. 2006,
Mazlum and Eversole 2008), may influence population composition, catch rates, and
yield of crayfish in moist-soil wetlands of the MAV. As hydrologic and vegetation
management are paramount in moist-soil wetland management (Fredrickson and Taylor
1982, Fleming et al. 2012), understanding how these habitat characteristics influence
crayfish populations would expand on knowledge regarding moist-soil wetland ecology.
Growth of P. clarkii in moist-soil wetlands was positively allometric whereas
growth of P. zonangulus was negatively allometric. Romaire et al. (1977) reported
positive allometric growth for P. clarkii and P. acutus acutus from experimental fields in
Louisiana. Mazlum et al. (2006) also reported positive allometric growth for P. acutus
acutus in production fields in South Carolina and attributed differences in growth
parameters between males and females to increased size of the chelae (i.e., claw) in
sexually mature males. However, Wang et al. (2011) reported that although the length28

weight relationship was positively allometric for males and females of P. clarkii, the
relationship was negatively allometric for males when chelae were absent. Other factors,
such as decline in feeding activity in preparation for molting (Mazlum et al. 2007),
stomach fullness, and food availability (McClain 1995), also may influence trend in
allometric growth in crayfish. Due to small sample sizes, I did not differentiate between
sexes when computing length-weight regression equations. Furthermore, I did not note
the loss of chelae when measuring individual crayfish. Therefore, my estimate of
negative allometric growth for P. zonangulus may have been affected by not measuring
these data.
In rice-crayfish production fields, crayfish populations where > 30% of
individuals are < 20 g are considered stunted. One explanation of stunting is that crayfish
growth is hypothesized to be density dependent (Avery 1997, Ramalho et al. 2008,
Romaire and Villágran 2010). In experimental mesocosms manipulated with varying
densities of crayfish and forage availability, Romaire and Villágran (2010) estimated that
84% of the variation in individual weight of crayfish was related to crayfish density.
When density of individuals increased beyond 10 crayfish m-2, individual weight of
crayfish decreased ~60%, and the average weight was below desired market desired size
of 20 g. I did not detect significant correlations between crayfish relative abundance (i.e.,
CPUE) and crayfish carapace length, weight, or population size structure (Table 1.7).
This result likely was attributed to the low densities of crayfish in moist-soil wetlands
compared to rice fields. I did not measure density directly; density of crayfish in rice
fields and wetlands is best estimated with labor-intensive drop-samplers (Avery 1997) or
throw traps (Dorn et al. 2005). However, comparing my estimate of relative abundance
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(3.9 crayfish trap-1) with those of Romaire and Pfister (1983; 14 crayfish trap-1), I
conclude the densities of crayfish in my study moist-soil wetlands were significantly
lower than in rice fields systems and likely is why I did not detect any significant
correlations between crayfish relative abundance and size metrics.
Although commonly used in crayfish research studies, the use of passive fishing
gears such as traps to describe population structure such as relative abundance, size
structure, or sex ratios is not optimal in fisheries research (Hubert 1996) and therefore my
results reflect trappable populations only. If crayfish foraging needs are met by prey
available within the environment, bait used in trapping may not attract crayfish. More
importantly, traps do not retain crayfish that are small enough to fit through the mesh (<
15 mm) and crayfish must be active in the environment in order to encounter a trap. It is
possible that P. zonangulus females had retreated to burrows (Romaire and Lutz 1989)
and therefore were not captured by traps in moist-soil wetlands, hence their low
abundance (Table 1.2).
Naturally vegetated crayfish production fields are thought to provide added
ecological benefits such as providing foraging habitat for waterfowl (Perry et al. 1970,
Nassar et al. 1988). Furthermore, use of hydrophytes that naturally propagate in
wetlands, such as Sagittaria spp. and Polygynum spp., were once regarded as
environmentally and economically viable alternatives to planted rice. Johnson et al.
(1981) reported total crayfish yield did not differ between experimental fields planted
with rice or Sagitarria spp.. Furthermore, because fields with planted Sagitarria spp.
required longer retention of water into early summer, crayfish in these fields experienced
two recruitment pulses which extended the length of the harvest season compared to
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fields with planted rice. Therefore, crayfish harvested from fields with Sagitarria spp.
were able to provide a product to the market during the fall before crayfish could be
harvested from rice fields. Similarly, Avault et al. (1981) suggested that, although yields
of crayfish from experimental mesocosms planted with natural vegetation were lower
compared to mesocosms where crayfish were provided supplemental food sources,
potential profit from the former mesocosms was greater due to less costs incurred in
production. Given these accounts and the results of my study, producers should again
consider incorporating moist-soil wetland management with crayfish harvesting as an
economic and ecological alternative to current, more expensive practices (Chapter II).
My study was first to estimate yield and describe populations of crayfish in moistsoil wetlands of the MAV. Additionally, my yield estimates of 94.4 g trap-1 and 2.4 kg
ha-1 were relatively precise (RSE = 22%) indicating that yields were similar from
wetlands across a spatially extensive survey of naturally vegetated moist-soil wetlands in
the MAV. Although my estimates of daily yield per trap were slightly lower than those
reported from high production rice-crayfish systems, they were within the range of
published estimates and suggest that harvestable populations of crayfish exist in these
wetlands. Moreover, landowners that have moist-soil wetlands dominated with P. clarkii
may realize the greatest yields. Because moist-soil wetlands provide foraging and other
habitat for waterfowl and improve water quality within an agriculturally dominated
landscape (Chapter IV) I encourage continued establishment and active management of
these wetlands for their functional values in the MAV ecosystem (Faulkner et al. 2011,
this study). Crayfish fisheries have been used to engage community support in
conservation practices in other areas (Jones et al. 2005, Jones et al. 2006). Crayfish
31

fisheries are a novel and charismatic approach to increase awareness of benefits of moistsoil wetland management and should stimulate managers and ecologists to identify
ancillary benefits of other wetland conservation practices.
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Mississippi (MAV) d

Louisiana

Wetland a
Cache River NWR Unit 6
Cache River NWR Unit 9
Wapanocca NWR Crawfish Hole
Wapanocca NWR Idled Field
Wapanocca NWR Woody Pond
Catahoula NWR Unit 3
Catahoula NWR Unit 1
Catahoula NWR Unit 2
Grand Cote NWR Idled Field
Grand Cote NWR Slough
Tensas NWR Unit 1
Tensas NWR Unit 5
Coldwater NWR Unit I
Coldwater NWR Unit S
Morgan Brake NWR South Unit
Morgan Brake NWR Unit 3
Panther Swamp NWR Bowl Unit
Panther Swamp NWR Idled Field
Panther Swamp NWR Slough
Roberson Property
Yazoo NWR Unit 11
Yazoo NWR Unit 12
Yazoo NWR Unit 13
Yazoo NWR Unit 7
Private
USFWS

USFWS

Owner b
USFWS
Area (ha)
3.0
8.1
0.6
8.7
4.9
4.7
8.4
9.9
11.9
8.2
2.2
2.1
4.6
5.8
6.5
6.8
17.2
8.5
2.3
38.8
5.9
6.8
8.8
7.0

Year sampled c
2010
2010
2011
2010, 2011
2010, 2011
2011
2010
2010, 2011
2011
2010
2011
2010
2009
2010
2011
2009-2011 2011
2010
2011
2009
2010
2010
2011
2009
2011

Location, ownership, area, and years included in estimates of yield and population structure of crayfish harvested from
moist-soil wetlands in the Mississippi Alluvial Valley and Mississippi Interior Flatwoods 2009-2011.

State
Arkansas

Table 1.1
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York Woods Cove Unit
Private
1.7
2009
York Woods Cypress Unit
3.9
2009
e
Mississippi (MIF)
Sam D. Hamilton, Noxubee NWR Unit 10
3.4
2011
Noxubee NWR Unit 11
USFWS
2.9
2011
Noxubee NWR Unit 2
3.0
2009, 2010
Trim Cane WMA Unit 1
MDWFP
3.7
2009
Young Family Farm Unit 1
Private
4.9
2009-2011
Young Family Farm Unit 2
1.6
2011
Missouri
Otter Slough WMA Unit 29
MDC
32.3
2011
Otter Slough WMA Unit 8
4.0
2011
a
NWR, National Wildlife Refuge
b
USFWS, United States Fish and Wildlife Service; MDWFP, Mississippi Department of Wildlife, Fisheries, and Parks; MDC,
Missouri Department of Conservation.
c
Each year a wetland was sampled was considered a separate wetland-year. Therefore from the 34 wetlands sampled, 42 wetlandyears were included in the analysis as separate experimental units.
d
MAV, Mississippi Alluvial Valley
e
MIF, Mississippi Interior Flatwoods

Table 1.1 Continued
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Data not recorded in 2009.

2009
2010
2011

Procambarus zonangulus

a

Year
2009
2010
2011
8
12
11

Wetlands present
6
13
13
1,998
2,270
1,185

n
1,219
5,448
5,224
50,524
55,686
24,300

g
41,745
115,960
136,823
71.8
70.1
66.9

% Form I
male
41.3
35.9
46.5
a
3.6
3.8

% Form II
male
a
4.9
2.4

28.2
26.3
29.3

%
Female
58.7
59.2
51.1

Wetland presence, total number of individuals (n), yearly biomass (g; wet), and percent (%) of individuals classified
by sex for Procambarus clarkii and P. zonangulus harvested from wetlands of the Mississippi Alluvial Valley during
spring 2009-2011.

Species
Procambarus clarkii

Table 1.2
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Table 1.3

Year

Overall

Estimates of annual and overall average (𝑥̅ , SE) daily relative abundance as
estimated by catch per unit effort (n trap-1), daily yield per trap (g trap-1),
and daily yield per hectare (kg ha-1) inclusive of all species of crayfish
(Procambarus clarkii and P. zonangulus) harvested from moist-soil
wetlands in the Mississippi Alluvial Valley and the Mississippi Interior
Flatwoods, during springs 2009-2011.

2009
2010
2011

Wetlands
9
15
18
42

n trap-1
SE
𝑥̅
2.4
0.5
3.4
1.4
5.2
1.9
3.9
0.9
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g trap-1
SE
𝑥̅
73.2
16.2
76.1
23.8
127.1
47.6
94.4
20.3

kg ha-1
SE
𝑥̅
1.8
0.4
1.9
0.6
3.2
1.2
2.4
0.5

Table 1.4
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Field runa
Small
Medium
Large
b
Type n
SE
SE
SE
SE
𝑥̅
𝑥̅
𝑥̅
𝑥̅
c
Red
21
3.30A
0.72
0.65A 0.21
1.02A 0.33
1.41A
0.26
White 15
1.24A
0.82
0.29A 0.24
0.53A 0.37
0.33B
0.29
Mix
6
2.09A
1.29
0.29A 0.37
0.84A 0.58
0.90AB 0.45
a
Graded yields were: Field run, all crayfish regardless of size; Small, yield of crayfish between 15 and 19 g (wet
mass); Medium, yield of all crayfish between 20 and 29 g; and Large, yield of all crayfish greater than 30g
(Romaire et al. 2005).
b
Wetland crayfish population types were designated based on the relative abundance of each species.
Procambarus clarkii represented more than 75% of the total catch in ‘Red’ population types; P. zonangulus
represented more than 75% of the total catch in ‘White’ population types; and ‘Mix’ population types were
designated for wetlands where relative abundance of both species was no more than 75% and no less than 25%.
c
Means within columns with the same letter did not differ significantly (P > 0.05) according to adjusted Tukey
pair-wise comparisons after repeated measures analyses of variance.

Estimates of graded average daily yield (kg ha-1; 𝑥̅ , SE) of crayfish harvested from moist-soil wetlands (n) in the
Mississippi Alluvial Valley and the Mississippi Interior Flatwoods that differed in crayfish population composition
during springs 2009-2011.

P. clarkii
b
a
3.42 4.01 x 10-5

n
40

P. zonangulus
b
a
2.93 3.05 x 10-4

Number of individuals (n), parameter b and a estimates and results of separate analyses of covariance evaluating
differences in carapace length-weight relationships (i.e., Loge(W) = a + b*Loge(CL)) of Procambarus clarkii and P.
zonangulus in moist-soil wetlands of the Mississippi Alluvial Valley during spring 2009-2011 where both species
occurred in a ratio of at least 75:25 based on relative abundance of each species.

Unit
Cache River NWR Unit 6

n
14

Effecta
F
P
species*CL 1.46
0.23
species 1.65
0.20
-5
-4
Catahoula NWR Unit 3
69
3.22 8.60 x 10
154 3.22 1.02 x 10
species*CL 0.00
0.98
species 0.06
0.80
Coldwater NWR Unit S
108 3.31 6.67 x 10-5
88 3.30 7.96 x 10-5
species*CL 0.01
0.92
species 0.12
0.73
-5
-5
Grand Cote NWR Slough
289 3.47 3.40 x 10
180 3.37 5.37 x 10
species*CL 0.52
0.47
species 0.73
0.39
Tensas NWR Unit 5
300 3.12 1.32 x 10-4
139 3.13 1.39 x 10-4
species*CL 0.00
0.98
species 0.01
0.92
-4
-3
York Woods Cypress Unit
32
2.87 3.81 x 10
71 2.42 2.59 x 10
species*CL 1.92
0.14
species 2.24
0.14
a
The effect of species*CL tests for common slopes (i.e., allometric growth parameter b) whereas the effect of species tests for
common intercepts (i.e., a) of the length-weight regressions between species.

Table 1.5
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Table 1.6
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Red
White
Mix
Mean

W

21
5
6
32

n
21
5
6
32
27.40A
22.80A
26.83A
26.57

1.88
2.84
1.76
1.36

SE
0.93
1.26
0.97
0.66
10
15
6
31

28.41A
21.36A
29.00A
25.11

2.01
1.29
2.42
1.18

P. zonangulus
SE
n
𝑥̅
10 46.42A 0.74
15 41.40A 0.90
6 46.67A 1.46
31 44.04
0.72
31
20
12

n
31
20
12
27.72A
21.72B
27.91AB

Meana
𝑥̅
46.51Ac
42.40B
46.85A

1.41
1.17
1.46

SE
0.66
0.83
0.84

Red
21 69.63A 5.74
10 80.56A 5.61
31
73.16A
4.33
White
5 52.98A 22.43
15 51.20A 6.90
20
51.72B
7.27
Mix
6 72.60A 7.65
6 76.78A 9.06
12
74.69AB 5.68
Mean
32 67.59
5.21
31 65.67
4.79
a
Averaged over all species for a specific TYPE.
b
Averaged over all TYPE for a specific species.
c
Means followed by like uppercase letters within columns for each variable were not significantly different (P >
0.05) based on Tukey-adjusted post-hoc pairwise comparisons.

PSD

Type
Red
White
Mix
Meanb

Variable
CL

P. clarkii
𝑥̅
46.55A
45.42A
47.03A
46.47

Species

Mean (𝑥̅ , SE) cephalothorax carapace length (CL; mm), wet weight (W; g), and proportion of crayfish > 20 g (PSD)
of Procambarus clarkii and P. zonangulus crayfish sampled from moist-soil wetlands in the Mississippi Alluvial
Valley and Mississippi Interior Flatwoods that differed in species composition during springs 2009-2011.

Species
P. clarkii

CPUE

-0.16
(21)

0.78
(32)

-0.13
(21)

-0.19
(21)

0.79
(32)

0.95b
(32)

CPUE
0.04
(21)

PSD
0.01
(32)

P. clarkii
CL
W
-0.14
-0.02
(32)
(32)

-0.24
(31)
0.93
(31)

0.94
(31)

0.61
(21)

0.55
(21)

0.52
(21)

PSD
0.33
(21)

-0.28
(31)

0.67
(21)

0.64
(21)
-0.34
(31)

0.82
(21)

0.74
(21)
0.67
(21)

0.64
(21)

P. zonangulus
CL
W
0.30
0.23
(21)
(21)

W

0.87
(31)
a
-1
CPUE, loge transformed catch per unit effort (n trap ); CL, carapace length (mm); W, weight (g, wet); PSD, proportional
stock density (% of individuals > 20 g).
b
Bold correlation coefficients indicate significant (P < 0.05)

CL

CPUE

PSD

W

CL

Variable
CPUEa

Species

Pearson correlation coefficients (r) for pair-wise comparisons of relative abundance (CPUE) and individual size and
population size structure metrics for Procambarus clarkii and P. zonangulus crayfish sampled from moist-soil
wetlands in the Mississippi Alluvial Valley and Mississippi Interior Flatwoods during spring 2009-2011. Sample size
for each pair-wise comparison in parentheses.

P. zonangulus

Table 1.7
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Figure 1.1

Locations of moist-soil wetlands sampled to estimate yield of crayfish in
the Mississippi Alluvial Valley (MAV) and Mississippi Interior Flatwoods
during spring 2009-2011. (Stars ) Wetlands were sampled one year,
(circles) wetlands were sampled two years, (squares) wetlands were
sampled three years.
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Figure 1.2

Pyramid-style crayfish trap used to harvest crayfish from 42 wetlands in the
Mississippi Alluvial Valley and Mississippi Interior Flatwoods. Photo
courtesy of David Linden, United States Fish and Wildlife Service.
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Figure 1.3

Relationship between loge(+1) daily CPUE and temperature for crayfish
harvested during April-June 2010 from moist-soil wetlands in the
Mississippi Alluvial Valley and the Mississippi Interior Flatwoods.
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CHAPTER II
PRODUCTION COSTS AND BREAKEVEN ANALYSIS OF CRAYFISH
HARVESTED FROM MOIST-SOIL WETLANDS
IN THE MISSISSIPPI ALLUVIAL VALLEY

A successful conservation practice to mitigate loss of wetlands has been the
management of moist-soil wetlands (Fredrickson and Taylor 1982, Reinecke et al. 1989).
Moist-soil wetland management re-establishes hydrology and hydrophytes on previous
working landscapes in the Mississippi Alluvial Valley (MAV; See Table 2.1 for
descriptions and definitions of all abbreviations) such as croplands (Fredrickson and
Taylor 1982) or idled catfish ponds (Feaga 2014). Life-history strategies of annual
hydrophytes in these seasonal wetlands are adapted for production of abundant seeds and
tubers which provide important food sources for wildlife in the MAV, specifically
wintering waterfowl (Low and Bellrose 1944, Reinecke et al. 1989, Kross et al. 2008,
Foster et al. 2010). Landowner participation in moist-soil wetland conservation
programs, such as cost-share assistance programs offered by the United States
Department of Agriculture (USDA) Natural Resources Conservation Service’s Wetlands
and Conservation Reserve Programs and non-governmental groups including Ducks
Unlimited, Inc., is often driven by a desire to improve environmental quality (Forshay et
al. 2005) or to foster land stewardship (Ryan et al. 2003).
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Ecosystem services are defined as quantifiable values and benefits humans and
native biota realize from systems functions (Costanza et al. 1997, Millennium Ecosystem
Assessment 2005, Wallace 2007). Recent interest in quantifying services derived from
ecosystem functions has highlighted the importance of identifying the ecological,
environmental, and socio-economic benefits landowners provide by participating in
conservation practices such as moist-soil wetland management on private lands
(Bangsund et al. 2004, Faulkner et al. 2011). Moist-soil wetlands provide 4-10 times the
waterfowl carrying capacity of harvested croplands (Kross et al. 2008, Gray et al. 2013).
Consequently, moist-soil wetland management has increased available waterfowl habitat
and restored an ecologically important ecosystem service in the MAV (Murray et al.
2009). Reestablishing wetlands within agriculture landscapes has the potential to
improve downstream water quality and therefore enhance regulating ecosystem services
(Maul and Cooper 2000, Manley et al. 2009, Shields and Pearce 2010; Chapter IV).
Opportunities for hunting waterfowl and other wildlife are valued as an ancillary and
economically important ecosystem services provided by implementing conservation
practices in the MAV (Jones et al. 2004). However, harvesting crayfish (Procambarus
clarkii and P. zonangulus) from moist-soil wetlands may also provide additional
recreational and monetary incentives for landowner participation in conservation
programs.
Capture fisheries for finfish and shellfish provide important ecosystem services
worldwide, particularly provisionary services (Holmlund and Hammer 2012). Harvest of
crayfish from both capture fisheries in the Atchafalaya Basin and culture fisheries in rice
fields for human consumption is considerable worldwide, amounting to annual revenues
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of $115 million in the southern United States alone (LSU AgCenter 2013). In Louisiana,
yields of crayfish from rice-crayfish culture systems range from approximately 200-1000
lb acre-1 (i.e., 225-1125 kg ha-1; McClain and Romaire 2004). Decaying rice plants and
stubble create a detrital based food web from which crayfish benefit. Fields are
dewatered to facilitate planting of a forage crop (e.g., rice) in late spring, fields are
reflooded in the fall, and crayfish emerge from burrows to feed on microorganisms
associated with decaying rice stubble such as bacteria, snails, and aquatic insects
(McClain et al. 1998, Alcorlo et al. 2004).
Moist-soil wetland management promotes detrital based food webs similar to
those in crayfish production fields with planted forage (Magee 1993, Fredrickson and
Reid 1988, Gray et al. 1999) and these wetlands support native populations of crayfish
(Chapter I). Therefore, possibilities exist for establishment of exploitable crayfish
capture fisheries thereby providing additional ‘production of ecosystem goods’ (de Groot
et al. 2002) from which humans may value recreationally and economically (Costanza et
al. 1997, Zedler 2003, Costanza et al. 2014). The use of hydrophytes that naturally
propagate in wetlands, such as Sagittaria spp. and Polygynum spp., was once regarded as
an environmental and economically viable alternative to planted rice (Johnson et al.
1981). Whereas previous attempts to promote the harvesting of from moist-soil wetlands
identified potential ecological benefits (Perry et al. 1970, Nassar et al. 1988), adoption of
this practice is limited. For example, only 27% of crayfish farmers in Louisiana
periodically rely on natural vegetation in crayfish production fields with the majority of
producers planting a forage crop such as rice or soybeans (Gillespie et al. 2012).
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Currently, the estimate of production costs for fields in Louisiana that produce
600 lb acre-1(675 kg ha-1) of crayfish during a 60-90 day harvest season is $749.96 acre-1
($1,856.33 ha-1; Boucher and Gillespie 2012). Crayfish are harvested from late
November through the next spring (i.e., May-June; McClain et al. 2007) with peak
harvest effort occurring during March-May. A large proportion of costs are associated
with fuel for irrigation and aeration of the water held in fields, field laborer wages, and
crayfish bait (Boucher and Gillespie 2012, Gillespie et al. 2012). While harvesting
crayfish can occur as a supplemental crop to rice or soybeans, an estimated 45% of
crayfish producers in Louisiana harvest crayfish as the sole crop from fields with planted
forage (i.e., rice; Gillespie et al. 2012) and therefore receive no income from row crops.
The current breakeven selling price (i.e., the wholesale price needed to recover operation
costs) for crayfish harvested from fields with unharvested planted rice is $1.25 lb-1 ($2.75
kg-1; Boucher and Gillespie 2012). This price can be reduced if crayfish yields exceed
600 lb acre-1 (675 kg ha-1) or if enterprise operators harvest and sell planted forage.
However, harvesting of planted rice requires additional capital and increases operation
costs by 62%. Attitudes toward alternative crayfish production practices are greatly
influenced by profitability and the ability to sell crayfish at competitive prices (Nyaupane
et al. 2012). Potential profit from harvesting crayfish from wetlands was believed to be
greater than harvesting crayfish from fields with planted forage due to fewer costs
incurred in maintenance of vegetation (Avault et al. 1981). However, costs associated
with harvesting crayfish from wetlands with volunteer moist-soil vegetation were never
evaluated.
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Recognizing that harvestable populations of crayfish exist in moist-soil wetlands,
I constructed operation budgets to estimate total costs associated with crayfish harvesting
enterprises in moist-soil wetlands on private lands in the MAV. I also estimated
breakeven selling prices of crayfish harvested from moist-soil wetlands and evaluated
variations in potential selling prices given variations in crayfish yields I observed from
the analysis of data collected during field surveys. Enterprise budgets, estimations of
costs, and breakeven selling prices quantify economic ecosystem services provided by
landowner participation in conservation practices such as moist-soil wetland
management.
Methods
I created enterprise operation budgets for harvesting crayfish from moist-soil
wetlands and estimated breakeven selling prices for crayfish using the Mississippi State
Budget Generator (MSBG; Laughlin and Spurlock 2008). The MSBG is a software
application developed to create operating budgets for a variety of agricultural enterprises.
The software relies on user-provided information regarding enterprise income and
expenses to create alternative operation scenarios from which a farmer or land manager
can use to assist in enterprise decision making. The MSBG has been used primarily to
create budgets and forecast annual costs and returns for a variety of row-crop agriculture
practices such as soybeans (Popp et al. 2001) and cotton (Bryant et al. 2008), as well as
alternative practices such as production of switchgrass for biofuels (Popp and Hogan
2007) and improvement of forage pastures (Smith et al. 2012). Assessing production
costs is critical component in the assessment of alternative aquaculture and capture
fisheries (Jolly and Clounts 1993, Gillespie et al. 2012) and aquaculture economists have
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adapted the MSBG software to evaluate crayfish production (Posadas and Homziak 1993,
Boucher and Gillespie 2012). I used this software by following the methods to estimate
costs and returns for crayfish production in fields with planted forage in Louisiana
(Boucher and Gillespie 2012) and modified MSBG input and harvest operation schedules
specific to harvesting crayfish from moist-soil wetlands in the MAV. All formulas used
to estimate costs and breakeven selling prices are also adapted from MSBG algorithms.
The MSBG software estimates production costs and breakeven selling prices based on
United States customary units (e.g., acre) rather than metric (e.g., hectare). In all tables I
present estimates using United States customary units as these budgets are designed to be
distributed to landowners for extension rather than research purposes. I also provide
estimates converted to metric units throughout the text. All costs were estimated in
United States dollars (US $) for 2013.
Operation Scenarios
I created 4 operation scenarios for harvesting crayfish from moist-soil wetlands
(Table 2.2): 1) first-year harvesting crayfish with hired labor, 2) first-year harvesting
crayfish without hired labor (i.e., landowner is the harvester), 3) second-year harvesting
crayfish (i.e., no operation start-up costs associated with purchasing traps) with hired
labor, and 4) second-year harvesting crayfish without hired labor. I designed these
scenarios based on descriptions of crayfish harvesting operations in Louisiana rice fields
(Romaire 1995, Romaire et al. 2004, Gillespie et al. 2012). While most large-scale
crayfish harvest enterprises in Louisiana utilize hired labor, availability of individual
workers is often limited and enterprise operators harvest the crayfish themselves
(Romaire et al. 2004). Furthermore, there is no need to purchase crayfish traps every
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year and annual estimates of costs for crayfish production in Louisiana rice fields omit
the cost of crayfish traps (Boucher and Gillespie 2012).
For each operation budget, I designated a 45-day harvesting season with crayfish
being harvested from traps that were set overnight. This season assumed 16 days of
harvest each in April and May and 13 days of harvest in June. Operation budgets for
harvesting crayfish from production fields with planted forage in Louisiana assumed a
71-day season with harvest operations occurring in December-May (Boucher and
Gillespie 2012). I assumed a shorter harvesting period for two reasons. First, the
primary goal of moist-soil wetland management is to provide wintering and migrating
habitat for waterfowl. Therefore, to limit disturbance of waterfowl, I did not include
harvesting of crayfish during December-March when waterfowl activity in these wetlands
is the greatest (Hagy and Kaminski 2012). Second, peak crayfish harvests occur when
water temperatures are > 20° C (Romaire 1995) and therefore harvest is maximized
during April-June. I assumed landowners would likely expend the effort to harvest
crayfish only during months when peak harvest rates would likely occur. Furthermore,
harvest seasons of < 71 days are common in some Louisiana production fields where
crayfish yields are low (Romaire 1995).
I assumed a trapping density of 10 traps acre-1 (25 traps ha-1). This density is
lower than used in rice-crayfish production systems (Romaire 1995) but is appropriate
when a producer needs to minimize costs associated with bait and labor. Romaire (1995)
reported that one person can service 400 traps on foot daily. I deemed this lower trapping
density more logistically and economically reasonable for private landowners managing
moist-soil wetlands on their property.
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Crayfish traps have to be baited the day before harvesting begins and do not have
to be baited on the last day of harvesting. For example, during one week when crayfish
are harvested for three days, there is one day during which traps are only baited, two days
during which traps are baited and crayfish are harvested, and one day during which
crayfish are harvested yet the traps are not rebaited. Because the use of nondurable goods
(i.e., bait and crayfish sacks) would differ on each of these days, I allotted these three
types of daily harvest operations when creating budgets for all scenarios. I assumed that
traps were visited once within 12 hours but no more than 24 hours after baiting (Romaire
and Pfister 1983; Chapter I).
For each scenario, I also included a one-day visit per month to the wetland during
September-March to inspect wetland water levels. Harvesting of crayfish requires at
least 8 inches (0.2 m) but usually no more than 20 inches (0.5 m) of water (Romaire
1995; Chapter I). I did not include costs associated with aeration of wetland water or
irrigation pumps, broadcast of wetland seed, purchase of land or returns associated with
lease payments as these costs and returns are already assumed by a landowner under the
primary purpose of wetland management. Harvesting crayfish from moist-soil wetlands
is assumed to exceed the principal use of moist-soil wetland management, and budgets
and breakeven selling prices presented herein reflect those costs a landowner must incur
from ancillary land use. Furthermore, I did not include costs associated with marketing
harvested crayfish. Marketing strategies depend on consumer demand and can change
weekly during a harvest season (Romaire et al. 2005). If crayfish harvested from moistsoil wetlands are to be sold, landowners should identify specific markets and quantify
marketing costs specific to their needs. Marketing costs are also not included in annual
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projected crayfish production costs for crayfish harvested from rice fields in Louisiana
(Boucher and Gillespie 2012).
Direct and fixed costs for each operational scenario were calculated based on a 20
acre (8 ha) moist-soil wetland, the approximate size of wetlands used to estimate crayfish
yield from moist-soil wetlands in the MAV (Chapter I) and the average size of production
fields used to create operational budgets for crayfish harvesting operations in fields with
planted forage in Louisiana (Boucher and Gillespie 2012). Fixed costs were calculated
based on a short-term and intermediate interest rate of 3.25% (Laughlin and Spurlock
2008, Boucher and Gillespie 2012). The beginning cash flow month was set to
September, the assumed start of field operations. The ending interest month was set as
July, the month after all operations were suspended and income from operations could be
realized. I did not include August in calculations of interest on operating capital because
no field operations occurred during that month (Laughlin and Spurlock 2008). All
operating costs, budgets, and breakeven selling prices were based on estimates of costs
per acre of wetland or amount of nondurable goods used and weight of crayfish harvested
(See Budget Inputs below).
Budget Inputs
Inputs to the budget models included fuel, labor, operating equipment, and
nondurable goods. Direct costs were those costs associated with purchase of nondurable
goods, labor, and fuel whereas fixed costs where associated with annual recovery of costs
used for maintenance and interest on payments for self-propelled equipment. I assumed
the cost of gasoline to be $3.38 gallon-1 ($0.88 L-1), the average cost of fuel in
Mississippi during 2013 (USDoE 2014). I assumed a labor wage rate of $10.04 hour-1,
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the average minimum wage for agriculture and aquaculture field laborers in Mississippi
in 2013 (DOL 2014). When labor was included in operational budgets (Scenarios 2 and
4), I assumed that harvesting and other field operations were conducted by one laborer
using self-propelled equipment as described by Boucher and Gillespie (2012).
Self-propelled equipment
For self-propelled operating equipment, I estimated the purchase price as well as
direct and fixed costs for use of a ½-ton pickup truck and a 400cc all-terrain vehicle
(ATV) both with and without labor wages (Table 2.3). The use of the pickup truck was
limited to travel to and from the wetland area via a main road and was also used to haul
the ATV. I estimated this travel time to be 20 minutes based on personal field visits to
moist-soil wetlands in the MAV. The ATV was used to harvest crayfish as well as visit
the wetland area during fall and winter to ensure water retention in the wetland. I
estimated ATV use at the wetland during fall and winter water level inspections to be
minimal at 6 minutes. For harvesting crayfish, I assumed an individual (laborer or
owner) could set bait in and harvest crayfish from each trap in 1.2 minutes while
operating the ATV.
Total costs per acre for operating the pickup truck and ATV were calculated by
MSBG as the sum of total direct costs, total fixed costs, and interest on operating capital.
Total direct costs included fuel use, labor, and repair and maintenance. Costs for each
direct cost component were calculated as the product of price and quantity where quantity
was a multiplier to indicate total use per acre for a specific day in each operation budget
(Table 2.4). Total fixed costs (i.e., annual capital recovery) per acre for operating a
pickup truck and ATV were calculated as a function of purchase price, salvage value,
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annual use, lifetime, performance rate, and interest rates (Table 2.4). Interest on
operating capital for use of the pickup truck and ATV was calculated for each specific
field operation during each month and entered into the budget as a function of the total
direct costs associated with use, short-term interest rate on invested capital, time in
months since investment (i.e., months since beginning of operations) and time until return
of investment (i.e., months until completion of operations; Table 2.4).
Nondurable Goods
Nondurable goods were those purchased and used or repurchased throughout the
harvest season other than gasoline (Table 2.5). Pyramid-style crayfish traps were
approximately 20 inches (50 cm) tall and 15 inches (38 cm) wide at the base, were
constructed with ¾ inch (2 cm) square polyvinyl-coated steel wire, had three crayfish
entry portals at the base, and a 6 inch (15 cm) diameter polyvinyl chloride plastic
retention ring at the top. Crayfish traps were baited with 0.66 lb (~300 g) of formulated
bait (Purina Cajun World™ Crawfish Bait, Purina Mills, L.L.C., St. Louis, MO) and each
bag of bait weighed 50 lb (23 kg) Crayfish sacks were polyethylene mesh sacks with
each sack capable of holding and transporting 40 lb (18 kg) of crayfish.
Estimates of retail prices for manufactured bait, crayfish traps, ice chests, crayfish
harvesting sacks, and hip waders were obtained from purchases of these nondurable
goods during a field survey to estimate crayfish yields from moist-soil wetlands in the
MAV during 2009-2011 (Chapter I). Cost of use of durable goods was estimated for
each operation budget scenario as the sum of the total direct cost and interest on
operating capital for use each nondurable good. Total direct costs for nondurable goods
were estimated as the product of the purchase price of the goods and quantity of the
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goods used for each day of use (Table 2.4). The cost of crayfish traps, hip waders and an
ice chest were incurred only once as these were reused throughout the harvest season.
The cost of crayfish traps was only included in Scenarios 1 and 2. Interest on operating
capital for use of nondurable goods was calculated for each specific field operation
during each month and entered into the budget as a function of the total direct costs
associated with use, short-term interest rate on invested capital, time in months since
investment (i.e., months since beginning of operations), and time until return of
investment (i.e., months until completion of operations; Table 2.4).
Products
I derived estimates of average daily yield of field-run crayfish harvested from
moist-soil wetlands in the MAV by replicating conventional crayfish harvesting practices
used in Louisiana rice fields (Romaire 1995; Chapter I). I harvested crayfish from
managed moist-soil wetlands in Louisiana, Mississippi, Arkansas, and Missouri during
the spring from 2009-2011. I sampled 9 wetlands in 2009, 15 wetlands in 2010, and 18
wetlands 2011 (n = 42 wetland-year combinations). Sampled wetlands were typical of
moist-soil wetlands throughout the MAV which are mostly dominated by seed producing
annual vegetation, such as barnyardgrass (Echinochloa spp.), sedges (Carex and Cyperus
spp.), rushes (Eleocharis spp.), and smartweed (Polygonum spp; Schummer et al. 2012).
Wetlands were managed previously for agriculture or aquaculture production, had welldefined levees and functional water-control structures (e.g., flashboard risers), and the
hydrology of the wetlands was managed by either landowners or lessees under NRCS
easement contracts or by state or federal personnel.
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In each wetland, I set traps at a density of 10 per acre (25 traps ha-1) and attempted
to harvest crayfish at each wetland at least twice each month from April-June 2009-2010
and April-July 2011. I placed 0.66 lb (~300 g) of formulated bait into traps and set them
overnight for at least 12 hours but no more than 24 hours. I harvested all crayfish in traps
during the next day and stored them live in plastic mesh sacks on ice in insulated coolers.
Following harvest, I recorded weight of each individual crayfish nearest g (wet weight)
and identified each individual to species. I recorded daily yield (kg ha-1) of crayfish from
each wetland as the total weight (wet) of all crayfish harvested regardless of species.
I estimated average daily yield for field run crayfish (i.e., all crayfish regardless of
size) in an intercept-only repeated measures mixed linear models in the PROC MIXED
procedure in SAS (SAS Institute 2008; Littell et al. 2006; Chapter I). Finally, I converted
the estimate of average daily yield provided by the model to pounds per acre (lb acre-1)
and estimated the total yield over the entire harvest season by multiplying the average
daily yield and the number of harvest days (i.e., 45 days). I entered the total amount of
crayfish harvested into the ‘products’ category of the MSBG software.
Breakeven Selling Price Estimation
Valuing the monetary importance of most identified ecosystem services is
difficult because no market exists for sale and trade of services such as water purification
and climate regulation (Bateman et al. 2011). However, although there are no current
market prices for crayfish in the United States, economic analyses of crayfish production
in fields with planted forage in Louisiana focuses on estimating a breakeven selling price
for crayfish such that a producer can at least recover investment costs (Boucher and
Gillespie 2012). The MSBG software computes the breakeven selling price for a product
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as the price ($ lb-1 or $ kg-1) that will cover all total specified costs of field operations.
The estimate is derived by dividing total specified costs for all field operations by the
total product yield for the entire harvesting season. I estimated the breakeven selling
price for field-run crayfish harvested from moist-soil wetlands in the MAV under each
harvest operation scenario, regardless of species.
Sensitivity Analysis
Although costs of field operations for each scenario do not change with
variations in crayfish yield, the breakeven selling price and potential selling price can
change with yield variations. Furthermore, larger crayfish (i.e., 15 per lb or > 30 g
individual weight) are considered preferred by markets and are sold at prices 130-175%
greater than the breakeven price (Romaire et al. 2005). Field-run crayfish are considered
all crayfish regardless of size and the price is set regardless of the size distribution at
harvest. Therefore, I conducted a sensitivity analysis on selling prices by varying the
total yield of crayfish based on species and crayfish size.
I classified crayfish as ‘preferred’ if they were > 30 g in individual weight (Jarboe
and Romaire 1995, Romaire and Villágran 2010; Chapter I). Furthermore, two species
existed in sampled moist-soil wetlands: Procambarus clarkii, the red swamp crayfish,
and P. zonangulus, the white river crayfish. Average daily yields of crayfish varied
among wetlands where >75% of the total catch was comprised of red swamp crayfish
(i.e., red-type wetlands), wetlands where >75% of the total catch was comprised of white
river crayfish (i.e., white-type wetlands), and wetlands where the total catch was
comprised of a mixture of both species (i.e., mix-type wetlands; Table 2.6; Chapter I). I
estimated average daily yields of crayfish from each species-type wetland (all, red swamp
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crayfish, white river crayfish, mix) and for each graded class (i.e., field-run and
preferred) and converted this estimate to total yield as previously described for product
inputs. Therefore, in addition to estimating the breakeven selling price given the average
yield of all crayfish regardless of size and species, I also estimated breakeven selling
prices of crayfish from each species-type wetland. I also calculated the potential sale
price ($ lb-1) of ‘preferred’ crayfish from each species-type wetland. I considered the
selling price of ‘preferred’ crayfish to be 150% (i.e., average selling price increase
according to Romaire et al. 2005) of the breakeven selling price of field-run crayfish for
each yield and budget scenario. Grading crayfish may incur additional equipment and
labor costs; grading practices vary by producer and no industry standard is defined
(McClain et al. 2007). Therefore, I did not incorporate costs associated with grading and
estimates of breakeven and potential selling prices of graded crayfish do not cover these
production costs. Landowners should evaluate available grading practices before
deciding to sell a graded crayfish product.
Results
Enterprise Budgets
Total costs associated with harvesting crayfish from moist-soil wetlands with
hired labor during the first year of the enterprise (i.e., Scenario 1) were $370.75 acre-1
($917.88 ha-1; Table 2.7, Table B.1 Appendix B). Direct costs associated with labor
represented 33% of the total costs whereas crayfish traps and manufactured bait
represented 22% and 19% of the total costs, respectively. When no labor was used to
harvest crayfish during the first year of the enterprise (Scenario 2), total costs were
reduced to $247.51 acre-1 ($612.65 ha-1; Table 2.7, Table B.2 Appendix B). However,
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crayfish traps (33%) and manufactured bait (29%) represented a larger proportion of the
total costs for Scenario 2 compared to Scenario 1. Total costs associated with harvesting
crayfish with hired labor under Scenario 3 were $287.13 acre-1 ($710.72 ha-1), which was
22% less than the total costs for Scenario 1 (Table 2.7, Table B.3 Appendix B). Direct
costs for labor and manufactured bait were 42% and 25% of the total costs under
Scenario 3. The scenario with the lowest operational costs ($163.89 acre-1; $405.69 ha-1)
was expectedly Scenario 4 where no labor was used to harvest crayfish and purchase cost
of crayfish traps was not incurred (Table 2.7, Table B.4 Appendix B). Because the two
greatest sources of cost associated with harvesting crayfish were removed under Scenario
4, the proportion of total cost associated with manufactured bait increased to 44%.
Breakeven Analysis
Given the average yield of all crayfish regardless of size or species (i.e., 96 lbs
acre-1 or 108 kg ha-1; Table 2.6) estimated from a field survey of harvest potential of
moist-soil wetlands in the MAV, the breakeven selling prices for crayfish needed to
recover all specified costs under each of the harvest Scenarios 1 through 4 were $3.86,
$2.57, $2.99, and $1.70 lb-1, respectively ($8.49 kg-1, $5.65 kg-1, $6.58 kg-1, and $3.74
kg-1; Table 2.7). Breakeven prices associated with Scenario 1 were reduced by 56%
when costs associated with labor and traps were removed under Scenario 4. The
breakeven prices for crayfish harvested under Scenarios 2 and 3 differed by 14%.
Sensitivity Analysis
The sensitivity analysis demonstrated that breakeven and potential selling prices
vary greatly when the total yield of crayfish is comprised of different species (Table 2.8).
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Under all scenarios, the breakeven price for field-run crayfish harvested from moist-soil
wetlands where the total catch was represented by red swamp crayfish was 27% less than
the breakeven prices estimated for the average yield across all wetlands. Furthermore,
the breakeven price for crayfish harvested under Scenario 4 where the total catch was
represented by red swamp crayfish was $1.24 lb-1 ($2.73 kg-1). This breakeven price was
the lowest under all other scenarios and all wetland crayfish population types. For
wetlands where the catch was predominantly white river crayfish, the breakeven selling
prices were 200% greater than breakeven prices estimated for the average yield across all
wetlands and 275% and 179% greater, respectively, than breakeven prices for crayfish
harvested from wetlands that were predominantly red swamp crayfish or had a relatively
even mixture of the two species.
Sensitivity analysis of potential selling prices for crayfish graded as ‘preferred’
(i.e., > 30 g) revealed similar patterns (Table 2.8). The lowest potential price for
‘preferred’ crayfish was $1.86 lb-1 ($4.09 kg-1) under Scenario 4 from wetlands where the
catch was predominantly red swamp crayfish. The highest potential price for ‘preferred’
crayfish was $11.58 lb-1 ($25.48 kg-1) under operation Scenario 1 from wetlands where
the catch was predominantly white river crayfish and was 6 times greater than the
potential price for ‘preferred’ crayfish from red swamp crayfish dominated wetlands.
Potential selling price of ‘preferred’ crayfish from moist-soil wetlands where the
population of crayfish was a mixture of both species was most similar to the potential
selling price of ‘preferred’ crayfish harvested from all wetlands regardless of species in
the wetland.
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Discussion
Using published prices for operation inputs and estimates of time and labor
required from field investigations, I estimated that the total costs associated with
harvesting crayfish from moist-soil wetlands in the Mississippi Alluvial Valley may be
lower compared to published estimates of projected total costs associated with harvesting
crayfish from fields with planted forage in Louisiana. The total cost of harvesting
crayfish in fields with planted forage in Louisiana is estimated to be $749.96 acre-1
($1856.33 ha-1; Boucher and Gillespie 2012) and the largest cost is fuel for irrigation
(33% of costs) followed by bait (frozen fish and manufactured; 15%), and labor (10%).
Removing costs associated with planting rice and irrigation resulted in reductions of total
costs by 50% (for Scenario 1) to 67% (for Scenario 2). As with costs estimated for
Louisiana rice field crayfish harvest enterprises, the costs I estimated should be used as a
guide for landowners considering harvesting crayfish from moist-soil wetlands in the
MAV and should not represent average conditions (Boucher and Gillespie 2012).
Although I provide estimates of production costs under 4 scenarios with varying amounts
of costs associated with labor and purchase of harvest aides (i.e., traps), specific activities
such as trapping frequency and trap density may change depending on landowner
preferences. Local variations in prices for fuel, bait, and labor may also influence
production costs. Furthermore, I estimated breakeven prices using field-derived data of
crayfish yield. Wetlands chosen for the field study were not followed over successive
years and significant annual variation in crayfish population dynamics may affect yield.
Nonetheless, I provide data and tables that can be used by landowners to determine
production costs specific to their wetlands.
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When included in budgets, labor was the greatest cost associated with harvesting
crayfish from moist-soil wetlands in the MAV. In Louisiana, 80% of farmers harvest
crayfish using a ‘crawfish combine,’ a boat propelled with a hydraulic foot that allows it
to be operated within a flooded field as well as over levees (Romaire 1995; Gillespie et
al. 2012). The purchase price ($10,000), annual use (1,098 hrs) and repair rate (40% of
total purchase price over the lifetime of the equipment) of a crawfish combine as reported
by Boucher and Gillespie (2012) are greater than an ATV used to harvest crayfish from
moist-soil wetlands (Table 2.3). However, the performance rate for the crawfish combine
of 0.075 hrs acre-1 (i.e., 0.18 hrs ha-1; the time needed to harvest crayfish from one acre)
is much less than the 0.2 hrs acre-1 (0.49 hrs ha-1; Table 2.3) performance rate of the ATV
I estimated. Because of these differences, the proportion of total costs attributed to labor
for harvesting crayfish from moist-soil wetlands was greater than that of harvesting
crayfish from fields with planted forage. Labor increased to 32% (Scenario 1) and 42%
(Scenario 3) of the total operation costs for harvesting crayfish from moist-soil wetlands
compared to 10% for harvesting crayfish in Louisiana. However, the incidence of a
private landowner hiring a laborer to harvest crayfish from moist-soil wetlands is
unknown and scenarios 2 and 4 reflect this.
The cost associated with the purchase of crayfish traps was not included in
budgets for harvesting crayfish from fields with planted forage in Louisiana (Boucher and
Gillespie 2012). Those budgets were created for distribution to crayfish harvest
enterprise owners in Louisiana that have already established operations and likely do not
need to purchase traps annually. However, I included the cost for traps for the first year
of harvesting crayfish from moist-soil wetlands (Scenarios 1 and 2) so that landowners
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are aware of the initial costs associated with the purchase of traps. Whereas traps are
built to withstand the harsh conditions of flooded rice fields and repeated use (Romaire
1995), it is likely that producers in Louisiana occasionally purchase replacement traps.
Therefore, landowners should anticipate replacement of perhaps 10% of all traps every
three years which would be equivalent to 1 trap ($8.25) every three years, which is
considered an insignificant cost.
Breakeven prices for crayfish harvested from rice fields in Louisiana are
estimated assuming total yield is 600 lbs acre-1 (675 kg ha-1) over a 71 day harvest season
(Boucher and Gillespie 2012). Estimates for total yield of crayfish from moist-soil
wetlands in the MAV were extrapolated from estimates of average daily yield of crayfish
I determined from field surveys (Chapter I). Due to logistical and time constraints, field
surveys included no more than 9 days of harvesting at each of 42 surveyed wetlands in
the MAV. Therefore, I could not estimate total crayfish yield from each surveyed
wetland and had to estimate a total yield of crayfish to enter into budgets by assuming a
harvest season length that was likely used by private landowners in the MAV. The
estimated total yield of crayfish from moist-soil wetlands in the MAV, regardless of
species or size, is substantially lower (i.e., 96 lbs acre-1 or 108 kg ha-1; Table 2.6) than
total yield of crayfish from rice fields in Louisiana. However, the lower total yield was in
part due to my inclusion of a shorter harvest season (45 days) compared to the average
harvest season in fields with planted forage (71 days). I did not evaluate marginal costs
associated with additional days of harvesting that would increase the total yield of
crayfish (Jolly and Clounts 1993). It is unknown if changing the level of harvest effort
would influence crayfish population structure and yield. Furthermore, I assumed that the
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average daily yield estimated from the field study would be constant throughout the
harvest season. The ecological sustainability of crayfish harvest practices should be
evaluated before more sophisticated economic analyses such as marginal cost curve
modeling are attempted.
The breakeven price for field-run crayfish to cover all specified costs associated
with harvesting crayfish from fields with planted forage in Louisiana is $1.25 lb-1 ($2.75
kg-1) for single crop operations (i.e., rice is not harvested; Boucher and Gillespie 2012). I
estimated the breakeven selling price for field-run crayfish from moist-soil wetlands to be
$3.86 lb-1 ($8.49 kg-1), which likely would not compete with prices for crayfish from
Louisiana. However, landowners should evaluate crayfish populations in their wetlands
to determine if breakeven selling prices can be reduced due to an increase in yield. For
wetlands where crayfish harvested are primarily red swamp crayfish breakeven prices are
reduced, even when costs for labor are included in field operations (Table 2.8). The
breakeven price for crayfish harvested from these wetlands under Scenario 4 were nearly
equal ($1.24 lb-1, $2.73 kg-1) to the breakeven prices estimated by Boucher and Gillespie
for crayfish harvested in Louisiana (2012). Furthermore, because wetlands with red
swamp crayfish also have a larger percentage of crayfish that are ‘preferred’-sized (Table
2.6), an opportunity exists to actually realize a net profit if crayfish are sold at different
prices depending on graded size class. The most recent estimates of selling prices for
‘preferred’-sized crayfish from fields with planted forage in Louisiana range between
$0.70 and $2.00 lb-1 ($1.54 kg-1 - $4.40 kg-1; Romaire et al. 2005) and retail prices for
larger crayfish have been observed at $5.00 lb-1 ($11.00 kg-1) in markets outside of
Louisiana (personal observation). Potential selling prices for ‘preferred’-size red swamp
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crayfish of $1.86-4.20 lb-1 ($4.09 – 9.24 kg-1) are more competitive with Louisiana
markets. Therefore, landowners that have wetlands where red swamp crayfish are the
dominate species likely have the most marketable product and the opportunity for a
selling price that exceeds breakeven price. Landowners, however, should consider costs
associated with grading crayfish that were not included in these estimates of selling
prices before the decision to grade crayfish are made.
Although the breakeven price of $3.59 lb-1 ($7.50 kg-1) needed to recover costs of
operations for harvesting white river crayfish from moist-soil wetlands without hired
labor is still substantially higher than prices for crayfish harvested from fields with
planted forage in Louisiana, landowners should recognize the recreational value of
harvesting crayfish from their wetlands (i.e., Scenarios 2 and 4). For example, when
consumers purchase live crayfish for ‘boils’ in the Southeast United States, they often
purchase crayfish in 40 lb (18 kg) increments with a total purchase price of $100-200. If
a landowner harvests his own crayfish from a 20 acre (8 ha) moist-soil wetland where
white river crayfish dominate, it would take two days to harvest 40 lbs (18 kg) of crayfish
at an average cost of $5.50 acre-1 day-1 ($13.61 ha-1`day-1; Scenario 2) or $3.64 acre-1 day1

($9.00 ha-1`day-1; Scenario 4). Under Scenario 4 the total cost for harvesting white river

crayfish for two days would equal $145.60 which is comparable to the retail price of
crayfish.
Operation budgets and selling prices estimated from harvesting crayfish from
moist-soil wetlands demonstrate that moist-soil wetland management provides an
economically and recreationally important ecosystem service. At the least, crayfish
harvesting enterprises in moist-soil wetlands are valued at $163.89 acre-1 ($405.67 ha-1)
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when crayfish are harvested by the landowner. However, when costs associated with
hired labor are included in operation budgets, the investment value more than doubles.
Because yield and selling price of crayfish from some wetlands may match those from
highly productive fields with planted forage in Louisiana, using volunteer moist-soil
vegetation as a forage base for crayfish should be reconsidered within the MAV. The
Louisiana crayfish industry has taken a substantial assault from Chinese imports and a
need exists to promote consumption of domestic products (Romaire et al. 2005).
Harvesting crayfish from moist-soil wetlands may increase domestic production while
providing other important ecological and environmental benefits. Furthermore, the
establishment of crayfish enterprises on private moist-soil wetlands, especially those with
hired labor, should be further evaluated for their economic impact to the local
community.
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Table 2.1

Definitions and descriptions of abbreviations and acronyms used in creating
operation budgets for harvesting crayfish from moist-soil wetlands in the
Mississippi Alluvial Valley. Definitions of budget inputs adapted from
Laughlin and Spurlock (2008).

Abbreviation
or Acronym

Definition

Description

MAV

Mississippi Alluvial Valley

Floodplain of the Lower
Mississippi River Basin located
in Missouri, Tennessee,
Arkansas, Mississippi, and
Louisiana

MSBG

Mississippi State Budget Generator

Software used create operation
budgets and estimate breakeven
selling prices

ATV

All-terrain Vehicle

Four-wheeled personal vehicle

G

Gasoline

Price of gasoline per gallon in
2013 (US$)

W

Wage Rate

Minimum wage of field labor
worker

T

Times Over

Multiplier to indicate how many
times the operation was carried
out per acre

PR

Performance Rate

Time spent in field operations
expressed as hours acre-1

FC

Fuel Consumption Rate

Rate of fuel consumption by
self-propelled equipment
expressed as gallons hour-1

V

Purchase Value

Retail purchase price of selfpropelled equipment

RMR

Repair and Maintenance Rate

Percent of purchase value spent
on general repairs and
maintenance for self-propelled
equipment
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Table. 2.1 Continued
RMC

Repair and Maintenance Cost

Cost of repair and maintenance
for use of self-propelled
equipment

L

Useful life

Expected life of self-propelled
equipment expressed in years

U

Annual use

Hours of use per year for selfpropelled equipment

S

Salvage Value

Value of self-propelled
equipment at the end of its
useful life expressed as a
percentage of its purchase price

ACR

Annual Capital Recovery

Fixed cost associated with use of
self-propelled equipment
expressed as a function of
interest

ITIR

Intermediate interest rate

Rate of interest charged when
calculating capital recovery for
durable inputs.

CFR

Capital recovery factor

Percentage of purchase price of
self-propelled equipment that
must be recovered annually

STIR

Short-term interest rate

Rate of interest charged when
calculating interest costs for
purchased or hired operating
inputs.

P

Price

Purchase price of nondurable
goods

Q

Quantity

Amount of nondurable good
used in field operations
expressed as quantity acre-1

TDC

Total Direct Cost

Sum of direct costs for operating
self-propelled equipment or use
of nondurable goods
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Table 2.2

Scenario

Descriptions of four harvesting scenarios used to create operation budgets
and estimate breakeven selling prices of crayfish harvested from moist-soil
wetlands in the Mississippi Alluvial Valley.
Description

1

Harvest of crayfish from moist-soil wetlands during the first year with hired
labor. Costs of purchasing crayfish traps included.

2

Harvest of crayfish from moist-soil wetlands during the first year without
hired labor. Costs of purchasing crayfish traps included.

3

Harvest of crayfish from moist-soil wetlands during second year with hired
labor. Costs of purchasing crayfish traps not included.

4

Harvest of crayfish from moist-soil wetlands during second year without
hired labor. Costs of purchasing crayfish traps not included.
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a

30

6,500
6,500

400cc ATV

400cc ATV
with labor
25

25

45

45

200

200

800

800

8

8

5

5

0.5

0.5

2.5

2.5

FC
(gal hr-1)

0.2

0.2

1

1

PR
(hr ac-1)

Definitions and descriptions of abbreviated terms provided in Table 2.1.

30

30

25,000

1/ 2 ton Pickup
truck with labor

30

S
(%)

25,000

Va
($)

Attributes
RMR
U
L
(%)
(hrs) (yrs)

2.00

0

10.04

0

Labor

0.33

0.33

8.45

8.45

Fuel

0.20

0.20

2.81

2.81

RMC

Direct Costs ($ acre-1)

2.54

0.54

21.3

11.26

TDC

0.71

0.71

5.11

5.11

ACR

3.26

1.25

26.41

16.37

Total

Total Costs ($ acre-1)

Estimated purchase price, percent salvageable, use, fuel consumption, performance rate, and estimated direct and
fixed costs associated with use of self-propelled equipment during harvest of crayfish from moist-soil wetlands in the
Mississippi Alluvial Valley.

1/2 ton Pickup
Truck

Equipment

Table 2.3
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P

((V × (1-S × 0.01) × CFRb) + (V × S × 0.01 × ITIR))
U

T×Q

T × PR

T × PR × FC
T × PR
T × PR

Ga
W
(V × RMR × 0.01)
(L × U)

Interest on Operating Capital

TDC
(STIR × 0.01 × monthc)
12
a Definitions and descriptions of abbreviated terms provided in Table 1.
b CRF = ITIR/(1-(1+ITIR)-L)
c month = 8 - month of operation if month of operation is earlier than July and month = 20 - month of operation if month of
operation is later than July

Nondurable Goods
Direct Costs

Fixed Costs
Annual Capital Recovery

Quantity

Price

Formulas used to calculate direct costs, fixed costs, and interest on operating capital for operations related to
harvesting of crayfish from moist-soil wetlands in the Mississippi Alluvial Valley. Formulas adapted from
Mississippi State Budget Generator software (Laughlin and Spurlock 2008).

Input Category
Self-Propelled Equipment
Direct Costs
Fuel
Labor
Repair and Maintenance

Table 2.4
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Table 2.5

Description and estimated price of nondurable goods used to create budgets
and estimate breakeven selling prices for harvesting crayfish from moist-soil
wetlands in the Mississippi Alluvial Valley.
Item
Manufactured crayfish bait
Crayfish traps
Ice chest
Hip waders
Crayfish sacks

Unit
lbs
each
each
pair
each

Price ($)
0.24
8.25
22.88
69.99
0.30

Estimates of daily (lbs acre-1 day-1) and total yield (lbs acre-1) of field run
and preferred-size (i.e., 15 count per pound) crayfish and percent of
preferred sized individuals in total catch from 42 moist-soil wetlands in the
Mississippi Alluvial Valley during 2009-2011 used in analyses of
production costs and breakeven selling prices.

Table 2.6

Field run
Preferred
b
Type
Daily yield Total yield
Daily yield Total yield
%
All
2.13
95.99
0.83
37.20
38.75
Red
2.93
131.99
1.25
56.39
42.72
White
1.07
48.00
0.29
13.20
27.50
Mix
1.86
83.59
0.80
36.00
43.07
a
Wetland crayfish population types were designated based on the relative
abundance of each species. Procambarus clarkii represented more than 75% of the
total catch in ‘Red’ population types; P. zonangulus represented more than 75% of
the total catch in ‘White’ population types; and ‘Mix’ population types were
designated for wetlands where relative abundance of both species was no more than
75% and no less than 25%.
b
Total yield was estimated based on a hypothetical 45-day harvest season.
a
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3.86

$ lb-1

Breakeven selling price

96.00

lb acre-1

45.18

Yield

1.00

325.57

3.17

370.75

45.18

1.00

82.50
3.50
1.14
0.68
71.28

27.00
122.20
14.08

Cost

$ acre-1

acre

$ acre-1

3.50

10.00
0.05
0.05
2.25
297.00

7.99
12.18
1.00

Q

Scenario 1

Total specified costs

Fixed costs
Self-Propelled Equipment

Total direct costs

acre

each
pair
each
each
lb

Nondurable goods
Crayfish traps
Waders
Ice chest 48qt
Sacks
Manufactured bait

Interest on operating
capital

3.38
10.04
14.08

gal
hour
acre
8.25
69.99
22.88
0.30
0.24

Price

Unit

a

1.00

1.00

2.57

96.00

247.51

45.18

202.33

2.13

82.50
3.50
1.14
0.68
71.28

14.08

1.00
10.00
0.05
0.05
2.25
297.00

27.00

Cost

7.99

Q

Scenario 2

1.00

1.00

0.05
0.05
2.25
297.00

7.99
12.18
1.00

Q

2.99

96.00

287.13

45.18

241.95

2.05

3.50
1.14
0.68
71.28

27.00
122.20
14.08

Cost

Scenario 3

1.00

1.00

0.05
0.05
2.25
297.00

1.00

7.99

Q

1.70

96.00

163.89

45.18

118.71

1.01

3.50
1.14
0.68
71.28

14.08

27.00

Cost

Scenario 4

Summary of costs ($ acre-1) and breakeven selling prices ($ lb-1) associated with 4 Scenarios (Table 2.2) for harvesting
crayfish from moist-soil wetlands in the Mississippi Alluvial Valley. Breakeven selling prices are based on yields of
field-run crayfish regardless of species.

Item
Direct costs
Self-Propelled Equipment
Fuel
Labor
Repair and maintenance

Table 2.7
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Table 2.8

Sensitivity analysis of selling prices ($ lb-1) of crayfish harvested from
moist-soil wetlands in the Mississippi Alluvial Valley under four operating
scenarios. Estimates of total yield were varied based on species harvested
and proportion of crayfish harvested that were >30g individual weight (i.e.,
preferred graded class). Potential selling prices of preferred-sized crayfish
are assumed to be 150% greater than breakeven selling prices of field-run
crayfish.

Scenarios

All

1
2
3
4

3.86
2.57
2.99
1.70

Wetland crayfish population typea
Red
White
Breakeven price for field-run crayfish
2.80
7.72
1.87
5.15
2.17
5.98
1.24
3.41

Mix
4.43
2.96
3.34
1.96

Potential price for preferred-sized crayfish
1
5.79
4.20
11.58
6.64
2
3.85
2.80
7.72
4.44
3
4.48
3.25
8.97
5.01
4
2.55
1.86
5.11
2.94
a
All, average yield across all wetlands regardless of species of crayfish present; Red,
yield of crayfish estimated from wetlands where >75% of the total catch is red swamp
crayfish; White, yield of crayfish estimated from wetlands where >75% of the total catch
is white river crayfish; Mix, yield of crayfish estimated from wetlands where <75% of the
total catch was either red swamp or white river crayfish and >25% of the total catch was
either red swamp or white river crayfish.
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CHAPTER III
CONSUMER ACCEPTABILITY, PROXIMATE COMPOSITION,
AND FATTY ACID PROFILES OF CRAYFISH HARVESTED
FROM RICE FIELDS AND MOIST-SOIL WETLANDS 1

Production and harvest of crayfish (Procambarus spp.) for human consumption in
the United States amount to 57,000 metric tons and $150-170 million annually in the
southern United States (LSU AgCenter 2013). Most crayfish sold for human
consumption are red swamp crayfish (P. clarkii) and harvested from rice fields in
southern Louisiana. Less than 15% of crayfish sold for human consumption are
harvested from natural swamps in the Atchafalaya Basin in Louisiana and other wetland
areas throughout southeastern United States (McClain et al. 1998, LSU AgCenter 2012).
Rice is the preferred forage-base for crayfish due to its stem silica content which
makes rice stubble resistant to decomposition (Avery and Lorio 1999) and provides
attachment sites for microbial consumers of detritus and aquatic invertebrates on which
crayfish feed (Alcorlo et al. 2004). For rice and crayfish double cropping practices in
Louisiana, rice is planted in spring and harvested in early fall. Paddies are then reflooded
_______________________
1

Alford, A.B., M.W. Schilling, and R.M. Kaminski. 2014. Consumer acceptability of
crayfish harvested from commercial production fields and moist-soil wetlands. Journal of
Aquatic Food Product Technology Accepted.
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in late fall and crayfish are harvested from December through May. Following crayfish
harvest season, paddies can be replanted in rice or allowed to grow moist-soil vegetation
(i.e., wetland hydrophytes) while idled (McClain et al. 1998).
Moist-soil wetland management is a conservation strategy designed to provide
habitat for migratory waterfowl and other wildlife (Fredrickson and Taylor 1982,
Reinecke et al. 1989, Kross et al. 2008). Hydrology is managed in moist-soil wetlands to
encourage the growth of annual vegetation, mostly grasses and sedges that produce
abundant seeds and tubers which serve as forage for waterfowl and other wildlife.
Recent efforts to characterize macroinvertebrate communities in moist-soil wetlands in
the Mississippi Alluvial Valley (MAV) indicate that crayfish are notably abundant in
these habitats (Hagy 2010). Creating and managing moist-soil wetlands have potential to
provide opportunities for natural crayfish harvest and thus additional recreational and
monetary gains for landowners (Chapters I and II). Indeed, landowners have yet to
capitalize on crayfish harvests from moist-soil wetlands in the MAV (United States
Department of Agriculture [USDA] 2006).
Recommendations for healthy human nutrition include consumption of seafood,
including fish, shrimp, and crayfish which are high in essential fatty acids (Mozaffarian
and Rimm 2006). Per capita consumption of and demand for seafood in the United States
has increased >45% since the 1970s (Naylor et al. 2000, Food and Agriculture
Organization of the United Nations 2012). Concerns exist regarding possible differences
in nutritional content and consumer acceptability of many seafood species that are
available from different sources such as wild stocks and aquaculture (Nettleton and Exler
1992, Erickson et al. 2006, Verbeke et al. 2007). Differences in forage types available to
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crayfish (i.e., rice or natural vegetation) may affect nutritive value and flavor quality
through alterations of moisture and protein contents and fatty acid concentrations (Morris
et al. 1995, Sales 2010). People may avoid consuming crayfish harvested from moist-soil
wetlands because of a perception of inferior palatability (Pitre 1993, Zhang 2004).
Additionally, people who regularly consume a specific food type may be able to
differentiate between seafood harvested from different environments or are exposed to
natural forage or formulated feeds (Luckow and Delahunty 2004).
If native crayfish harvested from moist-soil wetlands are to be marketed for
human consumption, a comparison to crayfish harvested from rice fields with respect to
consumer acceptability, proximate composition, and fatty-acid profiles is essential
(Verbeke et al. 2007). Therefore, my objectives were to 1) compare consumer
acceptability of crayfish harvested from moist-soil wetlands and rice fields and determine
if variability in consumer acceptability was influenced by consumer demographics or
consumptive behavior, 2) determine the proximate composition of crayfish harvested
from moist-soil wetlands and those harvested from rice fields, and 3) provide fatty acid
profiles of crayfish from the aforementioned environments. Hereafter, harvest practices
will be referred to as rice field (i.e., crayfish harvested from commercial paddies planted
with rice) and moist-soil (i.e., crayfish harvested from moist-soil wetlands with naturally
occurring hydrophytes).
Methods
Panelist Recruitment
I recruited crayfish consumers (n = 149) through a Mississippi State University
(MSU) campus wide e-mail and conducted two daily evaluations of consumer
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acceptability. I conducted the evaluations over two consecutive days immediately after
harvesting, processing, and preparing crayfish for panelist evaluations (details follow
below). Recruited panelists consisted of MSU faculty, staff, students, and members of
the Starkville, Mississippi community. I offered a complimentary $10 (US) gift card to a
local grocery store for participating in the evaluation. Panelists were only allowed to
participate during one day of the evaluations.
Collection and Preparation of Crayfish Samples
I harvested red swamp crayfish from rice fields and moist-soil wetlands on 9-10
May 2011. Local producers in Kaplan, Louisiana and Morse, Louisiana assisted with
harvesting crayfish from rice fields. I collected crayfish from moist-soil wetlands in
Louisiana and Mississippi concurrently with research presented in Chapters I and II. All
crayfish were harvested from rice fields and moist-soil wetlands using pyramid-style
crawfish traps set overnight and baited with a commercially available formulated feed
(Purina Cajun World™ Crawfish Bait, Purina Mills, L.L.C., St. Louis, Missouri). After
harvesting, I stored crayfish in harvest sacks in ice-packed coolers and transported them
to a walk-in cooler (2-4° C) at the MSU College of Forest Resources. The following
morning, I washed crayfish with tap water to remove any vegetation or debris in
preparation for the consumer acceptability panels.
I prepared crayfish samples at the MSU Garrison Sensory Evaluation Laboratory
in the Department of Food Science, Nutrition and Health Promotion. I randomly selected
and placed approximately 30 live crayfish from each harvest practice into separate 11.4L
stock pots with boiling water and cooked samples for 10 minutes after the water
maintained a constant boil. Then, I removed the abdominal muscle (i.e., tail meat) from
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15 rice field and 15 moist-soil crayfish while retaining the remaining cooked crayfish
whole. I removed the midgut gland (i.e., the hepatopancreas or commonly referred to as
crayfish ‘fat’ or ‘butter’) from the abdominal muscle samples. I kept samples above 60°
C in labeled chafing dishes until I presented crayfish to panelists. To ensure freshness of
crayfish for panelists, I replaced whole crayfish and abdominal muscle samples with
freshly prepared samples every 30 minutes.
Consumer Acceptability
Panelists evaluated four crayfish samples under fluorescent lighting in a wellventilated, temperature controlled room. First, I provided each panelist samples of
abdominal muscle from moist-soil and rice field crayfish in plastic cups (89 ml Solo
Souffle dish) labeled with a random three-digit number. I provided panelists with an
evaluation sheet and asked them to evaluate samples of abdominal muscle for taste,
texture, appearance, aroma, and overall acceptability based on a nine-point hedonic scale.
The values for the scale were: 1, dislike extremely; 2, dislike very much; 3, dislike
moderately; 4, dislike slightly; 5, neither like nor dislike; 6, like slightly; 7, like
moderately; 8, like very much; and 9 like extremely (Meilgaard et al. 2007). I also
provided panelists with drinking water, unsalted crackers, and expectorant cups to
remove residual flavors between sample evaluations. On the evaluation sheet, I asked
panelists to evaluate all attributes for each sample before evaluating the next sample, and
I randomized sample order to account for sampling order bias. After panelists evaluated
prepared abdominal muscle samples, I provided a second tray of cooked whole crayfish
samples from each harvest practice, an evaluation sheet, and asked panelists to evaluate
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whole crayfish samples for the same descriptors as used with for the abdominal muscle
samples.
Individual peeling and consumption practices of consumers of crayfish vary (Pitre
1993). My inclusion of whole unpeeled crayfish and abdominal muscle samples allowed
panelists to evaluate both presentations of crayfish. Additionally, I queried panelists on
their seafood consumption behaviors (i.e., frequency of seafood consumption) and asked
them to volunteer demographic information of age and gender. The consumer
acceptability trial was approved by the MSU Institutional Review Board for the
Protection of Human Subjects in Research (IRB # 11-119).
Proximate Composition Analysis
I retained 30 live crayfish from each harvest practice (Table 3.1) and stored
samples at 0 C° until proximate analysis were performed during September 2011. I then
thawed samples, removed abdominal muscles from the exoskeletons, and discarded the
midgut gland. I grouped random samples of 6 abdominal muscles together for a total of 5
replicate analyses per rice field or moist-soil harvest practice. Proximate analyses were
conducted in duplicate by staff at the H.W. Essig Nutrition Laboratory in the MSU
Department of Animal and Dairy Sciences. Samples were analyzed for dry matter and
moisture (%) by drying, ash (% of dry matter) by incineration, crude protein (% of dry
matter) by Khjedal digestion, total crude lipid (% of dry matter) by ether extraction, and
gross energy (kcal/100 g) by bomb calorimetry according to standard methods (AOAC
2003).
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Fatty Acid Profile Analysis
I randomly selected an additional 30 live crayfish from each harvest practice,
prepared them as described for the consumer acceptability trials, removed the abdominal
muscles, and stored samples at 0 C° until chemical analysis. Prior to analysis, I grouped
random samples of 10 abdominal muscles together for a total of 3 replicate analyses per
harvest practice. I used cooked rather than raw samples, because composition of
beneficial fatty acids is influenced by cooking and humans consume only cooked crayfish
(Mustafa and Medeiros 1985, Musaiger and D’Souza 2011). As for proximate analysis, I
removed the midgut gland. Fatty acid profiles (mg/100g triglyceride mass) were
determined by hydrolytic extraction and gas chromatography with a flame ionization
detector by the staff at the Mississippi State Chemical Laboratory, Mississippi State,
Mississippi using standard methods (modified AOAC 996.06, 963.22, and 969.33;
AOAC 2003).
Statistical Analysis
I tested for possible differences in acceptability of taste, texture, appearance,
aroma, and overall acceptability of abdominal muscle and whole crayfish samples
harvested from moist-soil wetlands and rice fields in randomized complete block design
analysis of variances (ANOVA; α = 0.05), designating panelists as blocks in PROC GLM
in SAS (version 9.2 SAS Institute, Cary, North Carolina, USA). Although the data
analyzed were ordinal scaled and nonparametric, parametric general linear model
procedures typically produce equivalent results and are the preferred analytical methods
used to test differences in hedonic scale data collected in sensory studies (Park et al.
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2007). I evaluated plots of residuals and determined that the assumptions of homogeneity
of variances and normality were met.
I performed agglomerative hierarchical clustering on consumer responses for
overall acceptability to determine if groups of panelists existed based on differences in
acceptability ratings of the crayfish samples. (Erickson et al. 2006). I used Euclidean
distance and Ward’s method of aggregation criterion in XLSTAT to evaluate data for
clustering (version 2007 Addinsoft USA, New York, New York). There is no standard
method to determine cluster assignment or cluster sizes, and cluster identification is
typically based on visual inspection of cluster dendograms. To determine cluster sizes, I
visually inspected dissimilarity cluster dendograms for distances between nodes and
determined clusters where dissimilarities between sub-nodes in the dendogram were
smaller than dissimilarity between higher nodes. My method ensured dissimilarity
between clusters was >30%. I further characterized clusters into groups of panelists
based on their preference for either rice field or moist-soil crayfish samples by comparing
mean overall acceptability scores between practices within clusters in one-way ANOVA
(α = 0.05) in PROC GLM. Finally, I examined associations between demographics and
frequency of seafood consumption among these groups of panelists in a chi-squared test
in PROC FREQ.
I evaluated differences in moisture, ash, protein, total lipid, gross energy, and total
fatty acid between harvest practices using t-tests (α = 0.05) in PROC TTEST. I further
characterized fatty acids as saturated (SFA), monounsaturated (MUFA), polyunsaturated
(PUFA), and long-chain polyunsaturated (lcPUFA) and tested for differences in total
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concentrations of these fatty acid groups between harvest practices using t-tests (α =
0.05).
Results
Panelists represented a wide range of demographics (Table 3.2). Of responding
panelists, 51% were male and 43% were female. Most panelists (70%) were 18 to 39
years of age. A majority of panelists (~60%) indicated that they consumed seafood at
least twice per month to once per week. Only four panelists (~3%) indicated that they
did not like seafood. To investigate the possibility that information provided by these 4
panelists affected the outcome of the analyses, I removed them from the data set and
reevaluated the analyses. Exclusion of these panelists did not affect the ANOVAs of
acceptability analyses and thus were included in final analyses.
Consumer Acceptability
Mean scores for aroma (F1, 148 = 5.77, P = 0.02; Table 3.3) and appearance (F1, 147
= 5.48, P = 0.02) of abdominal muscle samples differed between harvest practices with
rice field crayfish receiving greater acceptability scores for aroma and appearance than
moist-soil wetland crayfish. Mean panelist scores for both attributes and harvest
practices were characteristic of ‘like moderately’. There were no differences in panelist
scores for flavor (F1, 148 = 0.04, P = 0.85) and texture (F1, 147 = 1.85, P = 0.18); both
descriptors had scores characteristic of “like slightly” to “like moderately”. Additionally,
there was not a difference in mean overall acceptability of abdominal muscle samples
between harvest practices (F1, 146 = 0.99, P = 0.32). On average, panelists rated overall
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acceptability of both abdominal muscle samples between 7.0-7.2, which corresponded to
“like moderately”.
Mean scores for aroma of whole crayfish samples differed between harvest
practices with panelists indicating they liked the aroma of whole crayfish harvested from
rice fields slightly more than crayfish from moist-soil populations (F1, 148 = 4.41, P =
0.04; Table 3.3). Panelists’ scores for texture were greater for crayfish harvested from
rice fields (F1, 148 = 8.81, P < 0.01) compared to moist-soil crayfish. Unlike abdominal
muscle samples, there was no difference in scores for appearance of whole crayfish (F1,
148

= 0.77, P = 0.38) between harvest practices, with average panelist scores for both

practices ranking as “like moderately’ to “like very much”. There was no difference in
mean scores for flavor between harvest practices (F1, 148 = 1.90, P = 0.17). No difference
in overall acceptability (F1, 146 = 2.55, P = 0.11) existed between harvest practices. On
average, panelists rated overall acceptability of both whole crayfish samples as 6.8-7.0,
which corresponded to “like slightly” to “like moderately”.
Clusters of Consumers
Panelists were grouped into five clusters based on their overall acceptability of
abdominal muscles from the two harvest practices (Table 3.4). Cluster 1 included 32% of
the panelists and was characterized by panelists who scored the overall acceptability of
rice field crayfish samples greater than samples of crayfish from moist-soil wetlands
(F1,46 = 76.70, P < 0.01). Panelists in cluster 1 scored rice field abdominal muscles as
“liked moderately” to “like very much” and scored moist-soil samples as “liked slightly”
to “liked moderately”. Cluster 2, represented by 12% of the panelists, was also
characterized by panelists who scored the overall acceptability of rice field crayfish
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greater than crayfish harvested from moist-soil wetlands (F1,17 = 24.20, P < .01).
However, panelists in cluster 2 rated the overall acceptability of abdominal muscle
samples from both harvest practices lower when compared to cluster 1 panelists; panelists
in Cluster 2 scored rice field samples as “liked slightly” and moist-soil samples as
“dislike slightly. Cluster 3 consisted of 25% of the panelists who scored both samples
similarly (F1,35 = 0.06, P = 0.80) as “liked very much”. Clusters 4 (17%) and 5 (14%)
were characterized by panelists who rated overall the acceptability of abdominal muscle
samples from moist-soil wetlands greater than samples from rice fields. Panelists in
Cluster 4 scored moist-soil samples as “liked slightly” to liked moderately,” which was
greater than rice field samples which were scored as “neither like nor dislike” (F1,23 =
34.70, P <0.01). Panelists in Cluster 5 scored moist-soil samples as “liked very much,”
which was greater than rice field samples, which were scored as “liked slightly” to “liked
moderately” (F1,20 = 131.40, P < 0.01). Groupings of panelists based on their overall
acceptability scores of abdominal muscle samples from the two harvest practices were
independent of gender (χ² = 4.90, P = 0.09), age group (χ² = 4.40, P = 0.623), and
frequency of seafood consumption (χ² = 6.30, P = 0.39).
Panelists were grouped into four clusters based on their overall acceptability of
whole crayfish samples from rice field and moist-soil harvest practices (Table 3.5).
Cluster 1 included 23% of the panelists and was characterized by panelists who rated the
overall acceptability of whole rice field crayfish greater than moist-soil crayfish (F1, 33 =
48.50, P < 0.01). Panelists in Cluster 1 indicated that they “like slightly” to “liked
moderately” whole rice field crayfish while “neither liked nor disliked” moist-soil
crayfish samples. Cluster 2 represented 40% of the panelists and also was characterized
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by panelists who scored the overall acceptability of rice field samples greater than
samples from moist-soil populations (F1,58 = 18.60, P < 0.01). Clusters 3 (28% of
panelists) and 4 (9% of panelists) were characterized by panelists that scored overall
acceptability of whole moist-soil crayfish samples greater than samples from rice field
crayfish. Overall acceptability scores for moist-soil crayfish in Cluster 3 were greater
than scores for rice field crayfish samples (F1,39 = 39.20, P < 0.01). Panelists in Cluster
3 scored whole moist-soil crayfish as “liked moderately” when compared to rice field
crayfish which they scored as “liked slightly”. Overall acceptability for moist-soil
crayfish in Cluster 4 was also significantly greater (F1,12 = 5.74, P = 0.02) than
acceptability for whole rice field crayfish with rice field crayfish scored as “disliked
moderately” to “dislike slightly”. As with abdominal muscle samples, groupings of
panelists based on their overall acceptability scores of whole crayfish from the two
harvest practices were independent of gender (χ² = 1.33, P = 0.25), age group (χ² = 2.40,
P = 0.49) and frequency of seafood consumption (χ² = 1.48, P = 0.69).
Proximate Composition
Percent moisture (t8 = 1.03, P = 0.34), dry matter (t8 = -1.03, P = 0.33), ash (t8 = 0.68, P = 0.52), crude protein (t8 = 0.71, P = 0.50), total lipids (t8 = 0.70, P = 0.50), and
gross energy (t8 = -1.65, P = 0.14) of raw crayfish samples did not differ between the two
harvest practices (Table 3.6).
Fatty Acid Profiles
Cooked abdominal muscle samples from both harvest practices had similar total
saturated (t4 = 1.40, P = 0.23, df = 4; Table 3.7), monounsaturated (t4 = 1.58, P = 0.19),
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polyunsaturated (t4 = -0.47, P = 0.66), total long-chain polyunsaturated (t = -2.16, P =
0.10) and total fatty acid content (t4 = 0.37, P = 0.73). However, differences existed for
specific fatty acid concentrations between the two harvest practices. Concentrations of
palmitic acid (C16:0), the most common saturated fatty acid found in animals, were
different between harvest practices (t4 = 4.48, P = 0.01) and were 23% greater in crayfish
harvested from rice fields compared to samples of crayfish harvested from moist-soil
wetlands. Additionally, concentrations of pentadecanoic (C15:0; t4 = 5.00, P = 0.01) and
myristic (C14:0; t4 = 4.00, P = 0.02) acids were, on average, greater in rice field crayfish
abdominal muscles. Arachidonic acid (C20:4n6), a long-chain polyunsaturated ω-6 and
conditionally essential fatty acid, exhibited the greatest significant difference in mean
concentrations between harvest treatments (t4 = -4.91, P = 0.01). Concentrations of
arachidonic acid were 43% greater in cooked abdominal muscle samples from moist-soil
wetland crayfish than those from rice field crayfish.
Discussion
Panelists scored the aroma of cooked abdominal muscles and whole samples of
crayfish harvested from rice fields more liked than samples of crayfish harvested from
moist-soil wetlands. Similar results have been reported for flesh of wild and farmed
fishes, and the difference may be attributed to the different environmental conditions
experienced by the organism (Lindsay 1980, Shearer 1994). Although crayfish are
mostly omnivorous, they will select for animal prey (Momot 1995) and diversity of and
selection for animal prey is greater in natural wetlands compared to rice fields (Alcorlo et
al. 2004). Fish and shellfish that feed on a variety of prey have aromas and flavors
described as ‘fishy’ compared to more ‘bland’ tastes of species provided limited prey or
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feed (Edmunds and Lillard 1979). Certain flavor components of cooked crayfish
abdominal muscle produce unpleasant sulfur-like or pleasant buttery- or floral-like
aromas and their presence can be a result of food ingested by the organism (Vejaphan et
al. 1988). Furthermore, polyunsaturated and long-chain polyunsaturated fatty acids
create ‘fishy’ aromas (Kris-Etherton et al. 2000). I did not evaluate the prey available to
crayfish in rice fields or moist-soil wetlands, however concentrations of total long-chain
fatty acids were slighter greater in cooked crayfish harvested from moist-soil wetlands
(Table 3.7). Therefore, panelists may have detected some off-flavors and ranked
acceptability of aroma of moist-soil crayfish samples as less liked.
Stroud and Dalgarno (1982) found that panelists detected differences in the
appearance of cooked samples of wild and farmed lobsters and attributed these
differences to variability of carapace color. As with lobster samples, crayfish harvested
from rice fields had an orange, mottled appearance whereas wild crayfish exhibited a
darker magenta color (A. Alford, personal observation). Astaxanthin is a carotenoid
pigment which is responsible for the color of crayfish as well as other fish and shellfish
species (Wolfe and Cornwell 1965). While consumers have expressed preferences for
brighter cooked shellfish (Parisenti et al. 2011), it is unclear if the color of cooked
crayfish samples influence panelists’ scoring of appearance acceptability or if
concentrations of astaxanthin differ between crayfish harvested from rice fields or moistsoil wetlands.
Texture of tails of whole crayfish harvested from rice fields was scored greater
than texture of tails of whole crayfish harvested from moist-soil crayfish. Consumer
rankings of lobster samples also exhibited similar differences and were attributed to
102

variations in proximate composition such as moisture content of the muscle tissues
(Stroud and Dalgarno 1982). However, I did not detect a difference in moisture or dry
matter between the two harvest practices (Table 3.6) and therefore, proximate
composition likely did not contribute to panelist rankings of texture of crayfish samples.
The lack of distinct differences in overall acceptability of crayfish samples was
consistent with results of investigations with other seafood products. Although
consumers stated they could differentiate between and preferred specific species of
farmed and wild shrimp, they did not rate overall acceptability of Chinese, Indian, and
U.S. shrimp differently in blind taste tests (Erickson et al. 2006). Little variation also
was detected in overall acceptability of wild and cultured salmon (Farmer et al. 2000).
Through clustering techniques, I did detect groups of panelists that may represent
subpopulations (sensu Erickson et al. 2006) of consumers with different acceptances or
preferences for crayfish samples. Acceptability of or preference for alternate products
may be influenced by consumers’ previous experience with products (Kinnucan et al.
1993, Sveinsdόttir et al. 2009). However, frequency of consumption did not characterize
the groups of crayfish panelists, suggesting that other non-identified factors may have
influenced the observed clusters.
I did not detect significant differences in proximate composition between crayfish
samples from the two harvest practices. My results are similar to those provided by
Nettleton and Exler (1992) and the United States Department of Agriculture (2012)
which suggests my estimates of proximate composition are relatively accurate. Both
sources reported gross energy content of approximately 70-77 kcal/g which was slightly
less than the values for the current study (Table 3.6). However, the USDA (2012)
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estimates include all species of crayfish consumed in the United Sates, and the Nettleton
and Exler (1992) estimates were based on conversion factors for protein and carbohydrate
content rather than standard bomb calorimeter methods used in this study. The average
amount of detected lipid in crayfish from both harvest practices was less than 0.3%
(measured as a percentage of dried abdominal weight), considerably lower than estimates
of approximately 1% reported by Nettleton and Exler (1992) and USDA (2012). The
midgut gland in crustaceans is a storage site for lipids and inclusion of this organ in
proximate analyses can cause differences in estimates of total lipid content (HernándezVergara et al. 2003). Therefore, I elected to remove the midgut gland tissue from
samples prior to analysis. Nonetheless, my estimates of total fatty acids, which along
with other glycerols form total lipids, were similar to previous estimates provided for
raw, farmed crayfish by the USDA (2012). My sample sizes for proximate analyses were
small (i.e., n = 5 for each harvest practice; Table 3.6). However, the variation of each
parameter estimate was small relative to the mean (e.g., CV < 10%; Table 3.6).
In addition to diet, endogenous (e.g., size, life stage) factors can affect the
proximate composition and ultimately the quality and nutritive composition of seafood
products (Shearer 1994). For example, Edmunds and Lillard 1979 found that consumers
preferred larger shrimp with respect to texture. Crayfish can be marketed through a size
class grading system that increases profits to farmers (Romaire et al. 2005). I did not
control for size of crayfish samples in this investigation, but incorporated a range of sizes
that matched variability in the size of crayfish available for harvest (Table 3.1; Table 1.6
Chapter I). This decision may have increased the variability in the response of panelists,
estimates of nutritive composition, and may be responsible for the lack of detectable
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differences in overall acceptability and proximate composition. However, my results
represented the average crayfish available for harvest in both systems and were thus
appropriate for this experiment.
Similar to results reported by Chanmugam et al. (1986), I did not detect
differences in total saturated fatty acids, total monounsaturated fatty acids, total
polyunsaturated fatty acids, or total long-chain polyunsaturated fatty acids between
crayfish harvested from rice fields and moist-soil wetlands. There were significantly
greater concentrations of individual fatty acids beneficial to human health such as the
long-chain polyunsaturated arachidonic acid (C20:5) in moist-soil crayfish samples
compared to rice field crayfish samples (Table 3.7). Consumption of fish containing
conditionally essential fatty acids (fatty acids that are required when the true essential
fatty acids alpha-linolenic and linoleic acids are limited) such as eicosapentaenoic (EPA)
and docosahexaenoic (DHA) is recommended to improve cardiovascular health
(Mozaffarian and Rimm 2006). While excessive consumption of arachiodonic acid
(ARA) by humans can also inhibit its beneficial properties (Simopoulos 2008), ARA is
also conditionally essential as it required in the synthesis of EPA when true fatty acids
are not included in the diet and its concentration in fish and fish feeds is concern of
aquaculturists. It should be noted, however, that the fatty acid profiles of aquatic
organisms can be influenced by altering the availability of feed or prey taxa (Justi et al.
2003). Because I did not evaluate the prey available to crayfish and I only included
crayfish from a small sample of rice fields and moist-soil wetlands, further investigation
of the effect of prey availability on the fatty acid profiles of crayfish harvested from
different environments is needed.
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While not explicitly addressed in this survey of crayfish consumer acceptability, it
is of interest to note that general consumptive practices of seafood consumers is often
driven by ethical and environmental concerns rather than flavor or product form
(Wessells et al. 1999, Olsen 2004, Wirth et al. 2007). Whereas production of crayfish in
rice fields in Louisiana meets seasonal demands from consumers by avoiding
unpredictable harvests of crayfish from local wild fisheries (Alford and Walker 2013),
the crayfish industry has taken a substantial assault from Chinese imports and a need
exists to promote consumption of domestic products (Romaire et al. 2005, Thies and
Porche 2007). Imports of shellfish have increased two-fold since the 1970s while
domestic production has declined >30% (Food and Agriculture Organization of the
United Nations 2012). Zhang (2010:42) indicated that less than 6% of consumers
preferred imported Chinese crayfish products. If consumers are willing to pay more for
seafood products that are labeled as ‘wild caught’ (Davidson et al. 2012), ‘sustainable’
(Wessells et al. 1999), or with ‘country of origin’ (Erickson et al. 2006), identifying and
marketing value-added products from wetland management may help promote
consumption of domestic seafood while conserving wildlife habitats. The economic and
ecological importance of wetland conservation is well documented (Costanza et al. 1997,
Mitsch and Gosselink 2007) and evidence suggests that moist-soil wetland management
is an effective practice to provide habitat for wintering waterbirds and other wetland
species (Reinecke et al. 1989, Kross et al. 2008, Hagy and Kaminski 2012). There was
no detectable difference in overall acceptability between crayfish harvested from
Louisiana rice fields and moist-soil wetlands. Regardless of differences in panelists’
ratings for appearance, aroma, and texture, panelists considered all attributes of whole
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and abdominal muscle samples as well liked and minimal variation existed in the
nutritive qualities between harvest practices. These results in conjunction with known
behaviors of seafood consumption suggests that moist-soil wetland crayfish may be an
additional source of production to the United States market and may encourage the
consumption of domestic seafood. Accordingly, demonstrating monetary or other valuedriven returns from provisionary ecosystem services, such as capture fisheries provided
by wetland conservation, may provide landowners tangible evidence of the importance of
ecosystem restoration (Wallace 2007, Hyberg and Riley 2009, Murray et al. 2009).

Table 3.1

Mean wet mass (g ± SD; n = 30) of crayfish harvested from Louisiana rice
fields and moist-soil wetlands of the Mississippi Alluvial Valley and used in
fatty acid and proximate composition analyses.
Harvest practice
Rice field
Moist-soil

Fatty acid profile
23.1 ± 9.9
26.1 ± 15.3
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Proximate composition
21.1 ± 5.9
26.3 ± 15.8

Table 3.2

Frequency of demographics of panelists (n) who participated in consumer
acceptability trials evaluating acceptability of crayfish harvested from rice
fields and moist-soil wetlands.
Demographic
Gender
Male
Female
Age
18-29
30-39
40-49
50-59
60 and older
Like Seafood
Yes
No
Seafood Consumption
Never
Once per month
Twice per month
Once per week
2-4 times per week
5-7 times per week

Table 3.3

n

%

76
65

51.0
43.6

75
29
13
22
5

50.3
19.5
8.7
14.8
3.4

143
4

96.0
2.7

1
24
48
39
31
1

0.7
16.1
32.2
26.2
20.8
0.7

Mean scores (n = 149) for consumer acceptability of cooked abdominal
muscle and whole samples of crayfish harvested from rice fields and moistsoil wetlands.

Abdominal
Whole
Attribute
Rice field
Moist-soil
Rice field
Moist-soil
a
Appearance
7.4A
7.1B
7.6A
7.7A
Aroma
7.3A
7.0B
7.1A
6.8B
Flavor
6.9A
6.8A
6.7A
6.5A
Texture
7.5A
7.3A
7.5A
7.1B
Overall
7.2A
7.0A
7.0A
6.8A
a
Means within rows and harvest practice followed by different letters are
significantly different (P < 0.05).
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Table 3.4

Mean overall acceptability scores of cooked crayfish abdominal muscle
samples from crayfish harvested from rice fields and moist-soil wetlands
within each cluster of panelists.
Source
Cluster
Group
Rice field
Moist-soil
n
1
Rice field
47
7.7Ab
6.8B
2
Rice field
18
6.4A
4.3B
3
No preference
36
8.3A
8.3A
4
Moist-soil
24
5.3B
6.7A
5
Moist-soil
21
6.7B
8.1A
a
Clusters of panelists were identified based on the similarity of overall
acceptability scores using hierarchical clustering methods and groups of
panelists were generalized into preference types based on which harvest
practice they scored highest.
b
Means within rows followed by different letters are significantly different
(P < 0.05).
a
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Table 3.5

Mean overall acceptability scores of cooked whole crayfish harvested from
rice fields and moist-soil wetlands within each cluster of panelists.
Source
Cluster
Group
Rice field
Moist-soil
n
b
1
Rice field
34
6.8A
5.0B
2
Rice field
59
8.2A
7.8B
3
Moist-soil
40
6.5B
7.5A
4
Moist-soil
13
3.6B
5.1A
a
Clusters of panelists were identified based on the similarity of overall
acceptability scores using hierarchical clustering methods and groups of
panelists were generalized into preference types based on which harvest
practice they scored highest.
b
Means within rows followed by different letters are significantly
different (P < 0.05).
a

Table 3.6

Mean (±SD) proximate composition of abdominal muscle samples from
crayfish harvested from rice fields (n = 5) and moist-soil wetlands (n = 5).
Ash, crude protein, and total lipid are expressed as percentage of total dry
matter.
Composition
% Dry Matter
% Moisture
% Ash
% Crude Protein
% Total Lipid
Kcal/g

Rice field
19.6 ± 0.73
80.4 ± 0.73
5.97 ± 0.31
87.5 ± 6.70
0.26 ± 0.10
98.4 ± 5.84
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Source
Moist-soil
20.2 ± 1.14
79.8 ± 1.14
5.85 ± 0.20
84.5 ± 6.33
0.22 ± 0.05
105 ± 6.07

Table 3.7

Mean (±SD) fatty acids (mg/100 g triglyceride equivalent) of cooked
abdominal muscle samples from crayfish harvested from rice fields (n = 3)
and moist-soil wetlands (n = 3).
Source

Fatty acid
Rice field
Moist-soil
C14:0 Myristic a
6.00 ± 1.00
3.33 ± 0.58
a
C15:0 Pentadecanoic
8.00 ± 0
6.33 ± 0.58
a
C16:0 Palmitic
135 ± 10.0
104 ± 6.51
C17:0 Heptadecanoic
12.3 ± 1.15
13.3 ± 1.53
C18:0 Stearic
57.3 ± 5.13
56.7 ± 5.13
C20:0 Arachidic
7.33 ± 2.08
11.3 ± 3.78
C22:0 Behenic
6.67 ± 2.31
9.67 ± 2.52
C24:0 Lignoceric
27.3 ± 10.3
27.7 ± 9.45
C16:1 Palmitoleic
21.3 ± 6.43
15.3 ± 1.53
C18:1(cis) Oleic
147 ± 24.9
124 ± 12.3
C18:2 Linoleic cis-9
127 ± 20.9
118 ± 11.5
C18:3n6 Linolenic
15.7 ± 26.3
1.67 ± 0.58
C18:3n9 Linolenic
31.0 ± 6.56
38 ± 7.55
C20: 1 Eicosenoic
5.00 ± 1.00
6.00 ± 1.00
C20:2 Eicosadienoic
8.00 ± 1.73
10.7 ± 1.53
C20:3n8 Eicosatrienoic
3.00 ± 0
3.33 ± 0.58
C20:3n11 Eicosatrienoic 3.00 ± 1
4.33 ± 1.53
a
C20:4 Arachidonic
39.7 ± 5.51
70.0 ± 9.16
C20:5 Eicosapentaenoic
78.3 ± 15.5
89.3 ± 16.7
b
Total FA
742 ± 107
714 ± 80.1
Total SFA
260 ± 25.4
233 ± 22.8
Total MUFA
176 ± 29.8
146 ± 14.8
Total PUFA
188 ± 37.4
176 ± 20.8
Total lcPUFA
118 ± 21.0
159 ± 25.6
a
Means are significantly different (P < 0.05)
b
FA, fatty acid; SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA,
polyunsaturated fatty acids; lcPUFA, long-chain polyunsaturated fatty acids.
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CHAPTER IV
NUTRIENT AND SEDIMENT EXPORTS FROM MOIST-SOIL WETLANDS AND
AGRICULTURAL LANDS IN THE MISSISSIPPI ALLUVIAL VALLEY

The Mississippi Alluvial Valley (MAV) was once a 10 million ha bottomland
hardwood floodplain of the Mississippi River and its tributaries (Reinecke et al. 1989).
Winter and spring floods led to scouring of land, meandering of stream channels and
deposition of sediments, thereby facilitating movement of sediments and nutrients
between rivers and floodplain wetlands (Junk et al. 1989). However, during the 19th and
20th centuries, expansion of human settlements led to a demand for agricultural
production and flood control. Currently more than 70% of the bottomland forests and
associated seasonal wetlands in the MAV are altered (Reinecke et al. 1989) and the MAV
is an agricultural dominated landscape.
Wetlands are transitional areas between terrestrial and aquatic ecosystems (Mitsch
and Gosselink 2007). As wetlands retain nutrients derived from upstream runoff, they
can reduce excess nutrient and sediment pollution to downstream aquatic ecosystems
(Johnston 1991). Anaerobic wetland soils promote denitrification of nitrate, limiting the
release of nitrogen downstream (Reddy and Patrick 1976). Rapid cycling of nutrients
within wetlands increases primary productivity and growth of emergent vegetation
(Haukos and Smith 1996). Dense stands of vegetation slow movement of water and
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thereby increasing settlement of nutrient-laden sediments (Fisher and Acreman 2004).
Unfortunately, the replacement of wetland ecosystems with agriculture fields and
pastures has resulted in losses of these important regulating ecosystem services in the
MAV (sensu Costanza et al. 1997, Millennium Ecosystem Assessment 2005, Murray et
al.2009). Aquatic ecosystems in agriculturally dominated landscapes experience loading
of excess nutrients, particularly nitrogen and phosphorus because wetlands no longer
intercept fertilizer-laden runoff (Galloway et al. 2003, Bernot and Dodds 2005,
Alexander et al. 2008). Eutrophication of small streams and oxbow lakes is a direct
consequence of nitrogen-rich runoff from extensive agriculture in the MAV (Shields et
al. 2009). More importantly, excess nutrients entering the Mississippi River through
agriculture runoff has contributed to the formation of a > 15,000 km2 hypoxic zone in the
Gulf of Mexico affecting coastal biota (Rabalais et al. 2002, Mitsch et al. 2001).
Ecologists and land managers have encouraged best management practices
(McDowell et al. 1989, Stafford et al. 2006, Manley et al. 2009), specifically restoration
of seasonally flooded wetlands (Mitsch et al. 2001, Mitsch et al 2005, Kovacic et al.
2006) to improve environmental qualities throughout the Mississippi River drainage
basin. Wetlands that receive agricultural and other non-point sources of run-off retain
nutrients and sediments, and serve to mitigate pollution impacts to riverine ecosystems
(Maul and Cooper 2000, Zedler 2003, Manley et al. 2009; Shields and Pearce 2010).
Mitsch et al. (2001) estimated that converting or restoring less than 2% of the Mississippi
River Basin into wetlands would significantly reduce nitrogen inputs into the Gulf of
Mexico. Because of these beneficial services, establishment of moist-soil wetlands by
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private landowners as well as public land managers is a conservation practice that has the
potential to provide regulating ecosystem services.
Moist-soil management in the MAV restores or reestablishes wetland habitat with
the long term goal of restoring ecological functions of wetlands within the landscape
(Low and Bellrose 1944, Reinecke et al. 1989, Mitsch and Gosselink 2007). These
wetlands are flooded during fall-winter and dewatered during spring-summer to promote
growth of annual grasses and sedges (Fredrickson and Taylor 1982, Kross et al. 2008a).
The ecological significance of establishing moist-soil wetlands as a wildlife habitat
conservation practice has been well documented (Fredrickson and Taylor 1982, King et
al. 2006, Reinecke et al. 1989). For example, seeds produced by moist-soil wetland
vegetation provide 4-10 times the waterfowl carrying capacity of harvested croplands
(Kross et al. 2008a, Foster et al. 2010, Gray et al. 2013). However, the ability of moistsoil wetland management to provide environmentally important ecosystem services such
as nutrient and sediment reduction in the MAV is unknown.
Predictions have been made regarding the environmental significance of moistsoil wetland restoration and management relative to improving surface water quality in
the MAV (Mitsch et al. 2005, Murray et al. 2009, Shields and Pearce 2010). However,
little effort has been directed to the quantification of nutrient and sediment outputs from
moist-soil wetland effluents in the MAV. Whereas investigations have focused on waterquality conditions within moist-soil wetlands in the MAV (Maul and Cooper 2000), the
challenges associated with collecting effluent accurately from these systems has
precluded research designed to estimate water quality parameters in water directly
discharged from moist-soil wetlands into receiving waters. Therefore, my objective was
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to conduct a comparative assessment of nutrient and sediment concentrations and loads in
event-derived runoff from moist-soil wetlands and adjacent agriculture fields in
Mississippi and explore effects of hydrology on wetland nutrient and sediment export.
Because of the inherent benefits of wetland function on water quality, I hypothesized that
nutrient and sediment concentrations and loads from moist-soil wetlands would be
significantly less than those from agricultural fields.
Study Area
I installed hydrological monitoring stations at 4 moist-soil wetlands and 4
adjacent row crop agriculture fields on private lands in the Big Sunflower Watershed
within the MAV in Tallahatchie and Sunflower Counties in northwest Mississippi in July
2010 and monitored stations for nutrient and sediment concentrations and discharge
volume through May 2012 (Figure 4.1). Monitoring stations were located just above
water control structures (i.e., the point of run-off) at each wetland and agriculture field
with the exception of site 9 (Table 4.1) where the station was located within a drainage
ditch. Soil types for all sites were of hydrologic soil group D, primarily clay and silty
loam soils of Sharkey and Alligator series (NRCS 2013). Additionally, slopes along sites
were all less than 1%.
Adjacent agriculture fields were within 0.5 km of a wetland site, varied in area
(21-113 ha) and were either in corn (site 5), rice (site 1), grain sorghum (site 7), or
soybean (site 9) production during the growing season (Table 4.1). Grain sorghum at site
7 was only partially harvested while crops in all other fields were fully harvested and
crop residue was the only vegetation remaining. Because I was more interested in
estimating water quality parameters in wetland runoff and choice of wetland was limited
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by landowner willingness to cooperate in the study, I was unable to control for type of
agriculture and land and water management in the nearest field to each selected wetland.
Nonetheless, the row crops represent the majority of crops cultivated in Tallahatchie and
Sunflower Counties, Mississippi. Moreover, sites had to be accessible within 24 hours of
rainfall events and installation of monitoring equipment could not impede any land
management.
Moist-soil wetland sites varied in area (12-33 ha; Table 4.1) and were typical of
moist-soil wetlands throughout the MAV which are mostly dominated by seed producing
annual vegetation such as barnyardgrass (Echinochloa spp.), panic grass (Panicum spp.),
and smartweed (Polygonum spp.; Schummer et al. 2012). These wetlands had functional
water control structures (e.g., flashboard risers), that flooded the wetlands by late
November and were drained by late April each year. Landowners relied on rainfall and
surface runoff as sources, but, as necessary water levels were augmented by pumping
from the aquifer to provide sufficient water depths for waterfowl (Hagy and Kaminski
2012). Wetlands also received some nonpoint source pollution from agricultural runoff
as subsurface and overland flow. However, as this study was designed only to estimate
point-source pollution directly from water control structures and the difficulty in
modeling nonpoint source pollution (Young et al. 1989, Carpenter et al. 1998), I was not
able to directly quantify the input of agricultural runoff entering study wetlands. Each
wetland and agriculture field drained directly into a stream via legacy agriculture ditches.
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Methods
Data Collection
At monitoring stations at each wetland and agriculture field I installed
permanently staked sample containers that captured peak runoff samples. I adjusted the
height of containers to capture water discharged over the flashboard risers during
impounded periods or at base flow conditions when sites were not flooded during the
growing season. I collected water samples from wetland and agriculture field effluent
within 48 hrs after significant rainfall events that would likely create runoff (e.g.,
precipitation exceeded soil infiltration). I monitored local precipitation events via the
National Weather Service (NOAA 2010) and the United States Geological Survey
(USGS 2010). The ability of the sample containers to capture samples during extremely
low discharge events was constrained by the size of the sample containers themselves.
Therefore, if discharge was actually occurring but the sample containers had not captured
water, I took grab samples of effluent ensuring not to disturb the sediment in the water
column prior to collection. I stored samples in acid-washed 600 ml polyethylene bottles
on ice in the field and immediately transported them to the lab for analyses. I stored
samples at 4° C at the College of Forest Resources at Mississippi State University until
all analyses were completed within 3 days of sample collection.
Laboratory Methods
I determined concentrations (mg L-1) of nitrate-nitrogen (NO3--N,) nitrite-nitrogen
(NO2-N), and ammonium-nitrogen (NH4+-N) colormetrically according to appropriate
protocols (APHA 2005). I filtered samples before analyses with 0.45-μm cellulose filters
pre-washed with ultra-pure deionized water. I used the dimethylphenol method to
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determine NO3--N concentrations, the diazotization method to determine NO2--N
concentrations, and the salicylate method to determine NH4+-N concentrations. I
determined total phosphorus (TP) and soluble reactive phosphorus (SRP) concentrations
in samples and estimated particulate phosphorus (PP) concentrations as the difference
between TP and SRP. I measured TP in unfiltered samples using the phosphomolybdate
method. I then used the same analytical method to estimate SRP from samples filtered
through pre-washed 0.45-μm cellulose filters. I performed all nutrient colorimetric
analyses on a Hach DR 6000 spectrophotomer (Hach Company, Loveland, Colorado). I
measured total suspended solid (TSS) concentrations by filtering a known volume of
sample through a 1.5-μm glass fiber filter that had been pre-washed and dried to a
constant weight at 120° C. I then dried the sample-washed filter to a constant weight at
120° C and calculated the concentration of TSS in the sample as difference in weight
between the clean filter and the sample-washed filter divided by the known volume of the
sample.
Estimation of Discharge
To estimate total loads (kg ha-1) of nutrients and sediments exported by each site,
I estimated peak discharge (m3 sec-1) and total water volume (m3) exported during each
storm event. I estimated loads of each nutrient and sediment as the product of water
volume and concentration and standardized load estimates by dividing the load exported
during a discharge event by the area of the wetland or agriculture field (kg ha-1). I
remotely monitored water depth, runoff timing, and duration of runoff events and water
temperature (°C) at twenty minute intervals with TROLL® (In-Situ Inc., Ft. Collins
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Colorado) water level loggers installed at each hydrological monitoring station. I used
these data to estimate event-specific discharge given the following methods.
Moist-soil Wetlands
The hydrological states of impoundment changed for wetlands throughout the
study. Wetlands were drawn down in spring to facilitate growth of moist-soil vegetation
(i.e., non-impounded period) and were flooded in late fall to create habitat for wintering
waterbirds (i.e., impounded period). Therefore, I used two hydraulic models to measure
the volume of water discharged from wetlands given the state of impoundment during the
runoff event. First, I measured the volume of water released from each wetland during
the impounded period using a standard rectangular weir equation (Chin 2000):
Q=

2
3

1

3

(4.1)

𝐶𝑑 𝑏(2𝑔)2 𝐻 2

Where Q is discharge (m3 sec-1); b is the width of the flashboard riser
perpendicular to the flow of water (m); g is the gravitational force (i.e., 9.81 m sec-2) and;
H is the depth of water (m) above the flashboard riser. The discharge coefficient (Cd)
controls for errors in estimation of discharge caused by non-uniform velocity over the
flashboard riser and is estimated as:
𝐶𝑑 = 0.611 + 0.075(

𝐻

𝐻𝑤

)

(4.2)

Where Hw is the height of the flashboard riser (m) above the bottom of the
wetland at the water control structure. I determined the depth of water above the
flashboard riser (i.e., H) as the difference between the recorded water depth from the
level loggers and the height of the flashboard risers (Hw). I then estimated volume of
water discharged during each event as the sum of the product of the peak discharge for
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each 20 minute interval and time of the interval (i.e., 1200 seconds) for the duration of
the event.
During the non-impounded period, I estimated runoff volume from each wetland
using the Natural Resources Conservation Service Curve-Number Model (NRCS CN;
Chin 2000). The general model of the NRCS CN is:

Q

( P  0.2S ) 2
P  0.8S

(4.3)

Where P is the total amount (cm) of precipitation received by the wetland during
a single rainfall event; and S is the potential maximum soil moisture retention after runoff
begins:
S

1000
 10
CN

(4.4)

Where CN is the runoff curve number (Chin 2000). The runoff curve number is
dependent on soil type, and topographic information for the drainage area of interest. I
derived the runoff curve number for wetland sites using program EFH2 (NRCS,
Washington, D.C.) and derived rainfall totals from the nearest United States Geological
Service stream gaging station 07281600 for the Tallahatchie River in Money,
Mississippi. I validated timing of runoff events by examining water level logger data.
Agriculture Fields
I followed similar methodology to estimate volume of water discharged from
agriculture fields during runoff events. Runoff from these sites can be controlled with a
flashboard riser or allowed to flow unimpaired into drainage ditches. Sites 1, 5, and 7
had flashboard risers at the point of runoff. Additionally, sites 1 and 7 were impounded
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during the winter as a commonly implemented best management practice for sediment
conservation in agriculture fields of the Mississippi Delta (Manley et al. 2009).
Therefore, I used the standard rectangular weir equations for runoff events in impounded
agriculture sites and the NRCS CN method for non-impounded runoff events to estimate
volume of water discharged. At site 9, however, drainage was channeled into a ditch. I
therefore estimated discharge during runoff events using the Manning’s equation for
open-channel flow (Chin 2000):
2

1

1
Q  A( ) R 3 S 2
n

(4.5)

Where Q is discharge (m3 sec-1); A is the average cross-sectional area of the
drainage ditch (m2); S is the slope of the ditch (%); R is the hydraulic radius of the ditch;
and n is the manning roughness coefficient and was set at 0.03 for vegetated channels
(Chin 2000). I estimated peak water depth for each runoff event from data recorded by
the water level loggers and surveyed the ditch for width (m) and wetted perimeter (m) to
estimate cross-sectional area and hydraulic radius. I then determined the peak discharge
Qp, time to peak (Tp) and calculated total volume of water discharged using the NRCS
dimensionless unit hydrograph model. The hydrograph is expressed as the normalized
runoff (i.e., Q/Qp) as a function of the normalized time of precipitation (i.e., t/Tp) where
Qp is the peak discharge during a storm event and Tp is the time to the peak of the
hydrograph. Standard coordinates of Q/Qp and t/Tp are established (Chin 2000). I
estimated the total volume (i.e., Q) by integrating the area under the curve of an eventspecific hydrograph.
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Statistical Analysis
Nutrient and Sediment Concentrations and Loads
I compared nutrient and sediment concentrations and loads between moist-soil
wetland and agriculture field runoff in separate repeated measures ANOVA in PROC
MIXED (α = 0.10; SAS Institute, Inc., Cary, NC). I included field type (agriculture or
wetland) and year (2011 and 2012) as fixed effects. I designated year as a fixed rather
than random effect because all sites experienced dry conditions during the summer of
2011 and I was interested in determining if differences in water quality parameters
between field types were different between the two years. I defined each wetland and
agriculture field pair (Table 4.1) as random block effects to account for variation in
rainfall-driven runoff events that may vary more between rather than within paired sites
due to spatial variation in precipitation and other unmeasured locale-specific
variables. To avoid problems associated with pseudoreplication from repeated measures
on the same experimental unit (i.e., wetland or agriculture field; Hurlbert 1984) and
therefore lack of homoscedasity among errors, I adjusted the model to account for
repeated samples within each year at each site with a spatial power covariance structure
and day of year within year as the repeated effect using the REPEATED statement in
PROC MIXED. Runoff events occurred at unequal time intervals and the spatial power
covariance structure assumes that correlations between responses measured from the
same subject decrease over time as samples become increasingly temporally distant
(Littell et al. 2006). Probability plots of data indicated violations of normality. I loge
transformed all variables to meet assumptions of normality. However, for ease of

127

interpretation and comparison to similar investigations in the MAV, I present the
unadjusted means in all tables and figures.
I also calculated average total annual nutrient and sediment loading rate (kg ha-1
year-1) for each field type as the average of the sum of all event-specific estimates of
loads from each site. My estimates of total annual loads from fields are likely less than
true values because I was unable to collect water samples from all runoff events at each
site due to logistical constraints. I compared my estimates of loading rates to other
estimates of loading rates in the Mississippi portion of the Mississippi Alluvial Valley
that are available in the published literature.
Nutrient and Sediment Modeling
I used multiple linear regression to model effects of storm event hydrology and
potential landscape inputs on nutrient and sediment concentrations in moist-soil wetland
runoff. I included concentrations from agricultural runoff from each wetland-field paired
site as a surrogate measure of potential landscape inputs to a wetland during a specific
storm event. Not all storm events at wetland and agriculture sites occurred
simultaneously. Therefore, I censored the data set and only included wetland runoff
events where estimates of potential agriculture runoff concentrations existed. I included
predictor variables for hydrologic intensity (peak discharge; cm3 sec-1), duration (HRT;
days), and frequency (interval between storm events; days). The hydraulic residence time
(HRT) for a wetland provides an estimate of the time needed to completely turn over the
volume of water in a basin and provides insight on duration of time a nutrient can remain
in a system (Fisher and Acreman 2004). I determined the HRT (days) at the peak
discharge for each event. I estimated the total capacity of each wetland as the product of
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the area of the wetland and the maximum depth before discharge could occur as restricted
by the flashboard risers (i.e., Hw). I then divided the capacity by the peak discharge to
determine HRT. Water temperature can also affect retention of nutrients by wetland soils
as denitrification rates are accelerated with increasing temperatures (Reddy and DaLaune
2008). Decay of senescent vegetation releases excess nutrients, particularly phosphorus,
and decay rates increase as temperatures warm from late winter to early spring (Menon
and Holland 2013). Therefore, I included water temperature (°C) as an additional
predictor variable. I created models in PROC REG in SAS and selected the top candidate
model for each water quality variable based on AICc values (Burnham and Anderson
2002).
Results
Between December 2010-2011 and May 2011-2012, 55 total runoff events
occurred at the 4 agriculture fields while 63 runoff events occurred at the 4 moist-soil
wetland sites (Table 4.1). No runoff events occurred between May and December each
year. Among sites and years, a total of 565,505 m3 of runoff was delivered by 184.8 ha
of agriculture fields, while 880,148 m3 of runoff was derived from 92.4 ha of moist-soil
wetlands; thus, on average moist-soil wetlands discharged 4 times more water per unit
area (5880 m3 ha-1) than agriculture fields (1377 m3 ha-1; Table 4.1).
Nutrient and Sediment Concentrations and Loads
Mean concentrations of TP (F1, 30.7 = 4.87, P = 0.03), PP (F1, 33.4 = 7.46, P = 0.01),
NO3_N (F1, 39.3 = 13.85, P <0.01), and TSS (F1, 30.6 = 75.26, P < 0.01) differed in runoff
samples between field types (Table 4.2). Concentrations of TP were 70% greater in
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runoff from agriculture fields compared to runoff from wetlands whereas concentrations
of PP, NO3--N, and TSS were all > 100% more in runoff from agriculture sites than
wetlands. Concentrations of SRP (F1, 31.8 = 0.00, P = 0.95) or NH4+-N (F1, 29.3 = 1.89, P =
0.18) did not differ between field types. There was an effect of year on mean
concentrations of NO3_N (F1, 37 = 13.853.16, P = 0.08). Regardless of field type, mean
concentrations of NO3_N in runoff samples during 2011 (𝑥̅ = 1.00, SE = 0.43, n = 60)
were slightly greater than concentrations during 2012 (𝑥̅ = 0.81, SE = 0.26, n = 58).
There was not an effect of year (P > 0.10) on mean concentrations of the remaining
variables or a year by field type interaction on mean concentrations of all variables
suggesting concentrations of nutrients and sediments in effluent were similar across years
for both field types. Less than 7% of samples analyzed for NO2-N had detectable
concentrations, so I removed it from further analyses.
Mean loads (kg ha-1) of SRP (F1, 36.3 = 3.12, P = 0.08) and TSS (F1, 51.3 = 10.53, P
< 0.01) differed in effluent samples between field types. Mean loads of TSS were 100%
greater in runoff from agriculture fields than in runoff from moist-soil wetlands, whereas
mean loads of SRP were nearly 400% greater in runoff from wetlands compared to runoff
from agriculture fields (Table 4.3). Mean loads of TP (F1, 40.1 = 0.37, P = 0.55), PP (F1,
41.3

= 0.26, P = 0.62), NO3—N (F1, 44.4 = 1.20, P = 0.28) , or NH4+-N (F1, 20 = 0.97, P =

0.34) did not differ between field types. As with aforementioned concentrations, I did
not detect a significant effect of year or a year by field type interaction on mean loads for
all variables.
The annual loading rates of NO3_N, SRP, TP, and TSS from wetlands were 0.01
kg ha-1 year-1, 0.09 kg ha-1 year-1, 2.39 kg ha-1 year-1, and 166.45 kg ha-1 year-1
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respectively (Table 4.4). The annual loading rates of NO3_N, SRP, TP, and TSS from
agriculture fields were 0.54 kg ha-1 year-1, 0.02 kg ha-1 year-1, 0.75 kg ha-1 year-1, and
292.45 kg ha-1 year-1 respectively.
Nutrient and Sediment Modeling
There were 25 simultaneous storm events that produced runoff from both the
moist-soil wetland and agriculture field at each paired location. Based on weight of
evidence (wi) The model that best described concentration of TP in moist-soil wetland
runoff a positive effect of water temperature during a runoff event (βTEMP = 0.06, 90% CI:
0.03, 0.10; Table 4.5). The model that best described concentration of SRP in moist-soil
wetland runoff included a positive effect of peak discharge (βPEAK = 6.88, 90% CI: 3.77,
9.99) during a runoff event. The concentration of PP in moist-soil wetland runoff was
best described by a model that included positive effects of water temperature (βTEMP =
0.05, 90% CI: 0.01, 0.10) and concentration of PP in nearby agriculture field runoff
during simultaneous storm events (βAG = 0.25, 90% CI: 0.03, 0.48). Concentration of
NO3--N in wetland runoff was best described by a negative effect of peak discharge of
wetland runoff events (βPEAK = -4.54, 90% CI: -7.99, -1.08) and a positive effect of
concentrations of NO3--N in nearby agriculture fields during simultaneous runoff events
(βAG = 0.23, 90% CI: 0.01, 0.44). Concentration of NH4+-N was best described by peak
discharge during runoff events (βPEAK = 3.34, 90% CI: -1.24, 7.92). The best candidate
model describing TSS concentrations in moist-soil wetlands included an effect of TSS
concentrations in runoff from nearby agriculture fields (βAG = 0.20, 90% CI: -0.01, 0.41).
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Discussion
Decreasing concentrations of nutrients and sediments in point- and non-point
pollution sources is often the goal of many best management practices, particularly in
agriculture-dominated landscapes such as the MAV (Manley et al. 2009, Shields and
Pearce 2010). Concentrations of nutrients greatly affect the trophic status of aquatic
ecosystems and concentrations of TSS can lead to excess turbidity, further affecting
necessary ecosystem functions such as primary productivity. Soil, hydrology, and
vegetation render wetlands as sinks for nutrients and sediments (Reddy et al. 1999,
Mitsch and Gosselink 2007), and concentrations of nutrients and suspended sediments in
wetlands often are much lower in wetland habitats than in agriculture surface water or
runoff (Maul and Cooper 2000, Shields and Pearce 2010). My results support the results
of previous research and demonstrated that mean concentrations of TP, PP, NO3_N, and
TSS were reduced by 42-89% in precipitation-induced runoff events from wetlands
compared to agriculture fields during winter.
Excess phosphorus contributes to eutrophication of freshwater ecosystems and
challenges exist in controlling phosphorus runoff from agricultural lands (Jarvie et al.
2013). While nutrient conservation practices that trap excess sediments by slowing
surface water flow may reduce particulate phosphorus release, soluble phosphorus release
is increased relative to conventional agriculture fields (Table 4.4). Soluble reactive
phosphorus (SRP) is dissolved inorganic phosphorus that is most bioavailable for uptake
by plants, whereas particulate phosphorus is bound to sediment particles and therefore
mostly unavailable (Reddy and DeLaune 2008). With no-tillage conservation agriculture,
for example, plant residues are left on the field after crops are harvested in order to slow
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water runoff (McDowell and McGregor 1980, Schreiber et al. 2001, Manley et al. 2009).
Inamdar et al. (2001) found that no-tillage filter strips along agricultural fields reduced
total phosphorus loads by only 4% and the load of dissolved inorganic phosphorus
actually doubled compared to no-till runoff. Senescent vegetation and accumulation of
phosphorus on the soil surface makes these fields vulnerable to high SRP load export
during episodic rain events regardless of phosphorus reduction strategies throughout the
watershed (Jarvie et al. 2013, Stamm et al. 2013). For wetlands, agitation within the
water column can remobilize phosphorus (Ardon et al. 2010) and senescence of wetland
vegetation during winter months releases phosphorous (Menon and Holland 2013). I
estimated that concentrations of SRP in runoff did not differ between moist-soil wetlands
and agriculture fields (Table 4.2) and loads of SRP from moist-soil wetlands were greater
than loads from agriculture fields (Table 4.3). Furthermore, the results of my exploratory
modeling procedure indicated that concentrations of TP and the fraction of TP that was
bound to sediments (i.e., PP) increased as temperatures warmed during late winter-early
spring when most vegetation in moist-soil wetlands has fully senesced (Table 4.5).
Moreover, the estimate of the concentration of TP in moist-soil wetland runoff (0.33 mg
L-1; Table 4.2) was greater than the current Environmental Protection Agency’s suggested
nutrient threshold in rivers and streams of the MAV (0.128 mg L-1; Wickham et al. 2005)
and total annual loads of TP from moist-soil wetlands (i.e., 2.39 kg ha-1 year-1) was
greater than current assumed loads of TP (i.e., 1 kg ha-1 year-1) contributed by wetlands in
Mississippi (Shields et al. 2008). Therefore, moist-soil wetlands may operate as sources
for phosphorus during late winter-early spring. Hydrological management to reduce
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runoff from moist-soil wetlands may reduce phosphorus loss from this conservation
practice.
Although concentrations of nutrients may be lower in wetlands than croplands,
total loads of nutrients depend on total volume of water discharged from watersheds
(Brezonik and Stadelmann 2002; Royer et al. 2006). I estimated total volume of
discharge to be greater from moist-soil wetlands compared to agriculture fields (Table
4.1). The increase in water volume runoff from moist-soil wetlands was likely due to the
fact that precipitation exceeded the retention capacity of the wetland basin. While
concentrations of TP, PP, and NO3--N were much lower in runoff samples from moistsoil wetlands compared to agriculture fields (Table 4.2), the greater volume of water
discharged from wetlands increased the total mass of these nutrients in runoff from
wetlands such that there was no difference in loads between wetlands and agriculture
fields (Table 4.3). For example, although the concentration of TP in wetland runoff was
42% less than the concentration of TP in agriculture runoff, loads of TP from wetlands
and agriculture fields did not differ. This highlights the importance of monitoring both
nutrient concentrations and hydrology when evaluating water quality benefits provided
by wetland management. Although strategies may reduce concentrations of nutrients in
runoff, a majority of the loads are delivered during few high discharge events (Royer et
al. 2006). Estimating nutrient loads require more intensive monitoring of runoff volume
compared to concentrations but total loading rates are required to evaluate the
performance of conservation practices such as moist-soil wetland management at meeting
nutrient reduction goals for the Gulf of Mexico (Mitsch et al. 2001).
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Total annual loads of SRP from wetlands and agriculture fields likely resulted
from a few large discharge events during my study period (Figure 4.2). For example,
nearly 80% of the total SRP load delivered by wetland site 10 during the study occurred
during 4 large discharge events representing only 27% of the total runoff events (i.e., 4
out of 15 events), whereas 80% of cumulative total SRP loads exported from agriculture
site 9 was derived from 45% of the total runoff events (Figure 4.2). Furthermore, the
concentration of SRP in runoff from moist-soil wetlands was correlated with peak
discharge (R2 = 0.38; Table 4.5). Fink and Mitsch (2004) recommended that controlling
excess phosphorus release that occurs during a few, large spring flood events could be
accomplished by temporarily increasing water storage of a wetland receiving agriculture
runoff. Furthermore, increasing storage volume decreases movement of water and
increases settlement of phosphorus and sediments (Kröger et al. 2012). The volume of
water retained in moist-soil wetlands is a product of wetland topography and the height of
stoplogs (i.e., boards) installed at water control structures. Each board is approximately
10-15 cm tall and water control structures unusually consist of 3-6 boards. Any inputs of
water, such as precipitation, causes discharge of water from the wetland only if the water
level exceeds the total height of the boards. However, placing an additional board in
anticipation of a rainfall event would require at least 10 cm of additional rainfall to create
a discharge event. Again using wetland site 10 as an example, the height of water above
the existing boards in the water control structure at times of runoff rarely exceeded 8 cm
even when precipitation was great (Figure 4.3). Installation of an additional board
temporarily during these few high-yield events in this wetland would have prevented any
discharge and would have potentially reduced the total SRP load over the entire study
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period from 0.06 kg ha-1 to 0.01 kg ha-1 (83%). This result further highlights the
importance of controlling discharge during large precipitation events (Borah et al. 2003;
Fink and Mitsch 2004).
I did not detect any runoff events from moist-soil wetlands during summer
months, although considerable precipitation occurred (Figure 4.3). Shields and Pearce
(2010) attributed the lack of discharge from a study wetland in Tunica County,
Mississippi to fast evaporation rates during warm summer months. Unlike the
aforementioned investigation, the moist-soil wetlands in my study were completely dry
during the summer months because flashboards were removed. Furthermore, no visible
connection between surface-water runoff from agriculture lands and the wetlands existed.
Restoration or creation of moist-soil wetlands in the MAV occurs on idled farmlands
(Fredrickson and Taylor 1982) or aquaculture ponds (Feaga 2014) where existing levee
systems facilitate hydrologic management. Therefore, the ability of moist-soil wetlands
to receive nutrients from agriculture surface runoff during the non-impounded, unflooded
period is unknown. Evidence of the hydrological connectivity between moist-soil
wetlands and agriculture fields in the MAV is needed to validate that these wetlands are
meeting nutrient reduction strategies in the Mississippi River Basin (Faulkner et al.
2011). Nonetheless, agricultural watersheds throughout the Mississippi River Basin have
exhibited similar seasonal trends in nutrient export such that a majority of loads are
exported during winter-early summer (Royer et al. 2006).
Additionally, connectivity of subsurface runoff from agriculture lands with moistsoil wetlands in the MAV warrants consideration. Nitrate pollution of groundwater in
agricultural landscapes often is the result of excess fertilizer application and improved
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subsurface drainage systems (i.e., tile drainage) that limits the formation of anaerobic soil
conditions and therefore denitrification (Cambardella et al. 1999). However, Hanson et
al. (1994) evaluated the efficacy of delivering nitrate-rich subsurface runoff to riparian
wetlands and estimated that the denitrification capacity of wetland soils could remove
50% of the nitrate loads from subsurface sources. Although I only measured NO3--N
concentrations in surface water, I determined that variation in NO3--N concentrations in
wetland runoff was partially explained by increases in NO3--N in agriculture runoff
(42%; Table 4.5). I was unable to determine the source of NO3--N in moist-soil wetlands.
However, considering that most NO3--N pollution in the Mississippi River Basin is from
agricultural subsurface drainage (David et al. 2010), belowground hydrologic
connectivity between agriculture fields and moist-soil wetlands may have been a source
of NO3--N to moist-soil wetlands I surveyed.
Few published estimates of annual loading rates from wetlands and agriculture
fields in the Mississippi portion of the MAV are available to compare to my estimates of
loading rates from moist-soil wetlands. Nonetheless, my estimate of TSS loading rate
from wetlands (166.45 kg ha-1 year-1; Table 4.4) were 43-85% lower than my estimate of
TSS loading rates from agriculture fields (292.52 kg ha-1 year-1) as well as other
published estimates of TSS loading rates from conventional agriculture fields in
Mississippi (Table 4.4). However, my estimate of TSS loading rate from moist-soil
wetlands is much greater than those estimated from flooded rice stubble in the winter
(35.20 kg ha-1 year-1;Manley et al. 2009) but less than those estimated from no-till
soybeans with winter wheat cover crops (3,342 kg ha-1 year-1; Schreiber et al. 2001).
Flooded rice stubble and no-till soybeans are two important agricultural best management
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practices frequently used in Mississippi to replace services provided by natural wetlands.
Additionally, my estimate of annual loading rate of TP from moist-soil wetlands (2.39 kg
ha-1 year-1) was not only greater than TP loading rate from agriculture fields during the
winter in this study (0.75 kg ha-1 year-1), but the TP loading rate from moist-soil wetlands
exceeds the annual loading rate assumed to contribute to the Yazoo River Basin from all
wetland sources (Shields et al. 2008). Conversely, estimates of loading rates of NO3--N
from moist-soil wetlands in my study were 64-97% less than those attributed to various
agriculture practices in Mississippi.
Management and Research Implications
Because the hydrology of moist-soil wetlands can be managed by landowners by
simply adding additional boards to flashboard riser systems, I suggest further research to
evaluate the efficacy of temporarily retaining runoff during large, spring-time flood
events as a phosphorus reduction strategy, particularly SRP. Furthermore, retaining
increased water during large storm events in the spring should not interfere with current
water level management strategies in moist-soil wetlands that encourage wetland use by
waterfowl. Shallow (< 0.45 m) water depths are maintained throughout winter in moistsoil wetlands as these depths allow foraging by wintering waterfowl (Reinecke et al.
1989, Hagy and Kaminski 2012). However, waterfowl use of moist-soil wetlands
declines in the spring as they begin to migrate north. Therefore, retention of water in
spring deeper than desired for winter waterfowl habitat management may aid in the
retention of excess phosphorus being released from senescent vegetation. Furthermore,
retention of water through early summer (i.e., June) has minimal impact on growth and
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production of moist-soil vegetation and may provide beneficial habitat for other resident
waterbirds (Fleming et al. 2012).
Landowners who practice moist-soil management in the MAV will typically
drawdown wetlands in spring (Fleming et al. 2012). Considering I detected a significant
an increase in TP and SRP concentrations as water temperatures warmed in the spring
(Table 4.5) and the greatest loads of pollutants delivered from agriculture fields within
the MAV to the Gulf of Mexico occur during spring and summer when fertilizer
application and irrigation rates are greatest (Shields et al. 2008), directing and retaining
agriculture runoff to moist-soil wetlands may greatly increase the environmental benefit
therein. Programs that encourage late retention (e.g., Fleming et al. 2012) may improve
beneficial ecosystem services from moist-soil wetlands in the MAV due to the likely
increased nutrient retention capacity during warm, summer months in Mississippi
(Shields and Pearce 2010). Quantifying the net retention of moist-soil wetlands would
also require more developed sampling regimes that incorporate estimates of influx of
nutrients to the wetland from surrounding habitats.
Additionally, because vegetation management practices, such as autumn mowing
(Gray et al. 1999, Hagy and Kaminski 2012), can increase waterfowl and waterbird use
of moist-soil wetlands and harvested agriculture fields, future research and monitoring
should include effects of specific intra-system management on water quality. For
example, in MAV rice fields, Manley et al. (2009) found that flooded, standing stubble
greatly reduced the export of TSS to receiving waterbodies, while Kross et al. (2008b)
demonstrated that leaving rice stubble resulted greatest biomass of waste grain available
as waterfowl forage, followed by burned fields. Additionally, Havens et al. (2009)
139

reported that greatest duck use of harvested rice fields occurred after rice stubble in fields
was partially burned and fields were flooded. Hagy and Kaminski (2012) also reported
that abundance of dabbling ducks was greater in moist-soil wetland plots where
vegetation had been either mowed or disked prior to wetland flooding. Therefore,
interdisciplinary approaches to quantifying ecosystem services such as waterfowl habitat
and water quality improvements can greatly improve our understanding of the importance
of moist-soil wetland management within the agriculture-dominated ecosystem of the
MAV.

Table 4.1

Pair
A

Field types, area (ha), year, number (n) of runoff events, and total volume of
water discharged at pairs of agricultural fields and wetland sites (Fig. 3.1)
monitored for water quality of effluent in counties of Mississippi in the
Mississippi Alluvial Valley, July 2010-May2012.
County
Tallahatchie

Site
1
2

B

C

D

Sunflower

Tallahatchie

Tallahatchie

Events
(n)
4
8
10
8

Volume
(m3)
45,631
22,698
110,668
48,141

2011
2012
2011
2012

5
8
3
5

35,633
23,868
195,423
107,716

2011
2012
2011
2012

6
2
13
9

47,934
6,334
219,201
90,484

2011
2012
2011
2012

11
11
8
7

174,591
208,817
87,048
21,468

Field type Area (ha) Year
Agriculture 27.52
2011
2012
Moist-soil
33.00
2011
2012

5

Agriculture

23.47

6

Moist-soil

28.00

7

Agriculture

20.84

8

Moist-soil

12.00

9

Agriculture

113.00

10

Moist-soil

19.39
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Table 4.2

Mean (𝑥̅ ) and standard error (SE) of concentrations (mg L-1) of nutrients and
sediments in runoff from 4 agricultural fields and 4 moist-soil wetlands in
Mississippi July 2010-May 2012.
Agriculture
Variable

Moist-soil

SE

𝑥̅

SE

b

0.07

0.33B

0.03

SRP

0.11A

0.01

0.11A

0.01

PP

a

TP

𝑥̅
0.57A

0.46A

0.07

0.22B

0.03

-

1.69A

0.52

0.23B

0.02

+

0.22A

0.06

0.11A

0.02

NO3 -N
NH4 -N

TSS
242.23A 37.79
26.17B
5.75
TP, total phosphorus; SRP, soluble reactive phosphorus; PP, particulate phosphorus;
NO3--N, nitrate-nitrogen; NH4+-N, ammonium-nitrogen; TSS, total suspended solids.
b
Means of log-transformed concentrations followed by unlike capital letters differ
between field types (P < 0.10).
a
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Table 4.3

Mean (𝑥̅ ) and standard error (SE) of loads (kg ha-1) of nutrients and
sediments discharged in runoff event samples from 4 agriculture fields and 4
moist-soil wetlands in Mississippi July 2010-May 2012.
Agriculture
Variable
a

SE

𝑥̅

Moist-soil
𝑥̅

SE

b

0.025

0.304A

0.082

SRP

0.002A

0.001

0.012B

0.004

PP

TP

0.109A

0.008A

0.002

0.018A

0.005

-

0.079A

0.061

0.013A

0.002

+

0.011A

0.008

0.021A

0.015

NO3 -N
NH4 -N

TSS
42.549A 10.215
21.136B 6.646
TP, total phosphorus; SRP, soluble reactive phosphorus; PP, particulate phosphorus;
NO3--N, nitrate-nitrogen; NH4+-N, ammonium-nitrogen; TSS, total suspended solids.
b
Means of log-transformed loads followed by unlike capital letters differ between field
types (P < 0.10).
a
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Table 4.4

Estimates of annual loading rates (kg ha-1 year-1) of select nutrients and total
suspended solids from various land practices in Mississippi.

Variable

Field Type

Estimate

Reference

NO3_Na

Various agriculture

0.54

This studyb

Conventional rice

0.28

Manley et al. 2009b

Conservation agriculturec

3.29

Schreiber et al. 2001

Conservation agriculture

0.00

Manley et al. 2009

Moist-soil wetland

0.10

This study

Various agriculture

0.02

This study

Conventional rice

0.15

Manley et al. 2009

Conservation agriculture

0.15

Manley et al. 2009

Moist-soil wetland

0.09

This study

Various agriculture

0.75

This study

Cotton

21.2

McDowell et al. 1989

Conservation agriculture

2.71

Schreiber et al. 2001

Moist-soil wetland

2.39

This study

Wetland

1.00

Shields et al. 2008

Various agriculture

292.52

This study

Conventional rice

1,120

Manley et al. 2009

Conservation agriculture

3,342

Schreiber et al. 2001

Conservation agriculture

35.20

Manley et al. 2009

SRP

TP

TSS

Moist-soil wetland
166.45
This study
NO3 N, nitrate-nitrogen; SRP, soluble reactive phosphorus; TP, total phosphorus; TSS,
total suspended solids.
b
Estimates provided by Manley et al. (2009) and the present study represent winterspecific loading rates as study sites only produced runoff during winter.
c
Conservation agriculture includes no-till soybean production (Schreiber et al. 2001) and
flooded post-harvest rice stubble (Manley et al. 2009).
a

_
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Table 4.5

Results of model selection methods to describe variation in concentration of
nutrient and sediments in runoff from moist-soil wetlands in Mississippi
July 2010-May 2012.

Responsea
TP

Variables in Modelb
TEMP

AICcc
-28.80

ΔAICcd wie
0.00
0.26

R2
0.28

HRT + TEMP

-27.69

1.12

0.15

0.32

Full modelf

-19.50

9.30

0.00

0.33

PEAK

-18.05

0.00

0.19

0.38

PEAK + AG

-17.80

0.25

0.17

0.43

PEAK + TEMP + AG

-16.52

1.54

0.09

0.46

PEAK + HRT

-16.27

1.78

0.08

0.40

PEAK + FREQ

-16.07

1.98

0.07

0.39

Full model

-10.75

7.31

0.00

0.47

TEMP + AG

-20.47

0.00

0.22

0.29

TEMP

-18.93

1.53

0.10

0.17

PEAK + TEMP

-18.70

1.76

0.09

0.24

Full model

-13.10

7.36

0.01

0.33

PEAK + AG

-18.23

0.00

0.17

0.42

PEAK + HRT

-18.08

0.15

0.16

0.42

PEAK + HRT + AG

-17.48

0.75

0.12

0.46

PEAK

-17.15

1.09

0.10

0.33

Full model

-11.70

6.53

0.01

0.47

PEAK

1.30

0.00

0.10

0.06

FREQ

1.66

0.36

0.08

0.05

TEMP

1.81

0.51

0.08

0.04

AG

2.17

0.87

0.06

0.03

PEAK + FREQ

2.22

0.92

0.06

0.12

TEMP + FREQ

2.25

0.95

0.06

0.12

HRT

2.65

1.35

0.05

0.01

PEAK + AG

2.70

1.40

0.05

0.10

FREQ + AG

2.87

1.57

0.05

0.09

SRP

PP

NO3--N

NH4+-N

144

Table 4.5 Continued

TSS

Full model

9.14

7.84

0.00

0.17

AG

-12.52

0.00

0.18

0.11

FREQ

-11.13

1.39

0.09

0.05

FREQ + AG

-11.03

1.49

0.09

0.14

Full model

-2.80

9.72

0.00

0.15

a

TP, total phosphorus; SRP, soluble reactive phosphorus; PP, particulate phosphorus;
NO3--N, nitrate-nitrogen; NH4+-N, ammonium-nitrogen; TSS, total suspended solids.
b
Variables included in models: TEMP, mean temperature during storm event (C);
PEAK, peak discharge during storm event (m3 sec-1); FREQ, time between events (days);
HRT, hydraulic residence time (days); AG, concentration of nutrient or TSS in
agriculture runoff.
c
Akaike information criterion adjusted for small sample sizes.
d
Difference in AICc value from top candidate model and fully parameterized model.
Models with ΔAICc < 2 are considered competing models.
e
Weight of evidence of model
f
Fully parameterize model included TEMP, PEAK, FREQ, HRT, and AG.
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Figure 4.1

Location of pairs (Table 4.1) of agricultural fields and moist-soil wetland
sites monitored for water quality in the Mississippi Alluvial Valley,
Mississippi, July 2010-May 2012.
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Figure 4.2

Runoff discharge (m3) and cumulative percent of total soluble reactive
phosphorus (SRP) load (kg ha-1) in runoff from 4 agriculture fields and 4
moist-soil wetlands in Mississippi December 2010-May 2012. See Table
4.1 for site descriptions.
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Figure 4.3

Top) Stage (cm at control structure) hydrograph for wetland site 10 and
Bottom) daily precipitation (cm) recorded at United States Geological
Service stream gaging station 07281600 for the Tallahatchie River in
Money, Mississippi, December 2010-April 2012.
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APPENDIX A
SITE-SPECIFIC ESTIMATES OF CRAYFISH YIELD AND RELATIVE
ABUNDANCE FROM MOIST-SOIL WETLANDS AND EXTENDED
RESULTS OF SEX RATIO TESTS AND LENGTH-WEIGHT
RELATIONSHIP MODELING
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Unit

Noxubee NWR Unit2
Trim Cane WMA Unit 1
Young Family Farm Unit 1
Coldwater NWR Unit I
Morgan Brake NWR Unit 3
Panther Swamp NWR Slough
Yazoo NWR Unit 13
York Woods Cove Unit
York Woods Cypress Unit
Cache River NWR Unit 6
Cache River NWR Unit 9
Wapanocca NWR Idled Field
Wapanocca NWR Woody Pond
Noxubee NWR Unit2
Young Family Farm Unit 1
Catahoula NWR Unit 1
Catahoula NWR Unit 2
Grand Cote NWR Slough
Tensas NWR Unit 5
Coldwater NWR Unit S

2009
2009
2009
2009
2009
2009
2009
2009
2009
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010

Mississippi (MIF)
Mississippi (MIF)
Mississippi (MIF)
Mississippi (MAV)
Mississippi (MAV)
Mississippi (MAV)
Mississippi (MAV)
Mississippi (MAV)
Mississippi (MAV)
Arkansas
Arkansas
Arkansas
Arkansas
Mississippi (MIF)
Mississippi (MIF)
Louisiana
Louisiana
Louisiana
Louisiana
Mississippi (MAV)

State

a

5
5
5
5
4
5
5
4
4
8
8
4
7
8
8
6
6
8
8
9

N
1.84
1.88
2.06
1.72
2.44
3.00
4.56
5.24
1.75
0.34
1.77
0.11
17.55
2.50
3.89
2.40
2.65
2.78
3.27
1.09

𝑥̅
0.32
0.40
0.68
0.74
0.84
0.72
1.79
0.14
0.31
0.09
0.78
0.02
4.69
0.34
0.39
0.63
0.58
0.62
0.56
0.28

SE

CPUE
35.10
48.98
45.14
49.35
107.66
88.82
145.86
145.08
58.10
10.20
34.28
3.45
277.97
41.98
89.05
67.01
62.44
94.50
91.23
27.54

𝑥̅
6.23
12.50
14.87
22.38
46.83
21.07
59.01
7.55
10.62
3.15
14.89
1.03
78.02
6.72
10.53
22.07
15.63
26.12
13.80
8.68

SE

g trap-1
0.00
0.00
0.00
86.38
93.31
0.70
100.00
13.37
31.07
25.93
97.31
100.00
100.00
0.00
0.00
89.19
94.96
60.67
63.88
55.10

%PC

100.00
100.00
100.00
13.62
6.69
99.30
0.00
86.63
68.93
74.07
2.69
0.00
0.00
100.00
100.00
10.81
5.04
39.33
36.12
44.90

%PZ

White
White
White
Red
Red
White
Red
White
Mix
Mix
Red
Red
Red
White
White
Red
Red
Mix
Mix
Mix

Typeb

Number of sampling days (N), relative abundance (CPUE), yield per trap (g trap-1), percent of total abundance of P.
clarkii (PC) and P. zonangulus (PZ) of crayfish harvested from moist-soil wetlands of the Mississippi Alluvial Valley
and Mississippi Interior Flatwoods during spring 2009-2011.

Year

Table A.1
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Morgan Brake NWR Unit 3
Panther Swamp NWR Bowl Unit
Roberson Property
Yazoo NWR Unit 11
Wapanocca NWR Crawfish Hole
Wapanocca NWR Idled Field
Wapanocca NWR Woody Pond
Noxubee NWR Unit 10
Noxubee NWR Unit 11
Young Family Farm Unit 1
Young Family Farm Unit 2
Catahoula NWR Unit 3
Catahoula NWR Unit 2
Grand Cote NWR Idled Field
Tensas NWR Unit 1
Morgan Brake NWR South Unit
Morgan Brake NWR Unit 3
Panther Swamp NWR Idled Field
Yazoo NWR Unit 12
Yazoo NWR Unit 7
Otter Slough WMA Unit 29
Otter Slough WMA Unit 8

Mississippi (MAV)
Mississippi (MAV)
Mississippi (MAV)
Mississippi (MAV)
Arkansas
Arkansas
Arkansas
Mississippi (MIF)
Mississippi (MIF)
Mississippi (MIF)
Mississippi (MIF)
Louisiana
Louisiana
Louisiana
Louisiana
Mississippi (MAV)
Mississippi (MAV)
Mississippi (MAV)
Mississippi (MAV)
Mississippi (MAV)
Missouri
Missouri

9
8
9
9
5
5
5
4
5
4
3
3
4
3
4
5
5
3
3
4
3
3

0.76
2.11
15.39
2.20
1.43
4.86
12.75
1.58
4.02
1.48
2.12
13.61
38.50
2.83
2.42
4.92
4.07
0.71
0.70
0.70
8.20
0.65

0.14
0.35
2.45
0.55
0.21
0.85
3.29
0.57
0.72
0.43
0.42
1.13
8.21
0.81
0.79
0.80
0.99
0.08
0.15
0.15
0.77
0.15

18.14
46.45
362.14
55.94
26.78
137.28
236.56
17.98
60.05
25.35
41.19
294.44
927.65
74.74
52.37
228.62
165.85
19.76
13.13
12.77
282.50
27.29

3.43
7.98
55.64
13.52
3.93
26.53
66.13
6.48
10.76
6.74
4.90
11.66
212.82
27.37
17.56
38.85
45.16
3.21
3.84
2.55
25.33
4.83

81.75
0.30
76.86
100.00
0.88
100.00
100.00
1.52
0.00
0.00
0.00
35.44
97.81
94.53
0.00
100.00
76.12
0.00
100.00
100.00
100.00
100.00

18.25
99.70
23.14
0.00
99.12
0.00
0.00
98.48
100.00
100.00
100.00
64.56
2.19
5.47
100.00
0.00
23.88
100.00
0.00
0.00
0.00
0.00

Red
White
Red
Red
White
Red
Red
White
White
White
White
Mix
Red
Red
White
Red
Red
White
Red
Red
Red
Red

Wetlands were sampled in two separate regions of Mississippi; MIF, Mississippi Interior Flatwoods; MAV, Mississippi Alluvial
Valley.
b
Wetland crayfish population type was designated as ‘Red’ when P. clarkii represented >75% of the total catch, ‘White’ when P.
zonangulus represented >75% of the total catch and ‘Mix’ when both species represented between 25 and 75% of the total catch.

a

2010
2010
2010
2010
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011

Table A1 Continued
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Year
2009
2009
2009
2009
2009
2009
2009
2009
2009
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
1
11
93
142
17
176
30
0
330
140
3
1182
99

1
1118
166
6
802
289

89
22
5

134
30
14
13
206
138
178
91
134
82

0

3

NA
428.83
2.2
1.00
72.78
93.04

10.29
175.23
8.77
4.05
50.70
5.69
24.14

9.08
1.23
4.26

NAa

0.00
0.14
0.32
0.00
0.00

0.00
0.00
0.00
0.04
0.00
0.02
0.00

0.00
0.27
0.04

Procambarus clarkii
F
M
Χ2
P
97
55
11.61 0.00
119
108
0.53 0.47

96
11
37
12
2
9
11
27
78
9
87
93
152
64

162
38
68
28
4
19
6
61
123
16
313
242
284
109

16.88
14.88
9.15
6.40
0.67
3.57
1.47
13.14
10.07
1.96
127.69
66.27
36.96
11.70

0.00
0.00
0.00
0.01
0.41
0.06
0.23
0.00
0.03
0.16
0.00
0.00
0.00
0.00

Procambarus zonangulus
F
M
Χ2
P
4
6
0.40 0.53
4
10
2.57 0.11
16
91
52.57 0.00
100 277
83.10 0.00
10
56
32.06 0.00

Number of female (F) and male (M) individuals and results of Chi-squared ratio tests for Procambarus clarkii and P.
zonangulus harvested from moist-soil wetlands in the Mississippi Alluvial Valley and Mississippi Interior Flatwoods
during spring 2009-2011.

Unit
Coldwater NWR Unit I
Morgan Brake NWR Unit 3
Noxubee NWR Unit2
Panther Swamp NWR Slough
Trim Cane WMA Unit 1
Yazoo NWR Unit 13
York Woods Cove Unit
York Woods Cypress Unit
Young Family Farm Unit 1
Cache River NWR Unit 6
Cache River NWR Unit 9
Catahoula NWR Unit 1
Catahoula NWR Unit 2
Coldwater NWR Unit S
Grand Cote NWR Slough
Morgan Brake NWR Unit 3
Noxubee NWR Unit2
Panther Swamp NWR Bowl Unit
Roberson Property
Tensas NWR Unit 5
Wapanocca NWR Idled Field
Wapanocca NWR Woody Pond
Yazoo NWR Unit 11

Table A.2
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Young Family Farm Unit 1
2010
Catahoula NWR Unit 3
2011
Catahoula NWR Unit 2
2011
Grand Cote NWR Idled Field
2011
Morgan Brake NWR South Unit
2011
Morgan Brake NWR Unit 3
2011
Noxubee NWR Unit 10
2011
Noxubee NWR Unit 11
2011
Otter Slough WMA Unit 29
2011
Otter Slough WMA Unit 8
2011
Panther Swamp NWR Idled Field 2011
Tensas NWR Unit 1
2011
Wapanocca NWR Crawfish Hole
2011
Wapanocca NWR Idled Field
2011
Wapanocca NWR Woody Pond
2011
Yazoo NWR Unit 12
2011
Yazoo NWR Unit 7
2011
Young Family Farm Unit 1
2011
Young Family Farm Unit 2
2011
a
NA indicates lack of data for analyses.

Table A.2 Continued

159

19
1299
76
116
51
0
291
18
0
136
371
12
15

121
1340
45
241
102
1
78
8
1
245
266
27
39

NA
31.18
17.31
5.77
10.67

122.95
3.85

74.31
0.64
7.94
43.77
17.00
NA

0.00
0.00
0.02
0.00

0.00
0.05

0.00
0.42
0.00
0.00
0.00

423
159
26
5
38
45
164
25
96
91

108
81

38
96
33
2
10
20
79
7
48
22

10
20

81.39
36.84

10.12
16.00
42.13

16.33
9.61
29.73

321.53
15.56
0.83
1.29

0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.36
0.26

Year
2009
2009
2009
2009
2009
2009
2009
2009
2009
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2011
2011
2011
2011

b
2.52
3.32

3.06
2.70
2.87
3.42
2.95
3.34
3.13
3.31
3.47
2.96
3.06
3.12
3.40
3.36
2.75
3.22
2.87
3.09
3.12

n
184
264

679
53
32
14
84
228
296
108
289
85
470
300
9
497
382
69
873
120
175

0.91
0.69
0.83
0.84
0.93
0.86
0.86
0.84
0.91
0.98
0.86
0.68
0.89
0.80
0.83
0.78

4.01 x 10-5
2.43 x 10-4
5.37 x 10-5
1.27 x 10-4
6.67 x 10-5
3.40 x 10-5
2.69 x 10-4
1.71 x 10-4
1.32 x 10-4
4.59 x 10-5
5.32 x 10-5
5.43 x 10-4
-5

2.95-3.50
2.78-2.972.83-3.34
2.88-3.37

2.94-3.19
3.01-3.24+
2.94-3.86
3.24-3.48+
2.57-2.94-

2.73-4.11
2.52-3.38
3.14-3.54+
2.96-3.27
3.13-3.49+
3.31-3.63+
2.70-3.22

8.60 x 10
3.53 x 10-4
1.52 x 10-4
1.50 x 10-4

0.76
0.73
0.78

1.65 x 10-4
7.46 x 10-4
3.81 x 10-4

2.93-3.19
2.24-3.16
2.31-3.44

R2
0.77
0.83

P. clarkii
95% CI
a
2.32-2.71-a
1.53 x 10-3
3.14-3.51+
6.84 x 10-5

R2
0.72
0.82
0.89
0.84
0.85
0.63
0.76
0.71
0.80
0.90
0.84
0.93
0.92
0.86
0.75
0.78
0.80
0.84
0.81

0.74
0.88
0.86
0.89

P. zonangulus
b
95% CI
a
2.95 2.22-3.67
3.22 x 10-4
3.18 2.43-3.93
1.37 x 10-4
+
3.28 3.15-3.41
8.96 x 10-5
3.06 2.93-3.19
1.92 x 10-4
3.03 2.88-3.18
2.31 x 10-4
1.03 x 10-3
2.59 x 10-3
5.36 x 10-4
3.05 x 10-4
2.28 x 10-4
1.83 x 10-4
1.55 x 10-4
7.96 x 10-5
5.37 x 10-5
9.73 x 10-5
6.16 x 10-4
4.53 x 10-4
1.93 x 10-4
1.39 x 10-4

3.14 x 10-4
1.02 x 10-4
4.49 x 10-4
1.29 x 10-4

2.63 2.42-2.832.42 2.09-2.752.81 2.64-2.972.93 2.45-3.41
3.01 1.13-4.88
3.05 2.52-3.59
3.08 2.54-3.63
3.30 3.09-3.50+
3.37 3.17-3.57+
3.23 2.42-4.03
2.77 2.62-2.922.83 2.67-2.993.06 2.91-3.20
3.13 2.87-3.38

2.95 2.75-3.15
3.22 3.02-3.41+
2.83 2.36-3.30
3.12 1.89-4.35

n
29
19
331
424
279
362
71
445
40
5
28
14
88
180
25
367
304
319
139

293
154
27
7

Number of individuals (n) used to develop length-weight equations [Loge(W) = a + b*Loge(CL)], estimates of
parameters b and a, the 95 % confidence interval (CI) about parameter b, and model fit statistics (R2) used to compare
length-weight relationships of Procambarus clarkii and P. zonangulus crayfish harvested from moist-soil wetlands in
the Mississippi Alluvial Valley and Mississippi Interior Flatwoods during spring 2009-2011.

Unit
Coldwater NWR Unit I
Morgan Brake NWR Unit 3
Noxubee NWR Unit 2
Panther Swamp NWR Slough
Trim Cane WMA Unit 1
Yazoo NWR Unit 13
York Woods Cove Unit
York Woods Cypress Unit
Young Family Farm Unit 1
Cache River NWR Unit 6
Cache River NWR Unit 9
Catahoula NWR Unit 1
Catahoula NWR Unit 2
Coldwater NWR Unit S
Grand Cote NWR Slough
Morgan Brake NWR Unit 3
Noxubee NWR Unit2
Panther Swamp NWR Bowl Unit
Roberson Property
Tensas NWR Unit 5
Wapanocca NWR Idled Field
Wapanocca NWR Woody Pond
Yazoo NWR Unit 11
Young Family Farm Unit 1
Catahoula NWR Unit 3
Catahoula NWR Unit 2
Grand Cote NWR Idled Field
Morgan Brake NWR South Unit
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a

2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011

3.00
3.20
2.65

2.78
3.13
2.87
3.40

76
292
26

328
454
39
41

2.56 x 10-4
1.17 x 10-4
1.00 x 10-3

5.94 x 10-4
1.49 x 10-4
3.72 x 10-4
4.37 x 10-5

2.62-3.38
3.01-3.39+
2.07-3.23

2.65-2.902.99-3.27
2.55-3.19
2.90-3.90
0.86
0.81
0.90
0.83

0.79
0.79

0.77

2.71
3.12
2.93
3.16
2.99
2.76

3.11
3.07

32
65
242
32
107
82

118
100

2.90-3.33
2.77-3.36

2.55-3.76
2.72-3.27
2.41-3.12

2.38-3.04
2.74-3.50
2.73-3.12

0.90
0.81
0.78
0.79
0.82
0.75

0.87
0.81

9.03 x 10-4
1.44 x 10-4
3.25 x 10-4
1.34 x 10-4
2.45 x 10-4
6.52 x 10-4

1.84 x 10-4
2.01 x 10-4

(+) indicates positive (P < 0.05) allometric growth b > 3; (-) indicates negative (P < 0.05) allometric growth b < 3.

Morgan Brake NWR Unit 3
Noxubee NWR Unit 10
Noxubee NWR Unit 11
Otter Slough WMA Unit 29
Otter Slough WMA Unit 8
Panther Swamp NWR Idled Field
Tensas NWR Unit 1
Wapanocca NWR Crawfish Hole
Wapanocca NWR Idled Field
Wapanocca NWR Woody Pond
Yazoo NWR Unit 12
Yazoo NWR Unit 7
Young Family Farm Unit 1
Young Family Farm Unit 2

Table A.3 Continued
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APPENDIX B
DETAILED BUDGETS FOR ACTIVITIES AND COSTS ASSOCIATED WITH
HARVESTING CRAYFISH FROM MOIST-SOIL WETLANDS
IN THE MISSISSIPPI ALLUVIAL VALLEY
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0.27 Apr
12.00 Apr

1.00
0.20

Sep
Sep
Oct
Oct
Nov
Nov
Dec
Dec
Jan
Jan
Feb
Feb
Mar
Mar
Mar

0.017
0.017
0.017
0.017
0.017
0.017
0.017
0.017
0.017
0.017
0.017
0.017
0.017
0.017
1.00

1.00
0.20
0.20
1.00
1.00
0.20
1.00
0.20
1.00
0.20
1.00
0.20
1.00
0.20

Month

Pickup truck with labor
ATV with labor
ATV with labor
Pickup truck with labor
Pickup truck with labor
ATV with labor
Pickup truck with labor
ATV with labor
Pickup truck with labor
ATV with labor
Pickup truck with labor
ATV with labor
Pickup truck with labor
ATV with labor
Waders
Ice chest 48qt
Traps
Pickup truck with labor
ATV with labor

t

PRa

2.30
4.06

0.14
0.01
0.01
0.14
0.14
0.01
0.14
0.01
0.14
0.01
0.14
0.01
0.14
0.01

Fuel

Direct

0.77
2.44

0.05

0.05

0.05

0.05

0.05
0.05

0.05

1.39
8.62

0.09
0.01
0.01
0.09
0.09
0.01
0.09
0.01
0.09
0.01
0.09
0.01
0.09
0.01

RMC ACR

Fixed

Self-propelled

0.27
2.40

0.01
0
0
0.01
0.01
0
0.01
0
0.01
0
0.01
0
0.01
0

Hours

Labor

2.73
24.10

0.17
0.03
0.03
0.17
0.17
0.03
0.17
0.03
0.17
0.03
0.17
0.03
0.17
0.03

Cost

0.05
0.05
10.00

Q

69.99
22.88
8.25

P

3.50
1.14
82.50

TDC

Nondurable goods

0.45
0.05
0.05
0.45
0.45
0.05
0.45
0.05
0.45
0.05
0.45
0.05
0.45
0.05
3.50
1.14
82.50
7.19
39.22

0.05
0.02
1.12
0.06
0.33

0.01

0.01

0.01

0.01
0.01

0.01

Interest on
operating
Total capital

Estimated use, direct and fixed expenses ($ acre-1), and interest on capital for self-propelled equipment and
nondurable goods used for each specific operation needed to harvest crayfish from moist-soil wetlands in the
Mississippi Alluvial Valley under harvest Scenario 1. Harvest scenarios are defined in Table 2.2.

Operating input

Table B.1
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Manuf. crayfish bait
Sacks
ATV with labor
Manuf. crayfish bait
ATV with labor
Sacks
ATV with labor
Manuf. crayfish bait
Sacks
Pickup truck with labor
ATV with labor
Manuf. crayfish bait
ATV with labor
Sacks
ATV with labor
Manuf. crayfish bait
Sacks
Pickup truck with labor
Pickup truck with labor
ATV with labor
Manuf. crayfish bait
ATV with labor
Sacks

Table B.1 Continued

a

12.00 May

0.27 May
4.00 May
4.00 May
10.00

0.27
0.017
3.00
3.00

0.20

1.00
0.20
0.20
0.20

1.00
1.00
0.20
0.20

Jun

Jun
Jun
Jun

Jun

Apr

4.00

0.20

Apr

4.00

0.20

Abbreviations defined in Table 2.1.

Totals
Total specified cost
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27.01

1.01

2.30
0.14
1.01

3.38

1.35

2.30
1.35

4.06

1.35

1.35

14.0845.18

0.61 2.16

0.77 1.39
0.05 0.09
0.61 2.16

2.03 7.18

0.81 2.87

0.77 1.39
0.81 2.87

2.44 8.62

0.81 2.87

0.81 2.87

0.60

0.27
0.01
0.60

2.00

0.80

0.27
0.80

2.40

0.80

0.80

122.20

6.02

2.73
0.17
6.02

20.08

8.03

2.73
8.03

24.10

8.03

8.03

0.15

19.80

66.00
0.50

0.20

26.40

79.20
0.60

0.20

26.4

79.20
0.60

0.30

0.24

0.24
0.30

0.30

0.24

0.24
0.30

0.30

0.24

0.24
0.30

159.11

0.05

4.75

15.84
0.15

0.06

6.34

19.01
0.18

0.06

6.34

19.01
0.18

367.58

19.01
0.18
13.06
6.34
13.06
0.06
39.22
19.01
0.18
7.19
13.06
6.34
13.06
0.06
32.67
15.84
0.15
7.19
0.45
9.80
4.75
9.80
0.05

3.17
370.75

0.04
0.03
0.04

0.03

0.14
0.09

0.05
0.08
0.06
0.08

0.25
0.15

0.11
0.07
0.11

0.25

0.27 Apr
12.00 Apr

1.00
0.20

Sep
Sep
Oct
Oct
Nov
Nov
Dec
Dec
Jan
Jan
Feb
Feb
Mar
Mar
Mar

0.017
0.017
0.017
0.017
0.017
0.017
0.017
0.017
0.017
0.017
0.017
0.017
0.017
0.017
1.00

1.00
0.20
0.20
1.00
1.00
0.20
1.00
0.20
1.00
0.20
1.00
0.20
1.00
0.20

Month

Pickup truck owner
ATV owner
ATV owner
Pickup truck owner
Pickup truck owner
ATV owner
Pickup truck owner
ATV owner
Pickup truck owner
ATV owner
Pickup truck owner
ATV owner
Pickup truck owner
ATV owner
Waders
Ice chest 48qt
Traps
Pickup truck owner
ATV owner
Manuf. crayfish bait

t

PRa

2.30
4.06

0.14
0.01
0.01
0.14
0.14
0.01
0.14
0.01
0.14
0.01
0.14
0.01
0.14
0.01

Fuel

Direct

0.77 1.39
2.44 8.62

0.05 0.09
0.01
0.01
0.05 0.09
0.05 0.09
0.01
0.05 0.09
0.01
0.05 0.09
0.01
0.05 0.09
0.01
0.05 0.09
0.01

RMC ACR

Fixed

Self-propelled
Hours

Labor
Cost

79.20

0.05
0.05
10.00

Q

0.24

69.99
22.88
8.25

P

Nondurable goods

19.01

3.50
1.14
82.50

TDC

0.28
0.02
0.02
0.28
0.28
0.02
0.28
0.02
0.28
0.02
0.28
0.02
0.28
0.02
3.50
1.14
82.50
4.46
15.12
19.01

0.05
0.02
1.12
0.03
0.07
0.21

0.01

0.01

Interest on
operating
Total capital

Estimated use, direct and fixed expenses ($ acre-1) , and interest on capital for self-propelled equipment and
nondurable goods used for each specific operation needed to harvest crayfish from moist-soil wetlands in the
Mississippi Alluvial Valley under harvest Scenario 2. Harvest scenarios are defined in Table 2.2.

Operating input

Table B.2
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Sacks
ATV owner
Manuf. crayfish bait
ATV owner
Sacks
ATV owner
Manuf. crayfish bait
Sacks
Pickup truck owner
ATV owner
Manuf. crayfish bait
ATV owner
Sacks
ATV owner
Manuf. crayfish bait
Sacks
Pickup truck owner
Pickup truck owner
ATV owner
Manuf. crayfish bait
ATV owner
Sacks

Table B.2 Continued

a

4.00 Apr
4.00 Apr
12.00 May

0.27 May
4.00 May
4.00 May
10.00 Jun

0.27 Jun
0.017 Jun
3.00 Jun
3.00 Jun

0.20
0.20
0.20

1.00
0.20
0.20
0.20

1.00
1.00
0.20
0.20

Abbreviations defined in Table 2.1.

Totals
Total specified cost
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0.61

0.77
0.05
0.61

2.03

0.81

0.77
0.81

2.44

0.81

0.81

2.16

1.39
0.09
2.16

7.18

2.87

1.39
2.87

8.62

2.87

2.87

27.01 14.08 45.18

1.01

2.30
0.14
1.01

3.38

1.35

2.30
1.35

4.06

1.35

1.35

0.15

19.80

66.00
0.50

0.20

26.40

79.20
0.60

0.20

26.4

0.60

0.3

0.24

0.24
0.30

0.30

0.24

0.24
0.30

0.30

0.24

0.30

159.11

0.05

4.75

15.84
0.15

0.06

6.34

19.01
0.18

0.06

6.34

0.18

245.38

0.18
5.03
6.34
5.03
0.06
15.12
19.01
0.18
4.46
5.03
6.34
5.03
0.06
12.59
15.84
0.15
4.46
0.28
3.78
4.75
3.78
0.05

2.13
247.51

0.01
0.03
0.01

0.02

0.03
0.09

0.02
0.02
0.05
0.02

0.05
0.15

0.02
0.07
0.02

2.30
4.06

Apr
Apr

1.00 0.27
0.20 12.00

Fuel
0.14
0.01
0.01
0.14
0.14
0.01
0.14
0.01
0.14
0.01
0.14
0.01
0.14
0.01

Month
Sep
Sep
Oct
Oct
Nov
Nov
Dec
Dec
Jan
Jan
Feb
Feb
Mar
Mar
Mar

1.00
0.20
0.20
1.00
1.00
0.20
1.00
0.20
1.00
0.20
1.00
0.20
1.00
0.20

Pickup truck with labor
ATV with labor
ATV with labor
Pickup truck with labor
Pickup truck with labor
ATV with labor
Pickup truck with labor
ATV with labor
Pickup truck with labor
ATV with labor
Pickup truck with labor
ATV with labor
Pickup truck with labor
ATV with labor
Waders
Ice chest 48qt
Pickup truck with labor
ATV with labor
Manuf. crayfish bait
Sacks

t
0.017
0.017
0.017
0.017
0.017
0.017
0.017
0.017
0.017
0.017
0.017
0.017
0.017
0.017
1.00

PRa

Direct

0.77
2.44

0.05

0.05

0.05

0.05

0.05
0.05

0.05

RMC

1.39
8.62

0.09
0.01
0.01
0.09
0.09
0.01
0.09
0.01
0.09
0.01
0.09
0.01
0.09
0.01

ACR

Fixed

0.27
2.40

0.01
0.00
0.00
0.01
0.01
0.00
0.01
0.00
0.01
0.00
0.01
0.00
0.01
0.00

2.73
24.10

0.17
0.03
0.03
0.17
0.17
0.03
0.17
0.03
0.17
0.03
0.17
0.03
0.17
0.03

Cost

Labor
Hours

Self-propelled

0.05
0.05

79.20
0.60

Q

0.24
0.30

69.99
22.88

P

19.01
0.18

3.50
1.14

TDC

Nondurable goods

0.45
0.05
0.05
0.45
0.45
0.05
0.45
0.05
0.45
0.05
0.45
0.05
0.45
0.05
3.50
1.14
7.19
39.22
19.01
0.18

0.05
0.02
0.06
0.33
0.21

0.01

0.01

0.01

0.01
0.01

0.01

Interest on
operating
Total capital

Estimated use, direct and fixed expenses ($ acre-1) , and interest on capital for self-propelled equipment and
nondurable goods used for each specific operation needed to harvest crayfish from moist-soil wetlands in the
Mississippi Alluvial Valley under harvest Scenario 3. Harvest scenarios are defined in Table 2.2.

Operating input

Table B.3
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ATV with labor
Manuf. crayfish bait
ATV with labor
Sacks
ATV with labor
Manuf. crayfish bait
Sacks
Pickup truck with labor
ATV with labor
Manuf. crayfish bait
ATV with labor
Sacks
ATV with labor
Manuf. crayfish bait
Sacks
Pickup truck with labor
Pickup truck with labor
ATV with labor
Manuf. crayfish bait
ATV with labor
Sacks

Table B.3 Continued

a

Jun

0.20 3.00

May

0.20 4.00

Jun
Jun
Jun

May
May

1.00 0.27
0.20 4.00

1.00 0.27
1.00 0.017
0.20 3.00

May

0.20 12.00

Jun

Apr

0.20 4.00

0.20 10.00

Apr

0.20 4.00

Abbreviations defined in Table 2.1.

Totals
Total specified cost
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27.01

1.01

2.30
0.14
1.01

3.38

1.35

2.30
1.35

4.06

1.35

1.35

14.0845.18

0.61 2.16

0.77 1.39
0.05 0.09
0.61 2.16

2.03 7.18

0.81 2.87

0.77 1.39
0.81 2.87

2.44 8.62

0.81 2.87

0.81 2.87

0.60

0.27
0.01
0.60

2.00

0.80

0.27
0.80

2.40

0.80

0.80

122.20

6.02

2.73
0.17
6.02

20.08

8.03

2.73
8.03

24.10

8.03

8.03

0.15

19.80

66.00
0.50

0.20

26.40

79.20
0.60

0.20

26.40

0.30

0.24

0.24
0.30

0.30

0.24

0.24
0.30

0.30

0.24

76.60

0.05

4.75

15.84
0.15

0.06

6.34

19.01
0.18

0.06

6.34

285.08

13.06
6.34
13.06
0.06
39.22
19.01
0.18
7.19
13.06
6.34
13.06
0.06
32.67
15.84
0.15
7.19
0.45
9.80
4.75
9.80
0.05

2.05
287.13

0.04
0.03
0.04

0.03

0.14
0.05

0.05
0.08
0.06
0.08

0.25
0.15

0.11
0.07
0.11

0.017
0.017
0.017
0.017
0.017
0.017
0.017
0.017
0.017
0.017
0.017
0.017
0.017
0.017
1.00
0.27
12

1.00
0.20
0.20
1.00
1.00
0.20
1.00
0.20
1.00
0.20
1.00
0.20
1.00
0.20

1.00
0.20

Pickup truck owner
ATV owner
ATV owner
Pickup truck owner
Pickup truck owner
ATV owner
Pickup truck owner
ATV owner
Pickup truck owner
ATV owner
Pickup truck owner
ATV owner
Pickup truck owner
ATV owner
Waders
Ice Chest 48qt
Pickup truck owner
ATV owner
Manuf. crayfish bait
Sacks

t

PRa

Apr
Apr

Sep
Sep
Oct
Oct
Nov
Nov
Dec
Dec
Jan
Jan
Feb
Feb
Mar
Mar
Mar

Month

2.3
4.06

0.14
0.01
0.01
0.14
0.14
0.01
0.14
0.01
0.14
0.01
0.14
0.01
0.14
0.01

Fuel

Direct

0.77
2.44

0.05

0.05

0.05

0.05

0.05
0.05

0.05

RMC

1.39
8.62

0.09
0.01
0.01
0.09
0.09
0.01
0.09
0.01
0.09
0.01
0.09
0.01
0.09
0.01

ACR

Fixed
Cost

Labor
Hours

Self-propelled
Q

79.2
0.60

0.05
0.05

0.24
0.30

69.99
22.88

P

19.01
0.18

3.50
1.14

TDC

Nondurable goods
0.28
0.02
0.02
0.28
0.28
0.02
0.28
0.02
0.28
0.02
0.28
0.02
0.28
0.02
3.50
1.14
4.46
15.12
19.01
0.18

Total

0.05
0.02
0.03
0.07
0.21

0.01

0.01

Interest on
operating
capital

Estimated use, direct and fixed expenses ($ acre-1) , and interest on capital for self-propelled equipment and
nondurable goods used for each specific operation needed to harvest crayfish from moist-soil wetlands in the
Mississippi Alluvial Valley under harvest Scenario 4. Harvest scenarios are defined in Table 2.2.

Operating input

Table B.4
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ATV owner
Manuf. crayfish bait
ATV owner
Sacks
ATV owner
Manuf. crayfish bait
Sacks
Pickup truck owner
ATV owner
Manuf. crayfish bait
ATV owner
Sacks
ATV owner
Manuf. crayfish bait
Sacks
Pickup truck owner
Pickup truck owner
ATV owner
Manuf. crayfish bait
ATV owner
Sacks

a

Jun

Jun
Jun
Jun

Jun

May

May
May

May

Apr

Apr

Abbreviations defined in Table 2.1.

Totals
Total specified cost

3,00

0.20

4.00

0.20

0.27
0.017
3,00

0.27
4.00

1.00
0.20

1.00
1.00
0.20

12.00

0.20

10.00

4.00

0.20

0.20

4.00

0.20

Table B.4 Continued

170
27.01

1.01

2.30
0.14
1.01

3.38

1.35

2.30
1.35

4.06

1.35

1.35

14.08 45.18

0.61 2.16

0.77 1.39
0.05 0.09
0.61 2.16

2.03 7.18

0.81 2.87

0.77 1.39
0.81 2.87

2.44 8.62

0.81 2.87

0.81 2.87

0.15

19.80

66.00
0.50

0.20

26.40

79.20
0.60

0.20

26.40

0.30

0.24

0.24
0.30

0.30

0.24

0.24
0.30

0.30

0.24

76.60

0.05

4.75

15.84
0.15

0.06

6.34

19.01
0.18

0.06

6.34

162.88

5.03
6.34
5.03
0.06
15.12
19.01
0.18
4.46
5.03
6.34
5.03
0.06
12.59
15.84
0.15
4.46
0.28
3.78
4.75
3.78
0.05

1.01
163.89

0.01
0.03
0.01

0.02

0.03
0.09

0.02
0.02
0.05
0.02

0.05
0.15

0.02
0.07
0.02

