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ABSTRACT
Water quality in five southern Louisiana commercial crawfish

(Procambarus clarkii and P, acutus acutus) ponds was monitored from

_November 1982 through May 1983. Two ponds were planted with rice (Oryza
sativa) and three ponds had volunteer terrestrial and semi-aquatic
vegetation as crawfish forage.

Water quality was poorest in November, April, and May when water
temperatures exceeded 18°C. However, only dissolved oxygen (DO)
attained concentrations low enough (<1.0 mg/liter) to be acutely toxic
to crawfish. Free carbon dioxide (002) attained levels (12.0 mg/liter)
that could potentially harm crawfish during periods of low DO (<2.0
mg/liter). The temperature, pH, free COZ’ nitrate, total phosphorus,
biochemical oxygen demand (BOD), chlorophyll a, total hardness, and
total alkalinity did not differ significantly among rice ponds and ponds
with volunteer vegetation. The DO, nitrite, total nitrogen, and
chemical oxygen demand (COD) were highest in rice ponds (P<0.05). The
soluble inorganic phosphorus (SIP) and conductivity were highest in
ponds with volunteer vegetation (P<0.05).

Free C02, SIP, conductivity, and total alkalinty levels were
positively correlated with an increase in macrophytic biomass (P<0.10).
Nitrite, total nitrogen, COD, BOD, turbidity, temperature and DO
decreased with increased vegetative biomass. Crawfish catch was
positively correlated with total ammonia, BOD, COD, and water
temperature, and negatively correlated with total phosphorus, total
nitrogen, SIP, total alkalinity, and DO.

The toxicity of hydroxyl and hydrogen ions (i.e., pH), ammonia, and

nitrite to juvenile P. clarkii was determined in static acute toxicity

ix



tests. The 96-hour LC50's of hydroxyl and hydrogen ions to P. clarkii

-3.88 ~3.21 oles B /1iter (pH

were 10 moles OH /liter (pH 10.12) and 10
3.21). The 96-hour LC50's of ammonia and nitrite to P. clarkii were

2,65 mg NH3-N/liter and 5.94 mg NOZ—Nlliter, respectively.



INTRODUCTION

Culture of crawfish (Procambarus clarkii and P. acutus acutus) is

the only large-scale crustacean aquaculture industry in the U.S. Most
of the approximately 50,000 hectares of commercial crawfish farms are
located in the southeastern U.S., principally in Louisiana. ¥n 1983,
nearly 40,000 hectares of commercial crawfish ponds in Lousiana produced
a crop with a wholesale value of $45 million (Louisiana Cooperative
Extension Service 1983)., Procambarid crawfish are also farmed in
Mississippi, Texas, and South Carolina. Crawfish yields from ponds
presently range from 200 to 4,000 kg per hectare depending upon the type
and intensity of management, but few data are available on what
potential maximum yields could be attained with improved management.
Water quality)is the most important environmental factor limiting
crawfish yields in commercial ponds (Huner and Barr 1984). Poor water
quality may cause crawfish kills resulting in substantial economic
losses to the producer. Moreover, crawfish do not feed or grow well and
may become predisposed to stress-related diseases in ponds with poor
water quality (Scott 1984). The relationship between water quality and
crawfish production, however, has not been extensively investigated.
Poorest water quality reportedly occurs soon after flooding ponds
in the fall (September through November) when decomposition of
vegetation - the principal forage for crawfish - results in low
concentrations of dissolved oxygen (Avault et al. 1975). Dissolved
oxygen (DO) should be maintained above 2.0 mg/liter for optimal crawfish
production (Romaire 1983) and significant mortality can occur when the
DO is less than 1.0 mg/liter (Melancon and Avault 1976). Although low
DO is well recognized as a factor limiting crawfish production, little

1



research has been conducted on the potential deleterious effects of
other water quality variables, such as ammonia, nitrites and pH, on
crawfish. Crawfish farmers often experience "pond failures" in which
most or all crawfish die from unknown causes. Although mortality is
generally attributed to low DO, other water quality variables could be
responsible.

Water quality research in crawfish culture is limited. Most
studies were conducted in small experimental ponds (0.05 surface
hectare or less) and water quality was of sécondary interest. Day
(1983) measﬁred temporal trends in DO, water temperature, chemical
oxygen demand (COD), pH, total alkalinity, and total hardness in a study
designed to evaluate crawfish forages. Miltner (1980) recorded water
temperature and DO in experimental ponds planted with rice (Oryza

sativa) or millet (Echinochloa frumentacea). Chien (1980) measured

monthly trends in inorganic nitrogen, total nitrogen, soluble
orthophosphate, and total phosphorus in rice-cfawfish, double-cropping
experiments. Johnson (1980) ﬁonitored the changes in DO, water
temperature, pH, total alkalinity and turbidity in a crawfish forage
study.

Several investigators have conducted laboratory studies to
determine the toxicity of selected water quality variables to P. clarkii

and P. acutus acutus. Melancon and Avault (1977) evaluated the effects

of low DO on newly hatched and juvenile P. clarkii. Johnson (1982)
determined the acute toxicity of carbon dioxide, ammonia, nitrite, and

hydrogen sulfide to newly hatched and adult P. acutus acutus in 24-hour

exposure tests, McMahon and Morgan (1981) determined the tolerance of



adult P. clarkii to highly acid and alkaline waters (i.e., low and high
pH, respectively).

No research has been conducted on temporal changes in water quality
in commercial crawfish ponds, nor has the relationship between type and
quantity of vegetative biomass and water quality in commercial crawfish
ponds been investigated. Furthermore, there is a paucity of information
on the relationship between changes in water quality and its effect on
crawfish catch. Currently, water quality management recommendations to
commercial crawfish farmers are based principally on "best-guess
estimates" or "rules of thumb" and not sound scientific evidence. This
often results in inadequate management of water and added expense to the
crawfish farmer.

Baseline investigations are needed to determine temporal changes in
water quality in crawfish ponds and to ascertain the relationship
between water quality and crawfish production. The purposes of this
study were: (1) to obtain data on temporal changes in water quality and
nutrient levels in five commercial crawfish ponds and to relate these
changes to differences in type and quantity of vegetation and to the
crawfish catch; and (2) to determine the acute toxicity of hydroxyl and

hydrogen ions (i.e., pH), ammonia, and nitrite to juvenile P. clarkii.



WATER QUALITY DYNAMICS IN COMMERCIAL CRAWFISH PONDS

Objectives

1. To measure temporal changes in 16 water quality variables in five
commercial crawfish ponds.

2. To ascertain if water quality in the ponds is correlated with type
and quantity of vegetation.

3. To determine if changes in crawfish catch are correlated with

temporal variation in water quality in the ponds.

Description of the Study Area

Five commercial crawfish ponds located within 2 km of Henderson,
Louisiana (west of the Atchafalaya Basin) were used in this study
(Figure 1). The ponds were built in 1980 by St. Martin Land Company and
contained a resident crawfish population. Ponds ranged in size from
14,6 to 23.1 hectares and averaged 60 cm in depth when filled with

water. Two ponds (Rl and R2) were planted with rice (Oryza sativa var.

Saturn) in April 1982 and the grain was harvested in September. Rice
straw and stubble were left in the ponds as crawfish forage. The other
three ponds (Bl, Al and A2) were not planted with a cover crop. Rather,
the ponds were colonized "maturally" from May through September 1982,
and volunteer terrestrial and semi-aquatic plants served as the
principal forages for crawfish., The dominant plants present were

alligatorweed (Alternatherna philoxeroides), smartweeds (Polygonum

spp.), water primrose (Ludwigia peploides), and coffee weed (Sesbania
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Figure

® 20.3ha.

Water sample sites

® pond drain
® pond center
A water inlet

Five comﬁercial crawfish ponds near Henderson,
that were used in the water quality study.

Louisiana,
Two ponds (R~1
and R-2) were planted with rice and three ponds (B-1, A-1,
and A-2) contained volunteer vegetation.



macrocarpa). Other plants included sedges (Cyperus spp.) and annual

grasses (Panicum spp.).

Prior to flooding the ponds in October, lanes were established in
each pond by mowing a 4-m wide swath of vegetation along longitudinal
transects spaced about 15 m apart. The cut material was baled into
1,000 kg units and left in the pond. The lanes served as areas to place
traps and allowed easy access to traps by boat. The surface area of

each pond and number of traps fished were as follows:

Pond Vegetation type Area (hectare) No. of traps/hectare
Rl Rice 21,0 37
R2 Rice 23.1 40
Bl Volunteer vegetation 14.6 62
Al Volunteer vegetation 18.9 30
A2 Volunteer vegetation 20.3 37

Materials and Methods

Water quality
The ponds were filled from 16-20 October 1982 with water pumped

from canals (20 m wide x 3 m deep) adjacent to the study site (Figure
1). Water samples were taken weekly from the water supply canals and in
all ponds from 1 November 1982 (10 days after filling) through 25 May,
1983. Samples were collected between 0730 and 0830 hours at a permanent
'station near the ceﬁter and drain of each pond and at a single location
adjacent to the water inlet in each canal (Figure 1). The water column
was equally represented in the sample by submerging a 2-liter

polyethylene bottle to the pond bottom and slowly raising it so that as



it reached the surface, it had just filled., Dissolved oxygen and water
temperature were measured in situ at the surface, mid-depth, and bottom
at each pond station and at the surface of the canals with a
polarographic oxygen meter with thermistor (Yellow Springs Instrument
Model 58) . The water samples were transported to a water chemistry
laboratory at LSU, Baton Rouge, where analytical work was initiated by
1100 hours.

The following water quality analyses were conducted according to
established analytical procedures (Boyd 1979; APHA et al. 1980): total
ammonia, nitrate, nitrite, total nitrogen, pH, chemical oxygen demand
(COD), free carbon dioxide, soluble inorganic phosphorus, total
phosphorus, total hardness, and total alkalinity. Additional analyses
included biochemical oxygen demand (BOD), chlorophyll a, turbidity, and
conductivity. Methods of chemical aﬁd instrumental analyses are
presented in Table 1. Total ammonia, nitrate, nitrite and total
nitrogen were expressed as equivalent weights of nitrogen (i.e., mg
N/liter). Soluble inorganic phosphorus and total phosphorus were
expressed as equivalent weights of phosphorus (i.e., mg P/liter). Total
hardness and total alkalinity are presented as CaCO3 equivalents (Boyd

1982).

Vegetative biomass
One week prior to flooding ponds, 21 to 30 vegetation samples were
collected from random locations in each pond to estimate the
above-ground vegetative biomass (Vollenweider 1969). A quadrat (0.1
m2), constructed from l-cm diameter steel rod, was used to determine the

boundaries of each sample. All vegetation within the quadrat was



Table 1. Water quality variables and methods of analysis.

Variable

Instrument or method of analysis

Water temperature
Dissolved oxygen

Hydrogen ion concentration
Free CO2

Total ammonia-nitrogen
Nitrite-nitrogena

Nitrate—nitrogena

Soluble inorganic phosphorusa

cop?

BOD®

Total hardness®
Total alkalinitya
Conductivity A '
Chlorophyll g?
Total phosphorusa
Total nitrogen

Turbidityb

Thermistor

Polarographic probe

Glass electrode (pH meter)

Ion specific electrode

Ion specific electrode

Diazotization of sulfanilic acid

Phenoldisulfonic acid method

Stannous chloride reduction

Dichromate oxidation

Incubation at 20°C for 120 hours

EDTA titration

Titration with 0,02 N HZSO4

Probe

Acetone extraction/spectroscopy

Persulfate digestion

Persulfate digestion/Ion specific
electrode

Nephelometry

8 After Boyd (1979).
D After APHA et al. (1980).



clipped at the soil surface, placed in a plastic bag, and returned to
LSU for analysis. The vegetation was dried for 24 hours at 100°C
(Vollenwéider 1969) in a gravity convection oven (Precision Model 17)
and then weighed to the nearest 0.1 g on a Mettler Model 1200 top-
loading balance. Data were multiplied by a factor of 0.01 to provide an

estimate of the vegetative biomass in kg/m2 (dry weight basis).

Water management

The ponds were managed according to the discretion of the pond
manager. After ponds were initially flooded, each pond was periodically
flushed with canal water that was aerated (or partially deoxygenated if
the canal water was supersaturated with oxygen) to 90 to 100% oxygen
saturation by allowing water to fall through an aeration box in each
pond. The aeration box consisted of two, 2-m W x 2-m L expanded metal
screens (1.27-cm square mesh) spaced 0.75 m apart vertically and
supported by a wooden frame. The ponds were generally flushed when DO
in ponds declined below 1 to 2 mg/liter. Thus, water management
practices in each pond varied and the degree to which differences in

management practices influenced water quality is difficult to assess.

Crawfish catch
Detailed records on the crawfish harvest from each pond were
maintained by the pond manager and made available for this study.
Commercial ﬁarvest of crawfish in ponds began in mid-November and was
terminated in May. Ponds were drained in June. Poor weather, labor
éhortages, and low prices for crawfish precluded daily harvesting in

ponds. Likewise, these same factors resulted in the ponds being fished
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with differential frequency and intensity. Harvest data were
standardized for each pond by calculating the crawfish catch per unit
trap effort (kg crawfish/trap/day) from the commercial harvest records.
The catch per unit trap effort (CPUE) was determined by dividing the
weight (kg) of crawfish caught in a pond on a given day by the number of

traps fished in the pond on that same day.

Statistical analyses

An analysis of variance (completely randomized design) was used to
test for statistical differences between water quality in the canals
(source water) and in the ponds (Steel and Torrie 1980). Analysis of
covariance (completely randomized design) was employed for each of the
16 water quality variables to determine differences in water quality
between the two vegetation types, adjusted for differences in the
quantity of vegetative biomass. Vegetative biomass served as the
covariable in the analyses,

Temporal changes in water quality were ascertained by incorporating
sampling‘date as a split-plot (i.e., repeated measures design) in the
analysis of covariance. Duncan's new multiple range test (Steel and
Torrie 1980) was used to test for significant differences among
treatment means, i.e., source water versus pond water, or rice versus
volunteer vegetation. Differences in treatment means were declared
significant at « < 0.05.

Simple linear correlation analysis (Draper and Smith 1965) was used
to determine the degree and direction of correlation between vegetative
biomass and water quality, as well as the correlation between water

quality and crawfish CPUE. Because only five observations of vegetative
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biomass (one observation per pond) could be used in the correlation
analysis, a correlation was declared significant at « < 0.1. However,
correlations between water qualty variables and CPUE were declared
significant at « < 0.05. All statistical analyses were made with the
Statistical Analysis System (SAS) software package on a IBM 3083

computer.

Results and Discussion

Vegetative biomass
The productivity of a crawfish pond depends largely upon the
quantity and nutritive quality of forage available to crawfish
throughout the growing season. If an adequate food supply is
unavailable, crawfish growth may be reduced and in severe cases stunting
may occur. In either case, crawfish of poor market quality can lead to
economic losses.

© Vegetation biomass in the five crawfish ponds was as follows:

Pond Vegetation type N kg dry matter/m2
A ( x * SD)

R-1 Rice 30 2.04 £ 0,75

R-2 Rice ' 30 1.56 * 0.79

B-1 Natural vegetation 25 2.34 £ 1,00

A-1 Natural vegetation 25 2.34 + 1,01

A-2 Natural vegetation 21 2.60 + 1,09

The three ponds colonized by volunteer vegetation contained 297 greater
biomass (X = 2.41 kg/m?) than did the two ponds planted with rice (x =

1.71 kg/m?; P<0.01). Vegetative biomass from 0.5 to 5 kg dry matter/m?
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were reported in experimental crawfish ponds (Johnson 1980; Miltner
1980) and in commercial ponds (Nassar 1982) where rice or volunteer
vegetation served as crawfish forage. The amount of vegetation depends
upon plant species and maturity, nutrient content of the soil, climate,
and management of the vegetation (e.g., insect and weed control,
fertilization, etc.).

Vegetation is the principal forage for pond-raised crawfish.
Crawfish feed directly on vegetation and associated periphyton, but more
significantly on microbial enriched plant detritus (Goldman et al. 1974;
Avault et al. 1975; Momot et al. 1978). LaCaze (1981) reported that 20%
of the crawfish diet consists of animals including oligochaetes, insect
larvae, snails, and other immobile species. The amount of a specific
forage that will maximize crawfish production by providing sufficient
feed while minimizing poor water quality has not yet been determined.
Too little forage will result in crawfish "stunting" at undesirable
market sizes while an overabundance of forage will cause poor water
quality (Huner and Barr 1984). The forage systém used in crawfish
culture contrasts sharply with other commercial aquaculture systems
(e.g., channel catfish and rainbow trout) in which fish are fed
expensive, high~protein rations.

In Louisiana, -about 307 of the 40,000 hectares devoted to crawfish
culture contain rice as a forage crop (Huner and Barr 1984). However,
50 to 70% of the crawfish farmers plant no crop but rather encourage
growth of annual terrestrial grasses and sedges and emergent,

semi-aquatic vegetation such as alligatorweed, smartweed, and water

o

primrose. Some crawfish-farmers.plant.millet, sorghum, or other cereal

grain crops for crawfish feed.
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The chemical and structural composition, especially the
carbon:nitrogen (C:N) ratio, may vary greatly between plant species, and
changes in C:N ratio occur as some species mature (Boyd 1974).
Vegetation with high nitrogen and low fiber (i.e., narrow C:N ratio) are
generally more nutritious but decay more rapidly than plants with low
nitrogen and high fiber (i.e., wide C:N ratio) (Goyert et al. 1975).

The chemical and structural composition of plants as well as water
temperature, DO and invertebrate community structure significantly
influence the rate of vegetative decomposition (Hanlon 1982).

Although vegetation is the principal food for crawfish, it can also
have serious water quality implications. The impact on water quality is
related principally to type and quantity of vegetation in ponds. Rice
is frequently planted to minimize poor water quality because it is a
semi-aquatic plant with a wide C:N ratio which results in slow
decomposition (Miltner 1980). Ponds populated with many plant species
with correspondingly different rates of decay may influence water

quality differently than ponds planted with rice.

Water quality

Water temperature

Water temperafures in ponds were within the range suitable for
crawfish growth and survival., Shortly after flooding ponds in early
November, water temperature ranged from 16.0 to 24.0°C (x * SE =
19.7 + 0.7°C) (Figure 2). Water temperature declined significantly in
December and by mid-January had reached a low of 7.0 to 12.0°C (x * SE =
9.5 + 0.2°C). Water warmed significantly in late February, and by May

water temperature had increased to 22.0 to 29.0°C (x * SE = 25.1 #
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Figure 2. Temporal variation in water temperature in five commercial
crawfish ponds near Henderson, Louisiana. Dots are means
and upper and lower solid lines are maximum and minimum
concentrations in the ponds.
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0.5°C). No significant difference in temperature was found between
canal water and pond water (Table 2). Similarly, no difference in water
temperature was noted between ponds planted with rice and those
colonized by volunteer vegetation (Table 2).

Water temperature declined signifiéantly with an increase in
vegetative biomass (r= -0.87; P<0.1), probably due to shading of the
water column by the standing vegetation. Sculthorpe (1967) reported a
cooling effect in pond water resulting from self-shading by dense stands
of emergent macrophytes. Dense quantities of standing macrophytes
(i.e., erect vegetation extending above the water surface) in November
and December cooled pond waters by limiting light penetration and
reduced water turbulence and circulation which tend to distribute heat
(Cole 1975).

The ponds were thermally stratified from late fall through
mid-winter, but no stratification was evident in late winter and spring
(Table 3). Water temperatures between surface and bottom varied as much
as 1.8°C from November to mid-January though the difference from surface
to bottom was usually no greater than 0.2°C (Table 3). When standing
vegetation was depleted by mid-January, shading was eliminated and water
circulation was improved which resulted in uniform temperatures from
surface to bottom from late January through May (Table 3). Similarly,
bottom water temperatures in late fall and winter were 1 to 2°C cooler
than at the surface in experimental crawfish ponds (0.04 hectare) with
standing vegetation (Chein 1980; Miltner 1980). After standing
vegetation was depleted in January, water temperature was uniform from
surface to bottom in these experimental ponds. Conversely, experimental

ponds in which vegetation had been mowed or disked into the pond bottom
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Table 2, Water quality in supply canals and in five commercial crawfish
ponds either planted with rice or vegetated naturally.
Statistical differences in means were fetermined with Duncan's
new multiple range test (N=52 to 150).

Water quality Type of vegetation
variable Canal Rice Natural vegetation

Overall Mean

Temperature (C) 15.7 a 15,5 a 15,2 a
DO (mg/liter) 7.7 a 6.6 Db 5.1 ¢
pH 6.9 a 6.9 a 6.9 a
Free 002 (mg/liter) 0.7 b 1.0 a 1.2 a
Total alkalinity

(mg/liter) 50.0 b 61.0 a 65.0 a
Total hardness

(mg/liter) 58.0 b 68.0 a 69.0 a
Conductivity

(umhos/cm) 122.0 ¢ 141.8 b 160.0 a
Total ammonia

(mg N/liter) 0.14 a 0.18 a 0.13 a
Nitrite

(mg NOZ-N/liter) 0.03 b 0.05 a 0.01 ¢
Total nitrogen

(mg N/liter) 4.4 b 5.4 a 3.8
SIP (ug P/liter) 29.0 a 28.0 b 29,0 a
Total phosphorus

(mg P/liter) 0.18 b 0.20 a 0.20 a
COD (mg/liter) 27.0 ¢ 41,0 a 31.0 b
BOD (mg/liter) 2.95 a 3.39 a 3.05 =a
Turbidity (NTU) 87.0 b 188.0 a 37.0 ¢
Chlorophyll a

(ug/liter) 26,0 a 19.0 b 15.0 b

! Horizontal comparison only. Means with same letter are not

significantly different (P>0.05).
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Table 3. Water temperature and dissolved oxygen stratification on
selected sample dates in two commercial crawfish ponds (Pond
B-1, natural vegetation and Pond R-1, rice) near Henderson,
Louisiana.

Sampling date and pond number
Location
of
sample 10 Nov 1982 14 Dec 1982 19 Jan 1983 9 Mar 1983 11 May 1983
B-1 R-1 B-1 R~1 B-1 R-1 B-~1 R-1 B-1 R-1

Temperature (C)

5 17.0 16.6 22,3 22,7 9.8 7.5 18.5 17.1 22.5 22.3
M 16.9 16,6 21,8 22,6 9.8 7.5 18.5 17.1 22.5 22.3
B 16.9 16,3 20,5 22,5 9.8 7.5 18.5 17.1 22.5 22.3

Dissolved oxygen (mg/liter)

S 4,60 4,14 4,27 7.74 4,24 7.90 2,10 4,00 3.50 6.00
M 4,58 3.86 1.80 5.73 4.24 7.90 2,10 4.00 3,50 6.00
B 4,26 3.78 0.49 4,10 4,24 7.90 2,10 4,00 3.50 6.00

Sampling locations were surface (S), mid-depth (M), and bottom (B).
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prior to adding water had uniform temperatures from top to bottom in
fall, winter and spring (Chein 1980).

Procambarid crawfish canvsurvive temperatures from 0 to 35°C but 22
to 27°C is considered optimal for growth (Johnson 1983). Taylor (1984)
reported P. clarkii had a thermal preference of 22.0°C. Mobile
organisms such as crawfish actively seek temperatures that enhance or
optimize growth or reproduction (Reynolds 1977). Crawfish growth is
inhibited and activity is minimal below 10°C (Johnson 1983; Huner and
Barr 1984) and P. clarkii cannot survive sustained temperatures
exceeding 38°C (Hobbs and Hall 1974).

Water temperatures from mid-November through April were 7 * 3°C
below that considered optimum (22-27°C) for the growth of P. clarkii
(Figure 2). Optimum temperatures occurred principally during early
November and in May. Maximum water temperatures (29°C in May) never
approached lethal limits (38°C).

Most crawfish ponds are flooded in September and October to take
advantage of optimal water temperatures for crawfish growth and so that
marketable crawfish will be available by late November (Huner and Barr
1984)., However, the practice of filling crawfish ponds with water
before mid-October frequently causes poor water quality. When water
temperatures exceed 26°C, vegetation decomposes rapidly which may cause
severe DO depletion and crawfish death (Day 1983; Johnson 1983). If
flooding is delayed until the maximum ambient water temperature is
stabilized at 20°C,Athen the cooler water will reduce vegetative
decomposition and minimize DO depletion (Chien 1980), but it may slow

crawfish growth.
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Dissolved oxygen

Equilibrium concentration (i.e., 100% gas saturation) of DO in
water at sea level ranges from 14.15 mg/liter at 0°C to 7.53 mg/liter at
30°C (Boyd 1982). Majof inputs of DO include that released in
photosynthesis by phytoplankton and macrophytes and gains from
atmospheric diffusion.

Dissolved oxygen exhibited significant seasonal variation in the
ponds, and it 1ncfeased with decreasing water temperature and vice-versa
(Figures 2 and 3). The DO concentration in the five ponds averaged
(x * SE) 4.0 * 0.5 pg/liter in November and ranged from 0.6 to 8.3
mg/liter (6.1 to 83.2% DO saturation). The average DO increased from
7.1 + 0.5 mg/liter in mid-December to 9.1 * 0.4 mg/liter by early
February as a consequence of cold water temperatures. The DO ranged
from 2.7 to 13.0 mg/liter (24.7 to 107.2% DO saturation) during winter.
As water temperatures increased in the spring, the DO generally declined
(Figures 2 and 3) and ranged from 0.3 to 9.9 mg/liter (3.4 and 94.6% DO
saturation). The mean DO in May was 4.2 * 0.5 mg/liter. Although the
water temperature between surface and bottom did not differ more than
2.0°C from November through mid-January, the DO differed as much as 3.8
mg/liter between the surface and bottom on some dates in both rice and
naturally vegetated ponds (Table 3). No DO stratification was observed
after mid-January because cold water temperatures (<10°C) and a paucity
of standing vegetation allowed for complete mixing of the water column.

Dissolved oxygen was significantly higher in the canals (x = 7.7
mg/liter) than in the ponds (P<0.05; Table 2). The canals had higher DO
because they contained little or no decomposing macrophytes. The DO was

237 lower in the naturally vegetated ponds (x=5.1 mg/liter) than in
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3.

Temporal variation in dissolved oxygen (DO) in five
commercial crawfish ponds near Henderson, Louisiana.
Triangles and squares are means of rice and naturally
vegetated ponds, respectively. Dots are means of all ponds
combined and upper and lower solid lines are maximum and

minimum concentrations for the ponds.
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ponds planted with rice (x=6.6 mg/liter; P<0.05). This decrease was due
principally to a greater amount of vegetation in naturally vegetated
ponds and was not necessarily a function of vegetation type. The
naturally vegetated ponds had 297 more vegetation than ponds with rice
and the DO decreased sighificantly with an increase in vegetative
biomass (r= -0.87, P<0.1). In addition, dense stands of Sesbania spp.
and large mats of filamentous algae in the naturally vegetated ponds
effectively impeded wind and water circulation which could have
decreased DO through reduced atmospheric diffusion.

Low DO in commercial crawfish ponds occurs most frequently in the
first six weeks after flooding because elevated water temperatures
(>26°C) result in rapid decay of large amounts of vegetation. The DO
increases in winter and early spring because the colder water
temperature reduces respiration of the aquatic biota (including
decomposers) and the equilibrium concentration of DO is increased.
Similarly, low DO is prevelant in April and May because higher water
temperatures increases oxygen consumption by the biota and the
equilibrium concentration of DO is decreased. The temporal trends in DO
in the five commercial crawfish ponds were very similar to trends in DO
in experimental (0.04 hectare) crawfish ponds (Chien 1978, 1980; Johnson'
1980; Miltner 1980).

Dissolved oxygen should be maintained above 2.0 mg/liter for
optimal crawfish production (Romaire 1983) and significant mortality of
crawfish océurs when the DO drops below 1.0 mg/liter (Melancon and
Avault 1977). From November through May the DO concentration in the
five ponds was less than 2.0 mg/liter on 12% of the sampling dates

(n = 131), and it was below 1.0 mg/liter 8% of the time. The DO was
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less than 2.0 mg/liter most frequently in November and in May and was
less frequent in the colder months of December, January and March (Table
4). Dissolved oxygen concentration below 1.0 mg/liter occurred most
frequently in November, February and May (Table 4). Low DO was more
prevalent in the naturally vegetated ponds than in rice ponds (Table 4).
About 80 and 90% of the occurrences of DO less than 2.0 and less than
1.0 mg/liter, respectively, occurred in the ponds‘with volunteer
vegetation (P<0.01). Low DO was most frequent when water temperatures
exceeded 18°C.

Newly hatched P. clarkii (9-12 mm TL) are not tolerant of low DO.
Newly hatched and juvenile P. clarkii begin to die at DO concentrations
less than 1.10 and 0.85 mg/liter, respectively (Melancon ana Avault
1976). The 96~hour LC50 of newly hatched P. clarkii ranges from 0.75 to
1.10 mg/liter. Conversely, juvenile crawfish (31-~35 mm TL) had a
96~-hour LC50 of 0.49 mg/liter (Melancon and Avault 1976). Mortality of
crawfish can occur in submerged traps when DO is 1.0 mg/liter or less
(Avault et al. 1975). Low DO places extreme physiological stress on
crawfish and thereby reduces feeding and growth., Prolonged DO stress
may predispose crawfish to parasitic infections and disease outbreaks
(Scott 1984). The DO in the five ponds periodically attained stressful
levels and some crawfish mortality may have occurred.

Inadequate concentrations of DO are most frequently alleviated by
adding oxygenated wéter~to the ponds or by aerating existing pond water
by recirculation. Zeman (1982) demonstrated in experimental ponds (<1
hectare) that DO concentrations could be maintained above 2 or 3
mg/liter during the fall and spring by implementing a management program

of exchanging water in the ponds with fresh, oxygenated water from
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Table 4. Occurrence of dissolved oxygen less than or equal to 1.0 or
2.0 mg/liter in five commercial crawfish ponds. Rice was
planted in two ponds and three ponds were allowed to
naturally vegetate. Data are expressed as a percentage of
the total sampling dates per month.

Dissolved oxygen Dissolved oxygen
< 1 mg/liter < 2 mg/liter

Month Rice Natural vegetation Rice Natural vegetation

% occurrence
Nov 6 18 13 18
Dec 0 6 7 6
Jan 0 0 0 0
Feb 0 13 0 13
Mar 0 0 0 0
Apr 0 6 0 25
May 0 12 0 18




another source or by recirculation of existing pond waters. The success
of a management program to increase DO in crawfish ponds depends on the
exchange (flushing) or recirculating capacity of the pumping system.

The Louisiana Cooperative Extension Service (Baker 1983) recommends that
a pumping system for ftééfish ponds have a capacity of 940 liters per
minute per hectare so as to allow for a complete exchange of water in
3.5 days. The ponds used in this study had this exchange capacity, but
the aerated water must be circulated through the entire pond to be most
effective., Some crawfish farmers construct baffle levees within the
pond to effect better circulation of oxygenated water. The ponds used
in this study had interior borrow ditches adjacent to the levees and
these ditches probably directed much of the fresh water directly to the
drains and not throughout the entire area of the pond. The dense stands

of vegetation at flooding also provided resistance to water circulation

such that attempts to increase DO by water exchange were often

unsuccessful.
Free CO2

The free CO2 is the amount of CO2 dissolved as a gas in water and
does not include the CO2 bound in bicarbonates (HCOE) and carbonates
(co 2_). Equilibrium concentration of free CO, in water at sea level

3 2

ranges from 1.10 mg/liter at 0°C to 0.42 mg/liter at 30°C (Boyd 1982).
The major input of free.CO2 in pond water is the 902 excreted in
respiration by micrborganisms and other aquatic biota, such as
macrophytes, plankton, crawfish, etc.

Free CO2 was highest in November when concentrations ranged from

1,0 to 12.0 mg/liter (x *+ SE = 3.0 * 0.7 mg/liter) (Figure 4). Free co,
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Figure 4. Temporal variation in free carbon dioxide (CO,) in five

commercial crawfish ponds near Henderson, Louisiana. Dots
are means and upper and lower solid lines are maximum and
minimum concentrations in the ponds.
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decreased gradually to a low of 0.3 to 1.5 mg/liter in early February
and remained at a relatively low and stable concentration (x *+ SE = 0.9
+ 0.1 mg/liter) through late May (Figure 4). The canal water (x=0.7
mg/liter) contained 36% less free CO2 than the pond waters (x=1.1
mg/liter) (P<0.05; Table 2), because the canals had a paucity of
macrophytes that were subject to decomposition. The free 002 in rice
ponds did not differ from naturally vegetated ponds (Table 2). Free CO2
significantly increased with an increase in vegetative biomass (r=0.70;
P<0.1). This increase in 002 was épparently a result of increased
respiration by microbes asociated with increased vegetative substrate.

Free CO, in ponds was highest in the fall when large quantities of

2
vegetation and warm water temperatures (>26°C) stimulated decomposition
and a release of large amounts of COZ' Free 002 declined in winter
because reduced water temperature decreased decomposition and
respiration., The free CO2 did not increase with warm temperatures in
the spring because of a slight increase in pH,.and most of the
terrestrial macrophytes had decomposed.

High concentrations of free 002 interfere with respiration in
aquatic animals by inhibiting gas exchange (Storer and Usinger 1965).
The toxicity of free CO2 increases when DO is low (<2 mg/liter) (Boyd
1979). Carbon dioxide produced in metabolic processes leaves the
organism by diffusion at the gill-water interface and an increase in
free CO2 in the water impedes outward diffusion. In fishes, internal
accumulation of COZ limits oxygen uptake by the hemoglobin and can
result in suffocation. Free CO2 levels up to 10 mg/liter at dawn may be

tolerated by fish provided DO exceeds 4.0 mg/liter (Parks et al. 1975).

Moreover, most species will survive for several days in water containing
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up to 60 mg COzlliter provided DO is plentiful (Hart 1944, Haskel and
Davies 1958). 1In general, water supporting good fish populations
contains less than 5 mg/liter of free COZ. Reliable information on the
toxicity of CO, to crawfish is not available. However, potential

2

problems with high CO, may occur within the first month after flooding

2
crawfish ponds because free 002 concentrations are high and DO is

generally low.

pH

| The pﬁ in the five ponds varied little from November through May
and typically ranged from 6.5 to 7.5 (x *+ SE = 6.9 + 0.3) (Figure 5). A
steep decline in pH to 5.7-6.3 occurred in all ponds during early
January. Intense rainfall (Table 5) may have been responsible for the
pH drop. About 33 cm of rainfall, or about 50% of the volume of each
pond, fell during a 10-day period in early January. Rainfall that is
saturated with free CO2 typically has a pH of 5.0-5.5 (Trewartha 1968),
and Feagley and Cremers (1984) reported rainfall in many areas of
southern Louisiana to have a pH as low as 4.l. Generally, a seasonal
increase in pH occurs in eutrophic waters during spring, summer, and
fall, particularly when ﬁater temperature exceeds 25°C (Boyd 1979,
1982). The seasonal rise iﬁ pH results because thé C02, an acidic
compound, assimilated in photosynthesis exceeds that released by
respiration. No seasonal increase in pH océurred in the five crawfish
ponds, nor Has any seasonal increase in pH been observed in experimental
crawfish ponds (Zeman 1982; Day 1983). No difference in pH was found

between canal water and pond water (Table 2). Similarly, no difference
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Temporal variation in pH in five commercial crawfish ponds
near Henderson, Louisiana. Dots are means and upper and

lower solid lines are maximum and minimum concentrations in
the ponds.
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Table 5. Monthly rainfall from November 1982 through May 1983
at five commerical crawfish ponds near Henderson,
Louisiana. Data collected from rain gauge adjacent
to the ponds.

Month Rainfall (cm)
Nov 16.6
Dec 750
Jan 39.6
Feb 13.7
T Mér | o 17,2
Apr - | | 8.2

May 21.6
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in pH was noted between ponds with rice and naturally vegetated ponds
(Table 2). There was no correlation between pH and vegetative biomass.

The pH in the ponds was generally within levels (pH 6.5-9.0 at
daybreak) reported most conducive for fish production (Boyd 1979, 1982).
Similar pH levels (6.5-7.7) were reportedAin small (<1 hectare)
experimental crawfish ponds planted with soybeans or rice (Zeman 1982;
Day 1983). The relative stability in pH in the five ponds can be
attributed principally to the total alkalinity (>50 mg/liter as CaC0,
equivalent). Water with a total alkalinity that exceeds 20 mg/liter is
a strong buffer to changes in pH because bicarbonate (Hco;) and

carbonate (COBZ-) ions neutralize increases in H' or OH (Boyd 1979,

1982).

Total alkalinity

Total alkalinity is the the total titratable bases in water
expressed as CaCO3 equivalent. In most natural waters, bicarbonate
(HCO3-) and carbonate (0032-) are the predominant bases. Total
alkalinity of natural waters range from less than 5 to several hundred
mg/liter. If total alkalinity of waters is too low (<20 mg/liter),
phytoplankton growth may be limited by inadequate supplies of carbon
dioxide needed for photosynthesis (Boyd 1979, 1982). Production of
aquatic biota increases with increased alkalinity. The increase in
production is not due to higher concentrations of alkalinity alone but
is also caused by higher levels of phosphorus and other essential
nutrients which increase with alkalinity. Water with high alkalinity is

more strongly buffered agaiﬁst changes in pH.
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Total alkalinity was greatest in November and December and ranged
from 64 to 132 mg/liter as (x * SE = 90 * 5.0 mg/liter) (Figure 6).
Total alkalinity decreased through late January when it ranged from 39
to 69 mg/liter (x * SE = 50 * 1.6 mg/liter). Total alkalinity exhibited
large fluctuations from February through May and ranged between 39 and
114 mg/liter (x=50 mg/liter).

Total alkalinity in canals (x=50 mg/liter) was significantly lower
(P<0.05) than either ?ice (x=61 mg/liter) or naturally vegetated (x=65
mg/liter) poﬁds (Table 2). The total alkalinity of ponds with rice did
not significantly differ from ponds with natural vegetation. Total
alkalinity was positively correlated with vegetative biomass (r=0.89;
P<0.1). Alkalinity increased with an increase in vegetation because
more free o, was released (from decomposition) in ponds with greater
macrophytic biomass. The free CO2 reacts with alkaling earth‘
carbonates, such as CaCO3 or‘CaMg(C03)2, to increase the concentrations
of HCO3_ and 0032-. |

Total alkalinity was always above the minimum concentration of 20
mg/liter considered necessary for good fish production (Boyd 1979,
1982). Fish production in fertilized ponds did not increase as the
total alkalinity increased from‘20’to 120 mg/liter (Boyd and Walley
1975). However, fish production increased substantially as the total
alkalinity increased from O to 20 mg/liter. The total alkalinity in

crawfish ponds with less than 20 mg/liter can be increased by liming.

Procedures for liming fish ponds are outlined by Boyd (1979).
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Total hardness

Total hardness is the concentration of divalent metallic ioms
(e.g., CaZ+, Mg2+, Mn2+) in water, expressed as mg/liter of CaCO3
equivalent. Total hardness is usually of similar magnitude to total
alkalinity because the anions of alkalinity (e.g., HCOa—, C032_) and the
cations of hardness (e.g., Ca2+, Mg2+) are normally derived from the
solution of carbonate minerals such as calcite (CaC03) or dolomite

(CaMg(C0,).,) (Boyd 1982). The hardness and alkalinity of pond waters

3)2

reflect the carbonate contents of rocks and soils of watersheds and
bottom muds.

Total hardness in the ponds exhibited temporal variations similar
to total alkélinity. Total hardness in the ponds ranged from 72 to 105
mg/liter (x + SE = 85 * 1,6 mg/liter) in November and then declined to
range from 50 to 75 mg/liter (i.i SE = 67 * 1.5 mg/liter) by January
(Figure 7). The water hardnéss increased moderately through late winter
and spring and by May ranged between 70 and 140 mg/liter (x + SE = 100 *
4,0 mg/liter). The decrease in water hardness in winter can be
attributed mostly to the dilution of pond water by large amounts of rain
in December and January (Table 5), but also in part to decreased
vegetative decomposition and subsequent reduction in the release of
divalent cations (particularly Mg2+ and Ca2+) from tissues of
vegetation. However, the pond waters (x=68 mg/liter) contained
significantly more total hardness than the canals (x = 58 mg/liter;
P<0.05), which was probably due in part to the release of Ca2+ and Mgz+
from decomposing vegetation. The total hardness in rice ponds (x=68
mg/liter) did not differ from ponds with natural vegetation (x=69

mg/liter) (Table 2). Total hardness increased with an increase in
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vegetative biomass (r=0.48; P<0.1) because greater amounts of divalent
cations were releésed as vegetation decomposed.

The total hardness of pond waters should be above 20 mg/liter for
optimum production of cultured aquatic animals (Boyd 1982). The total
hardness in the five ponds exceeded the 17 mg/liter reported necessary
for good survival of juvenile P. clarkii (Smitherman et al. 1967). The
hardness was also greater than the 50 mg/liter required for good
crawfish production, but slightly below the 100 mg/liter suggested for
optimum crawfish production (de la Bretonne et al, 1969). Total
hardness in crawfish ponds can be increased by liming. Procedures for

liming fish ponds are given by Boyd (1982).

Conductivity

Conductivity is a numerical‘gxpréssion of the ability of water to
carry an electric current. The conductivity depends on the total

2+, Mg2+, ete.) dissolved

concentration of the ions (e.g., Na+, Cl, Ca
in water and the temperature at which the measurement is made (APHA et
al, 1980). Distilled water has conductivity near 0 umhos/cm while
freshwaters normally have conductivities of 20 to 1500 umhos/cm (Boyd
1979).

Highest conductivity in the five ponds occurred in November with

levels from 175 to 250 umhos/cm (x * SE = 210 * 4.5 umhos/em) (Figure

8). The conductivity declined to a low of 100 to 150 umhos/cm (x * SE

156 * 2,7 umhos/cm) in January, it increased during the spring, and by
May concentrations of 125 to 250 umhos/cm (X * SE = 159 # 4.2 umhos/cm)
were measured. The conductivity of canal water (x=122 umhos/cm) was

significantly lower than pond waters (P<0.05), and naturally vegetated
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Temporal variation in conductivity in five commercial
crawfish ponds near Hendersonm, Louisiana. Triangles and
squares are means of rice and naturally vegetated ponds,
respectively. Dots are means of all ponds combined and
upper and lower solid lines are maximum and minimum
concentrations for the ponds.
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ponds. (x=160 umhos/cm) had greater conductivity than did ponds with rice
(x=142 phos/cm; P<0.05) (Table 2), The conductivity was positively
correlated with vegetative biomass (r=0.83; P<0.1).

The high conductivity in the fall probably resulted from release of
ions (e.g., K+, Ca2+,.POZf, NHZ, etc.) from decomposing vegetation.
Conductivity was greatest in naturally vegetated ponds because they
contained 297 more vegetative biomass than did rice ponds. The decrease
in conductivity during the winter was probably due to a decrease in ions
from reduced vegetative decomposition and from significant dilution of
pond waters by large quantities of rainfall (Table 5). The conductivity
increased from February to May from an increase in ions released as a
result of vegetative decomposition caused by higher water temperatures.

Conductivity can be used as a simple and rapid estimate of total
hardness (APHA et al. 1980). Conductivity of the pond vaters was
positively correlated with total hardness (r=0.58; P<0.01), and
conductivity and total hardness exhibited similar temporal trends
(Figures 7 and 8). If conductivity in freshwater crawfish ponds remains
above 125 umhos/cm, then sufficient water hardness (>50 mg/liter as
CaCO3) is probably present for good crawfish production. However, the
relationship between’conductivity and total hardness should be

empirically determined on a case by case basis before conductivity is

used as an estimate of total hardness.

Nitrogen

Nitrogen is present in water in inorganic forms such as ammonia,
nitrate, and nitrite, and in organic forms such as amino acids or

complex particulate organic matter (Alexander 1977). Most of the



38

nitrogen in ponds is present in organic matter (Boyd 1982) and nitrogen
concentration in aquatic biota may comprise 1 to 107 of dry weight
(Goldman and Horne 1983). Certain species of nitrogen such as ammonia
and nitrates are essential nutrients to primary producers and microbial
decomposers. However, these same forms of nitrogen, if present in
sufficient quantities, may be toxic to aquatic animals.

Total ammonia (TA-N). The principal nitrogenous compound excreted

by aquatic organisms is ammonia (Campbell 1973). Ammonia may attain
concentrations that are deleterious to fish and it can reduce fish
production (Boyd 1979). Total ammonia nitrogen is a measure of both
un-ionized (NHS) and ionized (NH4+) ammonia. The relative proportion of
each species can be determined from the temperature and pH (Trussell
1972). As pH increases, the amount of NH3 increases and that of NH4+
decreases. ﬁn-ionized §mmopig ;srtoxiq?'but the ionized species is non-
toxic (Robinetté'1§76).

The TA-N ranged between 0.01 and 0.16 mg/iiter (x * SE = 0.05 *
0.001 mg/liter) from November through January with little variation
among the ponds (Figure 9). TA-N increased from February through May
with significant variation among the ponds. In early May, TA-N ranged
from 0.02 to 0.92 mg/liter (X * SE = 0.34 * 0.06 mg/liter). No
difference in the concentration of TA-N was found between canal water
(x=0.14 mg/liter) and ponds planted with rice (x=0.18 mg/liter) or
natural vegetation (§=0;é3 mg/liter) (Table 2). No correlation was
found between TA-N level; and vegetative biomass.

The TA-N concentrations in the five commercial crawfish ponds were
generally lower than those measured in experimental crawfish ponds.

Zeman (1982) reported TA-N levels between 0.0 and 4.0 mg/liter (x=1.6
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9.

Temporal variation in total ammonia (TA-N) in five
commercial crawfish ponds near Henderson, Louisiana. Dots
are means and upper and lower solid lines are maximum and

minimum concentrations in the ponds.
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mg/liter) in crawfish ponds less than 0.4 hectare in surface area. The
TA-N in the five crawfish ponds was lower than concentrations generally
reported in catfish production ponds where the TA-N ranged from 0.02 to
7.34 mg/liter (Tucker and Boyd 1979; Brown and Boyd 1982).

The un~ionized (NH3) ammonia concentrations were probably not high
enough to adversely affect the growth and health of crawfish in the five
crawfish ponds. The maximum TA-N concentration was 0.9 mg/liter at pH
7.2 and 22°C, This concentration corresponds to 0.007 mg NH3-N/liter.

1 concluded that NH,-N levels below 0.06 mg/liter should pose no problem

3
to crawfish provided the pH does not exceed 8.5 for an extended period
(see page 89 of this thesis).

Nitrite. Nitrite (NOZ_) is an intermediate ion formed during the
nitrification of ammonia. Nitrite accumulates when nitrification is
inhibited by nitrous acid (HNOZ) and un-ionized ammonia (Anthonisen et
al. 1976). Most problems with nitrite toxicity to aquatic animals occur
in closed recirculating systems or laboratory holding facilities (Spotte
1979), although nitrite accumulation can occur in the anaerobic
sediments of earthern ponds from the denitrification of nitrate (NOB—)
(Boyd and Hollerman 1980). Nitrite can attain levels toxic to fish or
stress fish to such degree that decreased growth and predisposition to
disease occurs, éoncentratipns of nitrite are seldom appreciable in
fish ponds except wﬁen dissolved oxygen is low (Boyd 1979).

Temporal trends in‘nitrite from November through May were similar
to total ammonia. Nitrite concentration in the ponds ranged between 0.0
and 0.06 mg NOZ-N/liter (x *+ SE = 0.03 % 0.001 mg/liter) from November
through January (Figure 10). Considerable variation in nitrite levels

(range: 0.0 to 0.20 mg/liter) occurred from February through May as
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Figure 10.

Temporal variation in nitrite (NO,-N) in five commercial
crawfish ponds near Henderson, Louiisiana. Triangles and
squares are means of rice and naturally vegetated ponds,
respectively., Dots are means of all ponds combined and

upper and lower solid lines are maximum and minimum

concentrations for the ponds.
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nitrite concentrations increased. By May, nitrite averaged 0.06 * 0,01
mg/liter. Crawfish ponds with rice contained significantly more
nitrite (%x=0.05 mg/liter) than either naturally vegetated ponds (x= 0.0l
mg/liter) or the canals (x=0.03 mg/liter) (Table 2). Nitrite was
negatively correlated with vegetation biomass (r=-0.89; P<0.1).

The nitrite concentrations found in the commercial crawfish ponds
were similar to those reported in commercial catfish ponds (range: 0.0
to 0.03 mg/liter) with about 3,000 kg of catfish per hectare (Boyd et
al. 1979). However, Brown and Boyd (1982) reported maximum nitrite of
3.5 mg/liter in commercial catfish ponds with up to 8,000 kg catfish per
hectare. Zeman (1982) did not detect the presence of nitrite
concentrations in experimental crawfish ponds.

The maximum nitrite concentration (0.20 mg/liter) in the five
crawfish ponds was probably not high enough to édversely affect the
crawfish. I found that nitrite concentrations of 1.0 mg/liter or less
should have no negative effect on P. clarkii production (see page 93 of
this thesis).

Nitrate. Nitrate (NO3-) is produced from the nitrification of
ammonia by chemoautotrophic bacteria (Alexander 1977). Nitrate is the
most highly oxidized and usually the most abundant form of combined
inorganic nitrogen in natural waters (Goldman and Horne 1983). Nitrate
has little or no toxicity to aquatic organisms (Colt and Armstrong
1979).

Nitrate levels followed no consistent temporal pattern though
considerable variation in concentrations occurred among the ponds
(Figure 11). Nitrate ranged between 0.0 and 0.30 mg N03—N/11ter (x *+ SE

= 0,10 * 0,02) from November through May (Figure 11). No difference was
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Temporal variation in nitrate (NO,-N) in five commercial
crawfish ponds near Henderson, Louisiana. Dots are means
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concentrations in the ponds.
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found between canal water and ponds with either rice or natural
vegetation (Table 2). Futhermore, there was no correlation between
nitrate concentration and vegetative biomass.

The nitrate concentrations in the crawfish ponds (range: 0.0 to
0.30 mg/liter) were similar in magnitude to those reported in fertilized
fish ponds (range: 0.02 to 0.10 mg /liter) (Boyd 1976) andvalso in
channel catfish ponds (range: 0.05 to 0.25 mg/liter) (Boyd 1974; Boyd et
al., 1979).

The nitrate concentrations in the crawfish ponds were considerably
below levels found to adversely affect aquatic animals., Nitrate levels
of up to 400 mg/liter had no effect on the growth of channel catfish
(Knepp and Arkin 1973) or juvenile penaeid shrimp (Wickins 1976).

Total nitrogen. The total nitrogen is a measure of both organic

and inorganic nitrogen. Total nit;pgen in the ponds ranged from 0.8 to
7.9 mg/liter (x *+ SE = 3.7 *+ 0.6 mg/liter) in November, and it increased
to maximum concentrations in January with a raﬁge between 0,94 and 16.2
mg/liter (x + SE = 11.9 * 0.5 mg/liter) (Figure 12). Total nitrogen
decreased four-fold by February with levels from 0.8 to 2.5 mg/liter (x
+ SE = 2,9 & 0.4 mg/liter) and it remained relatively constant through
May.

Total nitrogen was significantly higher in the rice ponds (x=5.4
mg/liter) than in either the canal water (x=4.4 mg/liter) or the
naturally vegetated ponds (x=3.8) (P<0.05; Table 2). Total nitrogen and
vegetative 5iomass were negatively correlated (r=-0.93; P<0.1).

The total nitrogen concentrations in the crawfish ponds were
generally higher than the 0.9 mg/liter level reported by Chien (1980) in

experimental crawfish ponds but similar in magnitude to those levels in
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Figure 12.

Temporal variation in total nitrogen in five commercial
crawfish ponds near Henderson, Louisiana. Triangles and
squares are means of rice and naturally vegetated ponds,
respectively. Dots are means of all ponds combined and
upper and lower solid lines are maximum and minimum
concentrations for the ponds.
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fertilized fish ponds in which total nitrogen concentrations of 3.1
mg/liter were measured (Hepher 1962). The large amount of total
nitrogén during December and January (x=10.3 mg/liter) was comparable to
concentrations reported in sewage effluent (APHA et al. 1980) and the
increase was probably related in some unexplained fashion to the
decreése in biological activity and to large quantities of rainfall

during this period.

Phosphorus

Phosphorﬁs is an important nutrient that regulates the productivity
of natural waters (Boyd 1979, 1982). The principal sources of
phosphorus in aquatic ecosystémé inclﬁde the watershed, inundated soil
and vegetation, aﬁmospheric precipitation, and that released in the
decomposition of plants and animals (Boyd 1979), In ponds in which fish
are fed prepared feeas, large amounts of phosphorus are released from
uneaten feeds and in fish excreta. Phosphorus may be classified as
orthophosphates (soluble inorganic phosphorus), soluble organic

phosphorus, and particulate phosphorus (Boyd 1982).

Soluble inorganic phosphorué’(SIP). Soluble indrganic phosphorus

(SIP) or filtrable orthophosphate measures a fraction of the total
phosphorus which can be taken up directly by bacteria, phytoplankton,
and macrophytes. The SIP consists of HZPOZ, HP042_, and PO43- and the
concentrations of the three species of SIP are each dependent on pH.
The SIP exhibited greatest variation in November and December when

concentrations ranged from 25 to 46 ug P/liter (x * SE = 32.0 + 1.0

ug/liter) (Figure 13). The SIP decreased moderately through January
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after which concentrations stabilized and ranged from 25 to 33 ug/liter
(x + SE = 31,0 * 0.8 ug/liter) through May. The SIP concentration in
canal water (%x=29 ng/liter) and naturally vegetated ponds (x=29
ug/liter) was significantly higher than that in the rice ponds (x=28
ug/liter) (P<0.05; Table 2); however, the difference (1 ug/liter) was
negligiblef The SIP significantly increased with an increase in
vegetative biomass (r=0.90; P<0.10)

Highest SIP concentrations were present 2 to 6 weeks after flooding
the ponds and were associated principally with the decomposition and
subsequent release of phosphorus from vegetation. The SIP declined in
winter and spring from absorption of SIP by the sediments and SIP uptake
by bacteria, phytoplankton, and aquatic macrophytes. Additional SIP
losses could have resulted from dilution of pond waters by rainfall in
December and January.

Soluble inérganic phosphorus concentrations seldom exceed 100
ug P/liter even in highly eutrophic waters (Boyd 1979). The SIP levels
found in the crawfish ponds (25 to 46 pg/liter) were greater than those
reported from fertilized fish ponds (x=20 pg/liter) (Boyd 1976) and
channel catfish production ponds (<10 ug/liter) (Boyd 1974).

Total Phosphorus. The total phosphorus includes organic and

inorganic phosphorus, both soluble and insoluble. The SIP concentration
is generally less than 10% of the total phosphorus (Boyd 1982). For
practical purposes, the.difference between the concentration of total
phosphorus and SIP ﬁay be used as an index of the phosphorus contained
in plankton and detritus,

While the SIP declined slightly from November through May, the

total phosphorus exhibited no consistent seasonal trend (Figure 14).
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Total phosphorus concentrations ranged from 0.12 to 0.32 mg/liter
(x * SE = 0.20 * 0,01 mg/liter). The total phosphorus was significantly
higher in the crawfish ponds (x=0.20 mg/liter) than in the canals
(x=0.18 mg/liter) (P<0.05; Table 2), but from a practical standpoint the
0.20 mg/liter difference was negligible. Total phosphorus concentration
was not correlated with vegetative biomass.

The total phosphorus concentrations in the crawfish ponds (range:
0.12 to 0.32 mg/liter) were nearly 10 times greater than the SIP levels.
Total phosphorus seldom exceeds 1 mg/liter in natural waters (Boyd
1979). The total phosphorus concentrations in the crawfish ponds were
similar to those found in expérimental crawfish ponds (x = 0.1 mg/liter)
(Chien 1980) and also similar to those reported in fertilized fish ponds
(0.15 to 0.22 mg/liter) (Boyd 1976) and in channel catfish production

ponds (0.10 to 0.30 mg/liter) (Boyd 1974).

Oxygen Demand

Chemical Oxygen Demand (COD). The oxygen required to chemically

oxidize (at high temperature and highly acidic conditions) all organic
matter in a water sample to carbon dioxide and water is the chemical
oxygen demand (COD). The COD ié often used as an index for organic
matter concentragion (e.g., plankton) in waters and it is also used to
estimate rates of oxygen consumption by planktonic communities (Boyd
1973). The COD of water increases with increasing organic matter.
The COD in the five ponds increased ff&m November through May. The

COD varied significantly émong the ponds, particularly in winter and

spring (Figure 15). The COD in November ranged from 15 to 40 mg/liter

(x *+ SE = 25 * 2 mg/liter). The COD increased significantly by
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Chemical oxygen demand (mg/liter)

Figure 15,

Temporal variation in chemical oxygen demand (COD) in five
commercial crawfish ponds near Henderson, Louisiana.
Triangles and squares are means of rice and naturally
vegetated ponds, respectively. Dots are means of all ponds
combined and upper and lower solid lines are maximum and °
minimum concentrations for the ponds.
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mid-December when it ranged from 15 to 80 mg/liter (x + SE =50 * 6
mg/liter). By May, the COD ranged between 25 and 85 mg/liter (x * 1 SE
= 46 * 3 mg/liter). The increase in COD resulted from an increase in
organic matter from vegetative decomposition and increased phytoplankton
abundance (see Chlorophyll a).

The COD in the ponds with rice (x = 41 mg/liter) was 25% higher
than in naturally vegetated ponds (x=31 mg/liter) and both were
significantly higher than the COD of canal water (x=27 mg/liter)
(P<0.05; Table 2). The COD decreased with an increase in vegetative
biomass (r = -0.97; P<0.1), which appears to contradict the expected
relationship. However, the principal sou;ce of COD in the ponds was
plankton and not particulate detritus from decomposed vegetation. I
determined from a relationship between phytoplankton abundance (as
measured by chlorophyll a) and COD (Boyd 1979) that phytoplankton
comprised more than SOZ of the COD in the ponds from November to May.
The COD decreased with increased vegetative biomass because the vascular
macrophytes reduced phytoplankton production by reducing incident solar
radiation (i.e., shading the ponds) and macrophytes competed with
phytoplankton for nutrients. The COD was highest in the rice ponds
because they had slightly more phytoplankton than naturally vegetated
ponds. g

The COD concentrations and temporal trends in the commercial
crawfish ponds were comparable to those reported from experimental
crawfish poﬁds (Day 1983), but 20-40 mg/liter less than COD
concentrations measured in commercial catfish production ponds where

fish were fed a maximum of 100 kg/hectare/day of pelleted rations (Boyd

et al. 1979).
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Biochemical oxygen demand. The biochemical oxygen demand (BOD)

measures the amount of oxygen required by microorganisms to oxidize the
organié matter in water. The standard BOD analysis is conducted for 5
days at 20°C. The BOD of pond waters results principally from the
respiration of plankton and bacteria, and the magnitude of BOD depends
principally on temperature, plankton density and concentration of
organic matter (Boyd 1979). The BOD of pond waters may differ greatly,
but in most ponds it is probably the most important oxygen sink (Boyd
1979).

The BOD is always less than the COD because microorganisms are
unable to completely decompose all orgaﬁic matter. Boyd (1973)
demonstrated that BOD éf pdnd waters was positively correlated with COD
and the correlation’was observed in this study (Figures 15 and 16). An
increase in BOD paralled an increase in COD. The BOD ranged from 0.1 to
7.5 mg 02/liter (x £+ SE = 2,5 *+ 0.4 mg/liter) in November and varied
little through early February (range: 0.6-3.7 mg/liter) because colder
water temperatures (5 to 15°C) limited biological activity. As water
temperature increased (>15°C) in late February, the BOD also increased
and by mid-April the BOD ranged from 3.8 to 8.0 mg 02/liter (x *+ SE =
6.0 + 0.3 mg/liter). No significant differences were found among the
BOD's of canal water (x=2.95 mg/liter), ponds with rice (x=3.39
mg/liter), or natural vegetation (x=3.05 mg/liter) (Table 2). The BOD

of pond waters and vegetative biomass were not significantly correlated.

Turbiditz

Turbidity is caused by the presence of suspended matter such as

clay, silt, finely divided organic and inorganic matter, plankton and
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Figure 16. Temporal variation in biochemical oxygen demand (BOD) in

five commercial crawfish ponds near Henderson, Louisiana.
Dots are means and upper and lower solid lines are maximum
and minimum concentrations in the ponds.
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other microorganisms (Boyd 1982). Excess turbidity reduces light
penetration and thereby reduces photosynthesis by primary producers
(Boyd 1979).

The turbidity in the ponds gradually increased from November
through May (Figure 17). The mean turbidity ranged from 3.0 * 0.4 NTU
in November to 44.0 * 7.0 NTU in January. The turbidity increased
substantially in February and by May the‘mean turbidity was 190 * 30
NTU. Rice ponds (x=188 NTU) had significantly greater turbidity than
both canal water (x=87 NTU) and naturally ﬁegetated poﬁds (x=37 NTU)
(P<0,05; Table 3). Turbidity deéreased with an increase in vegetative
biomass (r= -0.96; P<0.1). | |

The high variation in.turﬁidity among thg ponds was due to several
factors. The high turbidity in rice.ponds occurred subsequent to rice
depletion by February. Water circulation fromlwind action and increased
crawfish actiﬁity ffoﬁ increéseﬂ water temperatureé suspended pond
sediments and resulted in high turbidity. The suspension of sediments
made nutrients such as phosphorus available for increased phytoplankton
production and the plankton further increased turbidity.

The ponds with volunteer vegetation were less turbid (x=37 NTU)
because these ponds retained substantial quantities of aquatic and
semi-aquatic macrophytes thtoughoﬁt the year. The macrophytes limited
turbidity by reducing ligﬁt penetratioﬁ which limited phytoplankton
production, and also by retarding wind and water circulation which tend
not to suspend bottﬁm sediments. In addition, humic acids released from
decomposed vegetation'tend to precipitate colloidal turbidity (Boyd

1979).
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Figure 17. Temporal variation in turbidity in five commercial crawfish
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Chlorophyll a

Chlorophyll a provides an estimate of phytoplankton abundance (Boyd
1979). Chlorophyll a increased from November (x + SE = 10.0 * 0.0
ug/liter) through early March (x * SE = 31.4 % 5.1 pg/liter) and ranged
from 0 to 82 ug/liter (Figure 18). Chlorophyll a decreased slightly
from mid-March through May though large fluctuations in concentration
were apparent (range: 50 to 90 ug/liter) . Chlorophyll a was 347
greater in canal water (x=26 ug/liter) than inrpond waters (x=17.0
ug/liter), but there was no difference between the cﬁlgrophyll a
concentration in rice ponds (§=19 pug/liter) and naturally vegetated
ponds (x=15 ug/liter) (Table 2). lChlorophyll a was not statistically
correlated with vegetative biomass.

Phytoplankton abundance ié regulated by many factofs, including pH,
water temperature, light intensity and nutrient concentrations. Grazing
by zooplankton, diseases,vparasités, and release of élgal‘toxins by
other organisms also tend to limit phytoplanktbn populations (Boyd
1979). Phytoplankton production in crawfish ponds is limited by several
factors, which include a reduction in incident solar radiation by
standing macrophytes (Miltner 1980), removal of phosphorus and other
essential nutrients by aquatic macrophytes (Boyd 1979), and the
immobilization of ammonia and‘nitrates by bacteria during the
decomposition of vascular macrophytes (Tusneem and Patrick 1971).

The low phytoplank<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>